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INTRODUCTION

As stated so elegantly by Dr. Alan Houghton in Chapter 1 of General Principles of
Tumor Immunotherapy: Basic and Clinical Applications of Tumor Immunology,
the connection between infection and tumor immunity has been recognized for
millennia. However, it is only in the last few decades that the molecular and
cellular basis for tumor immunotherapy been elucidated. The promise for manip-
ulating the immune system to fight cancer is enormous given the fine speci-
ficity of immune responses and the ability to develop memory responses allowing
long term protection from recurrent disease. The practical application of tumor
immunotherapy, however, has lagged behind the promise. This is partly due to our
incomplete understanding of how the host immune system interacts with tumor cells
and partly due to the slow nature of clinical and translational research. Nonetheless,
a clearer understanding of the complex host-tumor interactions coupled with new
insight from two decades of productive clinical trial activity provides new enthu-
siasm for the use of tumor immunotherapy in the armamentarium of therapeutic
strategies for patients with cancer.

General Principles of Tumor Immunotherapy: Basic and Clinical Applications
of Tumor Immunology seeks to bring together the most current information related
to how the immune system recognizes and eradicates cancer with a particular focus
on the application of tumor immunotherapy in the clinic. This volume is organized
into four sections designed to focus on particular aspects of tumor immunotherapy.
In Part I the basic principles upon which tumor recognition and rejection are based
will be discussed and includes chapters on the identification of tumor antigens,
the mechanisms used to present tumor antigens to the immune system, features
of the innate and adaptive immune systems as they relate to tumor immunology
and an examination of the tumor microenvironment as it relates to host-tumor
interactions. In Part II a highly focused discussion of the various active vaccine
strategies that have been brought forward over the last decade is presented. In Part
III we focus on the role of passive immunotherapy in cancer treatment. Finally,
in Part IV we discuss some of the current clinical applications of immunotherapy
and provide a provocative discussion on the future of combination therapy utilizing
immunotherapy and more standard cancer therapeutics. These chapters have been
authored by world class tumor immunologists and clinical investigators dedicated
to pursuing the potential of tumor immunotherapy.

There are many people to thank when writing a book such as this. First, we want
to thank all of our authors who so willingly agreed to contribute to this endeavor.
The final product speaks for itself. We also want to express our sincerest gratitude
to Dr. Alan Houghton, who not only provided one of the most comprehensive

xi



xii INTRODUCTION

and insightful reviews of the history of tumor immunotherapy, but also provided
significant inspiration in the pursuit of writing this book. Finally we want to thank
Melania Ruiz and the folks at Springer for their encouragement, patience, and
dedication to excellence. Our hope is that this volume will be a useful guide to
those scientists and physicians who seek to understand the current status of tumor
immunotherapy and the basic biology that supports its use as a cancer therapeutic.
We also hope that this book will help motivate the students of tumor immunology
and immunotherapy to keep working in this important and exciting field.

Howard L. Kaufman, MD
Jedd D. Wolchok, MD, PhD



CHAPTER 1

A PERSPECTIVE ON CANCER IMMUNOLOGY
AND IMMUNOTHERAPY

ALAN N. HOUGHTON
Swim Across America Laboratory
Memorial Sloan-Kettering Cancer Center
1275 York Ave, New York, NY 10021

Abbreviations: MHC, major histocompatibility complex TLR, toll-like receptor TNF, Tumor necrosis
factor

INTRODUCTION

The origins of cancer immunology are deeply rooted in the treatment of tumors.
References to a relationship between tumor treatment and infection can be found in
Chinese scripts dating back over a millennium. It is quite possible that immunologic
treatments for cancer predate these ancient descriptions, perhaps into prehistory.
Western European accounts of hemorrhagic necrosis of tumors and regressions
following infection and high fevers are more than 300 years old. European medical
texts describe treatment of tumors with materials coated with infectious pathogens,
such as covering tumors with bandages or blankets that had contacted infected
sores, and injecting pus from purulent wounds into tumors. However, these early
narratives all suffered from the imprecise definition of “tumors” and a lack of
pathologic classification. Were these lumps really cancer, or was there some other
cause for the swellings that appeared to respond to these manipulations?

This short commentary presents an admittedly selective and personal view of
the development of modern cancer immunology and immunotherapy, with all the
inherent biases of an individual’s own perspective (Table 1). The author apologizes
for any omissions, which are a consequence of the restrictions of a short narrative.

3
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4 HOUGHTON

Table 1.

Historical events relevant to modern cancer immunology†

Investigator(s) Year(s) Discovery or Theory

Louis Pasteur 1859 Microbes, refuting spontaneous generation
Robert Koch* 1876 Microbial basis of disease (anthrax, tuberculosis)
Ilya Metchnikoff* 1883 Cellular theory of immunity (phagocytes)
Emil von Behring* &

Shibasaburo Kitasato
1890 Discovery of antibodies (antitoxins)

William B. Coley 1891 Treatment of human cancer with bacteria and bacterial
filtrates

Paul Ehrlich* 1897–1901 “Side chain” theory of antibody specificity “Horror
autotoxicus”

Karl Landsteiner* 1901 Serologic discovery of blood groups
Carl Jensen & Leo

Loeb
1901–1908 Studies of transplantable tumors in mice

Emil von Dungern &
Ludwik Hirszfeld

1910 Heritability of blood group antigens

Clarence Little 1914 Genetic basis for rejection of transplantable tumors
Leonell Strong &

Clarence Little
1915–1920 Establishment of inbred strains of mice

Peter Gorer 1936 Serological identification of erythrocyte II antigen which
determined injection of tumor transplants

George Snell* & Peter
Gorer

1948 Discovery of histocompatibility antigens as the basis for
transplantation rejection

Richmond Prehn &
Joan Main

1957 Immune rejection of transplanted syngeneic
chemically-induced tumors

Lewis Thomas &
McFarlane Burnet

1959 The theory of immune surveillance of cancer

H.B. Hewitt 1976 Lack of demonstrable immunogenicity of spontaneous
tumors

George Koehler* &
Caesar Milstein*

1975 Monoclonal antibodies

Lloyd Old &
colleagues

1975 Discovery of TNF

Robert North 1981 The role of suppressor T cells in limiting tumor immunity
Thierry Boon 1983 Rejection of poorly immunogenic spontaneous tumors

after immunization with mutagenized tumors

*Nobel laureates;
† References for discoveries are found in the text.

Infections and Cancer Therapy

The foundations of modern cancer immunology arise out of the science of micro-
biology, a biologic discipline arguably dated to 1859 with the defining experiments
of Louis Pasteur showing that “spontaneous generation” was actually a conse-
quence of airborne microorganisms. In 1879, Pasteur went on to demonstrate that
injection of chickens with avirulent cholera bacilli produced resistance to subsequent



A PERSPECTIVE ON CANCER IMMUNOLOGY AND IMMUNOTHERAPY 5

challenge with infectious bacteria. These experiments provided the first reported
experimental demonstrations of the protective effects of a vaccine. However, vacci-
nation had been long practiced in ancient Chinese and other Asian cultures, using
inoculation or scarification with cowpox to produce immunity against smallpox.
More recently, Europeans had begun widespread vaccination triggered by the single
case observation of the Englishman Edward Jenner in 1798 [1], who vaccinated a
young boy with cowpox and then demonstrated protection to a subsequent challenge
with smallpox (this would certainly be considered an unethical experiment today).

Pasteur’s discoveries together with the painstaking characterizations of bacteria
and bacterial infection by Robert Koch in Germany established the Germ Theory of
Disease and the embryonic discipline of immunology by the end of the 19th century.
Immunology quickly splintered into the “humoralists” (immunity dominated by
soluble anti-toxins, or antibodies, in the blood) led by Emil Adolf von Behring (who
discovered antibodies with Shibasaburo Kitasato) and Koch versus the “cellularists”
(immunity controlled by phagocytes) of Ilya Metchnikoff and Pasteur working in
Paris. Interestingly, this split coincided with the Franco-Prussian War. For the first
half of the 20th century, the “humoralists” dominated the field of immunology, but
immunologists would be gradually reunited into the current consensus view of the
complex and intimate interrelatedness of the innate and adaptive immune systems
that describes immunity (although some might argue that the T cell “cellularists”
have dominated the last 20 years). Even today, microbiology and immunology
remain integrally intertwined fields.

During these fomenting, formative early years following the birth of microbiology
and immunology, William B. Coley, a young 28-year old New York surgeon
and recent graduate of Harvard Medical School, had become deeply affected by
the death of one of his first patients. She was an 18-year old woman, and close
friend of John D. Rockefeller, Jr., who rapidly progressed and died from metastatic
“round cell” sarcoma, after Coley had performed a heart wrenching amputation
of her forearm. This death was to have profound and long-lasting consequences
on cancer research and cancer immunology. John D. Rockefeller, Jr. (affectionately
called “Junior” by his family) was deeply affected. He developed a long-standing
interest in cancer research and treatment, providing major support from his family’s
philanthropy to catalyze the specialization of cancer treatment and the field of
cancer research, and more broadly to biomedical research in general.

Coley was transformed by the death. He turned to clinical case records, with input
by one of his mentors, Professor William Tillinghast Bull, to search for some hint of
treatments that might prevent recurrence and spread of sarcoma. Poring over more
than 100 records, he came across a single clue, the case history of a young man with
“round cell” sarcoma of the neck who had developed severe erysipelas following
incomplete surgical resection of multiple recurrences by Dr. Bull. Remarkably, the
young man had survived both the cancer and infection, with no further recurrence
of tumor years later. Coley spent weeks tracking down the German immigrant in
the sprawling, chaotic tenements in the multicultural lower east side of Manhattan
in 1888 to confirm the cure from recurrent soft tissue sarcoma, which was usually
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lethal. This single observation sparked Coley’s obsessive interest in the relationship
between infection and cancer over the next 48 years. The story of how Coley entered
the field of cancer immunotherapy highlights the importance of the remarkable
N = 1 case history in scientific discovery, a lesson for clinicians and laboratory
researchers alike.

By 1891, Coley had acquired bacterial cultures from the Koch laboratory, and
began to inject live Micrococcus (Streptococcus) pyogenes organisms (the pathogen
of erysipelas) into tumors, a dangerous endeavor in the pre-antibiotic era. The first
patient he treated, with tumors in the neck and tonsils, developed severe rigors and
high fever after inoculations, but survived to experience tumor hemorrhagic necrosis
and had no further recurrence over at least 10 years. Another 17 patients were
treated, with additional regressions reported [2, 3]. Coley was not alone in treating
patients with bacterial cultures at the time; a Dr. Busch in Germany concurrently
was using the same approach. Busch did not receive the broad recognition that
Coley did for this work, probably in part because Coley was much more effective
in publishing and reporting results to the medical and academic communities.

Recognizing that live bacteria posed a great risk to patients, patients’ families
and hospital staff, Coley turned to cell-free filtrates of mixed bacteria cultures
of Micrococcus pyogenes and Serratia marcescens (called Bacillus prodigiosus at
that time), which he termed “mixed bacterial vaccines” (but were popularly, if
unfortunately, called Coley’s toxins). Between 1891 and 1936 when he died, Coley
treated hundreds of patients, and mixed bacterial vaccines produced by Parke-Davis
were marketed to physicians and surgeons.

Nevertheless, Coley’s work became increasingly contentious, in part instigated
by the renowned cancer pathologist James Ewing, who questioned the validity
of cancer diagnoses in responding patients (in fact suggesting that if patients
responded, they must not have cancer!). Coley was an outstanding surgeon, with
remarkable clinical instincts and some scientific intuition, but he was not a card-
carrying scientist who had undergone rigorous scientific training required to conduct
carefully controlled, meticulously documented experiments. First radiation therapy
and then chemotherapy stole the spotlight, relegating immunological therapies of
cancer to the category of unconventional cancer treatments.

Now it is realized that Coley’s legacy is far-reaching, in part because of his
doggedness, persisting over many decades, and the case records that he dutifully
reported periodically in the academic literature. His daughter, Helen Coley Nauts,
gets much of the credit for keeping the embers of cancer immunotherapy alive
through the middle-late part of the 20th century in the face of extreme skepticism.
Her tenacious lifelong campaign publicized the cases of Coley, rebuffed often
vicious attacks of his critics although she did not carry the academic credentials
necessary to carry the arguments, and directly and indirectly recruited experi-
enced scientists to tackle the murky minefield of cancer immunology. Now that
immunotherapies have entered the mainstream of cancer therapies, many of us
who have studied the work of Coley consider him “the founder of modern cancer
immunotherapy.”
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Over time, the observations of Coley have been put on firmer scientific footing,
with the unraveling of the underlying mechanisms of the innate immune system’s
response to bacterial products. An important steppingstone was revealing the role of
bacterial endotoxin, and specifically its active component lipopolysaccharide (the
lipid A component), in triggering post inflammatory mediators to induce hemor-
rhagic necrosis of tumors [4–9]. Moreover, the discovery of tumor necrosis factor
(TNF), produced by the host in response to bacteria, was the pivotal event that
produced a more fundamental understanding of how host inflammatory molecules
mediated tumor hemorrhagic necrosis [10]. Cancer immunology was beginning
to enter the molecular age. TNF produced by innate immune cells, particularly
macrophages (the phagocytes of Metchnikoff), in response to bacterial products was
in fact sufficient to induce the tumor hemorrhagic necrosis observed with bacterial
inoculation into tumors, providing a molecular footing for the linkage between
infection and cancer immunity.

The crucial role of the innate immune system in driving adaptive immune
responses, specifically to generate the remarkable specificities of T cells and
antibodies, is being now rapidly dissected, following the prescient predictions of
Charles Janeway in 1989 [11]. Identification of pattern recognition receptors for
molecules of pathogens, such as toll-like receptors (TLRs) that signal upon binding
bacterial cell wall ligands (e.g., TLR-4 for lipopolysaccharide), RNA and DNA
of bacteria and viruses, and bacterial lipopeptides, now provides a firm basis for
understanding how cellular signals from innate immune cells mediate the profound
inflammatory effects of microbial products.

The Historical Relationship of Cancer Immunology, Transplantation
Immunology and Histocompatibility

Most young investigators do not realize that the discipline of transplantation
immunology and the discovery of the role of major histocompatibility molecules
have their origins in tumor immunology [12]. The stage was initially set at the
turn-of-the-century by Paul Ehrlich with his “side chain” theory of immune recog-
nition to explain the enormous specificities of antibodies [13,14]. Using the power
of antibodies, Karl Landsteiner defined the blood group antigens A and B in 1901
[15], followed 10 years later by Emil von Dungern and Ludwik Hirszfeld revealing
the heritability of ABO blood groups [16]. Thus, antibodies could be used to
follow inherited traits, providing the best tools for studying Mendelian inheritance
in those days.

At the same time, Carl Jensen and Leo Loeb, along with many other investigators,
were describing rejection of transplanted rodent tumors after transfer from the host
of origin to an unrelated host of the same species. A remarkable finding, at least at
the time, was that transplantation of tumors back into the original host or to closely
related hosts (e.g., siblings) did not lead to rejection. Paul Ehrlich had also stumbled
on to this immunological barrier to self, coining the term “horror autotoxicus” based
on his inability to raise antisera against autologous blood cells in goats [17, 18].
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Clarence Little, in his Ph.D. thesis work at Harvard, came to the conclusion based
on his experimental work that there was a hereditary basis for rejection of trans-
planted tumors, controlled by Mendelian inheritance and involving multiple genes
[19]. However, the findings were limited because the only genetic trait measured was
resistance to transplantation of tumors, a variable assay that was not very discrim-
inating. Thus, there were no effective methods or tools to identify individual loci
that determined resistance to transplanted tumors. Subsequently, Little and Leonell
Strong were guided by these observations to initiate the generation of inbred strains
of mice [20]. Little went on to become the founder of the Jackson Laboratory, the
famous repository and research laboratory for the genetics of inbred strains of mice.

Meanwhile, the experiments of Landsteiner on defining blood group antigens
had spawned attempts to use antibodies raised against tumors to map the complex
heritability of resistance to tumor transplants. Research into the genetics of tumor
transplantation resistance was an increasingly active area of research, culminating
during the 1930s and 1940s in unrealistic optimism for unraveling the mechanisms
of cancer resistance and for future cancer immunotherapy. These views were partly
a consequence of the successes of vaccines and serum therapy for prevention and
treatment of infectious diseases. However, there was still little understanding of the
genetic loci that determined tumor resistance following transplantation. It took a
collaboration between an immunologist and a mouse geneticist to solve the problem.

In a laboratory at Guy’s Hospital in London in the 1930s, the serologist Peter
Gorer was intensely studying tumor antigens in the context of the genetics of
transplantation rejection. After completing M.D. degree studies at Guy’s, Gorer
had received guidance from a mentor, the extraordinary but eccentric geneticist
J.B.S. Haldane1, to explore the unknown factors responsible for rejection of tumor
transplants. Haldane and Gorer felt that there might be a link to blood group
antigens because rejection of transplanted tumors appeared to mimic destruction
of blood cells following incompatible blood transfusions. Transfusion reactions
were known by that time to be caused by antibodies in the blood. Applying the
exquisite discriminatory powers of antibodies, Gorer injected cancer cells from
one mouse into another to raise antisera, and then analyzed the specificity of the
antibodies against different tumors, relating antibody reactivity to whether tumors
were rejected or not in different mouse recipients. He was using the sera to follow
the heritability of resistance versus acceptance of transplanted tumors, with only
color of the mouse and serology to follow the genetics.

In these experiments, Gorer defined “antigen II” in 1936 and went on to show that
antibodies to this “blood group” antigen segregated with tumor resistance [21–24].

1Haldane had a giant intellect, and a great sense of humor. At the end of his life, while dying of
colorectal cancer, in the hospital he wrote the following short poem:

“Cancer’s a Funny Thing:
I wish I had the voice of Homer
To sing of rectal carcinoma,
Which kills a lot more chaps, in fact,
Then were bumped off when Troy was sacked...”
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This was the first identification of a histocompatibility antigen. The discovery was
the beginning of understanding tumor resistance in these mouse experiments, but
more importantly of immunity against tissue transplants from one individual to
another individual of a species (allografts). The real quantum leap in understanding
the genetics came when Gorer spent a year in the lab of George Snell at Jackson
Laboratory in Maine.

Snell, a Ph.D. trained in genetics, had been deeply influenced by Clarence Little.
After joining Jackson Laboratory, Snell continued Little’s work to generate and
characterize inbred strains of mice, which required years, even decades, of extensive
cross-breeding and backcrossing. One of Snell’s great contributions was the creation
of “coisogenic” mouse strains (today called congenic) that differ only at a single
genetic locus. By the mid-1940s, Snell had created a series of mouse strains that
linked resistance or acceptance of tumor transplants to other readily identified,
visible phenotypic traits that were genetically determined. He wanted to understand
the genetics of transplantation resistance to tumors described by Little. In particular,
he was focusing on several strains, which through breeding he had co-segregated
resistance to tumor transplants with a linked genetic trait called “fused tail” (which
Snell called the Fu locus, caused by fusion of the tail vertebrae and characterized
by a tail shaped like a twisted rope).

In 1946, Little met Gorer at a conference in Italy. Impressed by Gorer’s serologic
studies of tumor transplantation resistance, he invited Gorer to come to Jackson
Laboratory as a visiting investigator. After Gorer arrived in Maine, Snell and Gorer,
completely unaware of each other’s results, compared notes and were astonished at
the relationship of their findings. Perhaps they had independently come across the
same genetic system that determined resistance to transplanted tumors. Setting up a
collaboration, Gorer serologically typed mice for genetic segregation of resistance to
transplanted tumors by measuring expression of antigen II, using Snell’s crosses of
tumor-resistant Fu mice (specifically, [Fu mice x tumor-susceptible inbred strains]
F1 mice). The well-characterized mouse strains combined with serologic typing
(a less variable assay) revealed the remarkable finding that the major genetic system
determining both rejection of transplanted tumors and expression of antigen II was
either the identical locus or closely linked loci. In 1948, Gorer and Snell published
their earthshaking paper reporting that antigen II and Fu were closely linked to the
same genetic locus, which they called H2 (combining the terms histocompatibility
and antigen II) [25]. This report was the birth announcement of transplantation
immunology and more importantly the major histocompatibility (MHC) complex,
whose products determine transplant rejection, selection and specificity of T cells,
susceptibility to disease, and much more.

These findings revealed that some previous assumptions about immunological
resistance to tumors had been built on a house of cards. It was quickly realized that
researchers had been measuring allogeneic immunity (defined by genetic dispar-
ities between individuals of the same species) determined largely by these newly
discovered polymorphic gene products of the MHC loci. All of these previous tumor
transplantation experiments could be criticized for measuring tissue transplantation
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rejection, not specific tumor rejection. Today, more than 800 alleles of MHC I genes
and 600 alleles of MHC II genes have been identified in humans [26]. As a side
story, the long-lived debate between antibodies and cellular immunity lived on after
this discovery, although at a more genteel level. Gorer remained a major proponent
throughout his scientific life for antibodies as the mediators of rejection of both
allografts and tumors, in contrast to Peter Medawar who argued the dominant role
of cellular immunity.

Studies of Transplantable Tumors in Syngeneic Mice

The realization that transplantation resistance between genetically non-identical
individuals could be determined by genes in the MHC complex quickly brought into
question the whole concept of “cancer immunity”. Most researchers grew extremely
skeptical of the notion of immune rejection of cancer by the host. Quietly, reports
in the early 1950s by Ludwig Gross, using the AKR leukemia, and Edward Foley,
using transplantable methylcholanthrene-induced tumors, suggested that genetically
identical (syngeneic) adult mice might be resistant to transfer of syngeneic leukemia
and sarcoma cells [27, 28], but these experiments were not convincing.

It was the careful and thorough study of methylcholanthrene-induced sarcomas
by Prehn and Main that set the field back on course, by showing definitive and
specific rejection of tumors in syngeneic mice [29]. The most notable message of
these experiments was that immunity was generally specific for each individual
tumor, leading to minimal rejection of unrelated tumors and no rejection of normal
tissues. These experiments thus defined the tumor-specific transplantation antigens,
also called tumor-specific antigens or unique antigens [30]. How specific were
these tumor-specific transplantation antigens? In follow-up experiments, unique
antigens were individually distinct for 25 independently derived carcinogen-induced
tumors [31]. Nevertheless, careful analysis of the Prehn and Main data reveals
that immunization with one tumor not only generates strong immunity against that
same tumor, but also weak cross-reactive immunity against unrelated syngeneic
tumors. This conclusion infers that weakly immunogenic tumor antigens are shared
by tumors. The field of tumor immunology was again on the rise, with tentative
but reproducible experimental models. With the report of Prehn and Main, and
confirmation of their results by multiple laboratories, Lewis Thomas and McFarlane
Burnet were emboldened to independently propose a theory of “immune surveil-
lance of cancer”, speculating that, in fact, the immune system might be capable
of destroying incipient malignancies, which implies that many or most de novo
cancers never become clinically apparent [32, 33].

But the history of cancer immunology has never been a straight path. Rather,
the story is better characterized by a series of switch-back trails used to climb a
mountain, with upwards steps frequently punctuated by sharp downturns. Cancer
immunity was again called on the question by a report from Hewitt and colleagues
in 1976 showing a lack of immunogenicity of spontaneously arising tumors [34].
Just as the field of tumor immunology was beginning to pick itself up again,
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Hewitt was in fact arguing that any tumor that demonstrates immunogenicity is an
“artifact”, stating that only “non-immunogenic” spontaneous tumors were relevant
to human cancers. Furthermore, the concept of cancer immune surveillance became
moribund following experiments by Stutman showing that athymic nude mice did
not have increased susceptibility to tumors induced by methylcholanthrene [35,36].
The fundamental notion of cancer immunity was again in deep trouble.

This pessimistic view of cancer immunity was gradually refuted by many
experimental observations. For instance, Boon and colleagues showed that so-
called “non-immunogenic” spontaneous tumors could be mutagenized to generate
immunogenic variants that, most importantly, produced immunity also against the
non-mutagenized, previously “non-immunogenic” parental tumor [37]. More impor-
tantly, studies by Robert North and colleagues in a series of elegant experiments
showed the relevance of “suppressor” T cells (nowadays termed regulatory T cells)
in quelling immune responses to tumors, providing a mechanism for lack of tumor
immunogenicity [38–43].

The past 15 years have witnessed a resurgence of experimental support for
immune surveillance against cancer, pointing to the flaws of observations based in
nude mice (which have high levels of natural killer cells and other innate immune
cells) (reviewed in [44]). Finally, the field entered the molecular era of immunology
with the identification of antigen structures and the sequences of genes encoding
both mouse and human tumor antigens that are recognized by the host immune
system [45–48]. These discoveries have provided tools to move the field rapidly
forward. So much has happened in the last 20 years that our historical narrative
that will stop at this point, allowing future commentaries to reflect on these recent
events.

Concluding Comments

Effective immunotherapy of cancer will come from: (i) better biologic under-
standing of the components of the immune system and how they fit together and
(ii) improved understanding of malignant transformation and cancer progression,
leading to insights into how cancers escape the immune system. We have much
to learn. One also must be aware of the ups and downs in the field - much
like the stock market, the expectations and hype that sometimes surround new
reports of immunotherapy lead to inevitable disappointments and downswings.
Yet, if one takes a longer perspective of the last 25 years, or more remarkably
the >110 years since Coley’s first clinical experiments, the field has made enormous
progress. Immunologic treatments are now routine parts of cancer therapy, including
interferon-alfa, interleukin-2, monoclonal antibodies and BCG. Vaccines against
hepatitis and human papilloma virus have the potential to prevent certain forms
of cancer. Following allogeneic hematopoietic stem cell transplants for leukemias,
and perhaps lymphomas, the host’s immune system is crucial for cures through
graft-versus-leukemia effects.
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Nevertheless, we still have limited insights into how the innate and adaptive
immune systems fit together to control or reject cancer, or alternatively to suppress
potential immune and inflammatory responses to cancer. Adaptive immune responses
(T cells and antibodies) can potentially recognize unique antigens, which probably
representmutations inmost cases.Although responses to these tumor-specific antigens
can be particularly potent, as revealed by tumor transplantation experiments with
transplanted chemically-induced tumors, we have little understanding of how the
immune system recognizes these unique antigens, how frequently are mutations
recognized, and what types of mutations are most immunogenic. Furthermore, is the
biology of these chemically-induced tumors (induced by massive doses of mutagens,
presumably generating thousands if not millions of mutations) relevant to most
human cancers? In addition, how well does the immune system recognize those
specific mutations that are important for the pathogenesis of cancer? Another caveat
is that most experimental systems have used transplantable tumors, which do not
recapitulate the physiology of the different stages of an endogenously emerging and
progressive tumor in the host. At this time, for practical reasons, most experimental
antigen-targeted immunotherapies are directed at shared antigens, such as differ-
entiation antigens, overexpressed antigens, and germ cells/cancer-testes antigens.
These shared antigens bring up crucial issues about overcoming immune ignorance or
tolerance, and the relationship of immunity to cancer versus the risk of autoimmunity,
an area where our understanding is still relatively unsophisticated [49].

Finally, big questions emerge about whether evolutionary adaptation of the immune
system over a billion years was in part driven by the necessity of increasingly complex
multicellular organisms to control endogenous aberrant cells, such as transformed
cells. Certainly, the evidence is very strong that the immune system was driven and
shaped by requirements of evolving metazoa to fight off foreign pathogens. However,
if the evolution of the immune system was also shaped to destroy incipient transformed
cells or to control progression of malignant cells in the host, this finding would have
profound implications for the long-standing paradigm of the immune system’s role in
recognizing self versus nonself. What does one do with normal symbiotic bacteria in
the bowel? Are they self or nonself? These symbiotes provide crucial functions for the
development and homeostasis of the immune system [50], and yet they can also kill
the host if epithelial barriers are breached and the immune system suppressed.

These ideas brings up the notion that our immune system might not just distinguish
“us versus them” (i.e., host versus exogenous pathogens), to serve a defensive barrier
for invaders from outside. Rather, the immune system might be a much more subtle
and complex organ (actually, rather than an “organ”, it is more a closely interactive and
somewhat redundant confederation of diverse cell types and molecules). The system
recognizes and responds to potentially hazardous situations for the host, whether they
be infection from nonself pathogens, foreign bodies, tissue damage from trauma, or
malignancy – a paradigm we term distinguishing “self versus altered self ”, and that
Polly Matzinger has described as responding to “danger” [51, 52].
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INTRODUCTION

The concept of specific immunotherapy depends on the notion that tumors may
be specifically targeted by immune effectors such as T cells and antibodies that
distinguish distinct differences between normal tissues and tumors. This is in
contrast to the concept of non-specific immunotherapy which is mediated by
effectors such as NK cells that kill tumor in a non-antigen dependent fashion.
Tumor antigens are protein, peptide, or carbohydrate molecules that the immune
system uses to distinguish tumor cells from normal cells. While target antigens
in the form of surface proteins or carbohydrates that may be recognized by
antibodies had been well accepted for quite some time, it was not until obser-
vations on the MHC-restricted killing of tumor cells by cytolytic T cells, that
attempts were made to clone the genes that encoded the antigens recognized
by the T cells. In 1991, the first human tumor antigen recognized by T cells,
called MAGE-1, was first discovered [1]. The ensuing years saw an explosion
in the number of tumor antigens described and an even greater growth in the
number of immunogenic peptide epitopes present within these antigenic molecules.
These have now been catalogued in recent, excellent reviews [2] or published on
websites (http://www.cancerimmunity.org/peptidedatabase/differentiation.htm). To
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create some order to the long list of varied antigens, it is helpful to group them
according to their expression patterns (for example, cancer-testis antigens found
predominantly in tumors or germ cells or differentiation antigens, found predom-
inantly during fetal development in normal tissues) and we will discuss them in
this order. Nonetheless, the purpose of this chapter is not to recapitulate the infor-
mation collected in these publications, but to briefly describe the categories of
tumor antigens, explain their relevance to cancer immunotherapy strategies, and to
discuss how tumor antigens are discovered. Also, while some tumor antigens may
be recognized by T cells or antibodies, we will focus on the antigens recognized
by T cells, the primary immune effector for destroying tumor cells.

HOW TUMOR ANTIGENS ARE RECOGNIZED BY T CELLS?

Unlike antibodies which directly recognize three-dimensional molecular
patterns, T cells recognize their epitopes when presented in the context of MHC
molecules. Therefore, T cell epitopes must be processed, generally by the immuno-
proteosome, within the target cell, transported into the lumen of the endoplasmic
reticulum (ER) via the transporter associated with antigen processing (TAP), loaded
onto newly synthesized MHC molecules, and trafficked to the cell surface before
they can be recognized. CD8+ T receptors recognize 9 amino-acid peptides presented
within MHC class I (HLA A,B,C, in humans) molecules and CD4+ T cell receptors
recognize longer peptide fragments within MHC Class II (HLA–DR, DP, DQ). While
this need to recognize antigen within the context of MHC may seem to be a drawback
at first, in fact, it allows for T cell recognition of epitopes derived from virtually any
protein, whether typically cell surface-expressed or not. Also, it permits exquisite
sensitivity to even single amino acid changes in proteins so that it is possible T cells
might respond to mutated proteins but not their normal counterparts. Despite this
exquisite discriminant ability, there is a sufficient capacity for cross reactivity that
the number of T cell receptors randomly generated can recognize the vastly larger
number of possible epitopes. Of course, T cells auto-reactive to self antigens are
usually deleted in the thymus. This is not a relevant issue for T cells that recognize
antigens unique to tumors, so called tumor-specific antigens (for example, tumors
driven by viral infection such as EBV associated lymphoproliferative disorders or
cervical cancer or for tumors expressing antigens created by translocations such
as the bcr-abl rearrangement in chronic myelogenous leukemia), but represents a
potential hurdle for T cells recognizing self antigens, so called tumor associated
antigens. Again, it is likely that T cells that have cross reactivity for self antigens but
have low enough affinity to avoid thymic deletion, possess the ability to recognize
tumors bearing self antigens. It is also usually the case that the self antigens
are expressed differently by tumor compared with normal tissues (for example,
someantigens such as carcinoembryonic antigen (CEA) are expressed predominantly
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during fetal development and in only minimal quantities in adult tissues). An
important decision for cancer vaccine strategies then becomes choosing antigens that
are distinctly expressed and are targets of existent peripherally circulating T cells.

WHAT MAKES A TUMOR ANTIGEN?

For a protein to be considered a tumor antigen, several features must be present.
Of course, the gene must be transcribed and some attempt at protein production
must occur. This does not necessarily mean that the protein must be expressed
to any great degree such that it may be difficult to detect by immunohistochem-
istry. The protein must contain epitopes that can fit within MHC molecules and be
recognized by T cell receptors. Nonetheless, it is not always the case that the T
cell epitope is a simple peptide fragment of the full length protein. T cell epitopes
may be generated by splicing aberrations leading to cryptic epitopes encoded by
nonspliced introns, alternative open reading frames, or post-translational modifi-
cation or splicing. For example, an alternative open reading frame of the human
macrophage colony-stimulating factor gene is independently translated and codes
for an antigenic peptide recognized by tumor-infiltrating CD8+ T lymphocytes in
renal cell carcinoma [3]. A splicing variant of survivin called survivin-2B retains
a portion of intron 2 and encodes an immunogenic peptide in the context of HLA
A24 [4]. Hanada [5] described a nine amino acid fibroblast growth factor peptide
(FGF-5) generated by protein splicing that could be recognized by T cells cloned
from lymphocytes infiltrating a renal cell carcinoma. This type of splicing had not
been previously reported in humans. Another unusual antigen was discovered to
be translated from an antisense transcript [6]. These unusual situations demonstrate
that peptides recognized by T cells cannot always be predicted from the amino
acid sequence of the antigen. Most importantly, the protein must be processed and
presented within MHC molecules on the cell surface. Some proteins may not have
epitopes that fit efficiently within MHC molecules and some may not reach the
processing machinery at all or may be degraded before presentation [7].

TUMOR ANTIGEN DISCOVERY

The initial method for discovery of tumor antigen genes involved the use of CD8+
CTL clones that lyse an autologous tumor cell line to probe target cells transfected
with tumor genetic material to detect which gene leads to sensitivity to lysis by
the CTL clone. In the case of MAGE-1, a cosmid library was prepared with the
DNA of a tumor cell line subclone (MZ2-MEL) and this was then transfected into
an antigen-loss variant MZ2-MEL.2.2 [8]. To identify the immunogenic peptide
epitopes, the fragments of gene MAGE-1 that transfered the sensitivity to lysis of
the CTL clone were tested until a nonapeptide was identified that conferred HLA
A1-restricted recognition by the CTL [9]. This method, screening cDNA libraries
with CTL clones, has been a very fruitful way to identify tumor antigens, but is
very complex and labor intensive. Once the nature of peptide-MHC interactions was
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better understood, it became possible to elute peptides from MHC molecules and to
identify them by HPLC [10]. Once more information about the binding requirements
for peptides within the MHC peptide binding pockets became available, it was
possible to identify potential peptide epitopes by use of algorithms that incorporate
definitions of peptide binding motifs for multiple HLA class I and class II alleles
[11]. It is well established that class I peptides should be at least 8–10 amino
acids long, and certain amino acids are preferred at the anchor positions (position
2 or 3). Peptides that bind to HLA-A2 generally contain an L or M at position
2 and a V or L at position 9 or 10. The HLA class II molecule binding pocket
allows more promiscuity, but also seems to require several anchor positions. Once
a series of peptides is chosen based on these algorithms, they can be tested for
their binding affinity to cells expressing the MHC molecule of interest. The use of
patient sera to screen tumor cell cDNA expression libraries, a technique that has
been designated SEREX (serological analysis of gene expression) has also resulted
in the identification of antigens that are expressed on a variety of tumor types. It
is then necessary to determine if the protein targets of the patient antibodies also
contain T cell epitopes. Regardless of how discovered, for a candidate epitope to be
established as immunogenic requires testing its binding affinity to MHC molecules,
studying the elicited responses using various T cell populations derived from a
large group of HLA-matched patients, and confirming that the T cells recognize
the native target cells in vivo by demonstrating that T cells specific for them can
lyse tumors expressing the antigen that harbors the epitope.

ALTERED PEPTIDE LIGANDS

It has been frequently observed that peptides identified by MHC binding algorithms
do not always stimulate the most potent T cell responses. It is hypothesized that
this may be due to low binding affinity to the MHC molecules and low T cell
affinity for them. Typically, CTL induction is related to the relative HLA binding
affinity [12]. Binding affinity may be improved by altering peptides at the anchor
residues as described above. For example, substitutions at the anchor positions of
three peptides derived from the melanoma-associated antigen gp100 enhanced HLA
binding and immunogenicity relative to the parental sequence [13]. Substitutions
can also be made at secondary anchor positions with an improvement in immuno-
genicity as was demonstrated for a HER2/neu analog [14]. Caution should be
taken whenever changes to the peptide sequence are made. For example, an altered
peptide ligand hTERT699T-707, designed to increase HLA-A1-binding affinity of
the hTERT699-707 peptide, did not activate CTL that recognized endogenously
processed hTERT [15].

The other type of modification strategy involves amino acid substitutions at
positions other than the main HLA anchors of the peptide which results in hetero-
clitic analog epitopes. These modifications seem to enhance T cell stimulation
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by increased binding of the peptide-HLA complex to the TCR [16]. An hetero-
clitic analog of the HLA-A2 restricted, CEA-derived CAP1 peptide (called CAP1-
6D), although it does not increase the HLA-A2 binding affinity of the peptide,
does stimulate wild-type specific CTL [17]. Fong [18] and colleagues adminis-
tered CAP1-6D loaded Flt3-ligand mobilized dendritic cells and observed a high
frequency CAP-1 specific T cell responses detected by tetramers.

CANCER-TESTIS ANTIGENS

The first T cell tumor antigens discovered and the most frequently targeted in
clinical trials of cancer vaccines, cancer-testis (CT) antigens (or germ cell antigens)
were so-called because they were thought to be expressed only in tumors and
spermatocytes and spermatogonia of the testis and the placenta. There have been 44
gene or gene families identified, many of which are located on the X chromosome.
In general, it is not known what their normal function is, although some potential
functions in migration/motility have been suggested for CAGE -1 and SSX [19,20].
Their limited expression in normal tissue and the fact that the testis generally
does not express class I or II molecules and is thus priveleged from immune
surveillance, allows CT antigens to be targeted with reduced risk of autoimmune
disease. This limited expression is due to the fact that CT antigens are proteins that
represent reactivation of genes in tumors that are usually silent in adult tissues [21].
This reactivation may occur by hypomethylation of the CpG island in the cancer
testis gene promoter [22]. This has led to suggestions that greater expression of
these antigens could be achieved by use of demethylating agents such as 5-aza-
2’-deoxycytidine [23]. It should also be noted that despite the generally limited
expression, in fact, some of the CT genes are tissue restricted while others are
more ubiquitous [24]. For example, 10/43 CT genes were tissue-restricted (mRNA
detected in 2 or fewer non-gametogenic tissues), 9/43 CT genes were differentially
expressed (mRNA detected in 3-6 non-gametogenic tissues), and 5/43 CT genes
were ubiquitously expressed.

The list of CT antigens includes the MAGE, BAGE, and GAGE families, NY-
ESO-1/LAGE/ CAMEL, SSX-2, TRAG-3, CT9 and CT10 (see reference 24 for a
complete list). Class I and in some cases, class II restricted peptide epitopes of all
these antigens have been reported. At least one of these antigens has been identified
in melanoma, myeloma, lung carcinoma, head and neck cancer, esophageal cancer,
superficial and infiltrating bladder carcinoma, prostate, colorectal and breast carci-
nomas, cholangiocarcinoma, hepatocellular carcinoma, and sarcoma [24–33]. Some
tumors express a broad array of CT antigens while others have a limited range of
expression [24]. For example bladder and non-small cell lung cancer, and melanoma
have detectable mRNA for more than half of the described CT genes, whereas
breast and prostate cancers express more than 30% of the CT genes, and a minority
of renal and colon cancers express even 20% of the CT genes. Nonetheless, with
more sophisticated methods such as RT-PCR, more frequent expression of CT
antigens has been observed in colon cancers [34]. Although all the CT antigens
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have been found to be targets for antigen-specific T cells in vitro, not all reproducibly
activate in vivo immune responses. For example, Chianese-Bullock, et al.[35]
observed that only a subset of melanoma antigens were immunogenic when admin-
istered as part of a cancer vaccine. Overall, 14/29 cancer testis gene families that
are tissue (or testis)-restricted have been shown to induce a cellular and/or humoral
immune response in humans [24].

Because the MAGE family has been extensively studied (reviewed in 36), we will
elaborate on it further. The MAGE family proteins are related by sharing the MAGE
homology domain. There are 3 subgroups of acidic MAGEs, termed A, B, and C, and
one basic subgroup, MAGE-D (including Necdin and Restin). As with other cancer-
testis antigens, MAGE gene activation may occur due to promoter demethylation.
The promoter of the MAGE-A1 gene contains regulatory sequences that are sites
for Ets transcription factor binding. If an important CpG site is methylated, the Ets
transcription factor cannot bind and expression of MAGE-1 is inhibited, whereas
demethylation at this site allows transcription to proceed. Numerous HLA restricted
epitopes of the various MAGE antigens have been described and have been used
in clinical trials. For example, we tested an immunization strategy using dendritic
cell derived dexosomes loaded with MAGE-A3, -A4, and -A10 [37]. Chianese-
Bullock, et al. [35] targeted Mage A1 and A10 in their peptide vaccine strategy.
The availability of class II epitopes has permitted their incorporation into vaccines.
For example, we [37] included the MAGE-3DPO4 peptide in an attempt to activate
CD4+ T cell help. CD4+ T cell immune responses have been detected in patients
immunized with MAGE protein [38]. As described above, cancer testis antigens in
general and MAGE antigens in particular are expressed by many tumors although
not always the same antigen. Thus one goal would be to find an epitope that
is in common across many of the MAGE antigens to permit targeting a large
number of tumors. Graff-Dubois, et al.[39] described a heteroclitic peptide (p248V9)
that corresponds to two HLA-A*0201-restricted, cross-recognized epitopes, derived
from MAGE-A2, -A3, -A4, -A6, -A10, -A12 (p248G9) and MAGE-A1 (p248D9).
CTL stimulated by this peptide could recognize each of the MAGE-A antigens and
kill MAGE-A-expressing tumor cells.

NY-ESO-1, initially identified by antibodies present in patient sera, was
ultimately found to contain T cell epitopes [40]. HLA A2 epitopes that have been
identified include NY-ESO-1157−167, NY-ESO-1157−165 and NY-ESO-1155−163 but
NY-ESO-1157−165 may be the naturally processed antigen. An HLA-A31 restrictred
epitope has also been identified which recognizes a peptide derived from trans-
lation of an alternative open reading frame of the NY-ESO-1 transcript [41]. This
represents a novel and somewhat unexpected observation, but additional examples
where a single transcript encodes two protein products have now been described.
The alternative open reading frame of LAGE-1 (a gene that encodes an antigen
closely related to NY-ESO-1 with 94% nucleotide and 87% amino acid homology)
was recently found to contain multiple promiscuous HLA-DR-restricted epitopes
recognized by tumor antigen-specific CD4+ T cells [29].
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DIFFERENTIATION ANTIGENS

Differentiation antigens are generally expressed early in development of normal
tissues and may be re-expressed in tumors that arise from these normal tissues. Most
of the antigens were originally described in melanomas and melanocytes (tyrosinase,
gp100, TRP-1, and MART-1/Melan-A) but others have been well described in other
malignancies (CEA, Epcam, PSA). While the function of these molecules may be
poorly described, their relative overexpression in tumors suggests they can serve as
targets of immunotherapies with a reduced, but not a completely eliminated, risk of
auto-immunity. We have worked extensively to understand targeting of CEA and
will elaborate on it further as a model tumor antigen. The CEA family includes
CEA, CEA cell adhesion molecule 1, CEA cell adhesion molecule 6, meconium
antigen, and Tex [43]. CEA appears to be involved in adhesion but may also
interact with other molecules important for cellular transformation. CEA is normally
expressed during oncofetal development, but is overexpressed in virtually 100% of
colorectal cancers, 70% of non–small-cell lung cancers, and approximately 50%
of breast cancers [43]. The only normal tissue expression is low-level expression
in gastrointestinal epithelium. A number of T cell epitopes that can be recognized
in the context of HLA-A2, -A3, and -A24 have been described and these epitopes
can be used as immunogens to activate T cell responses against CEA. The best
described epitope is the HLA A2 restricted epitope called CAP-1 that has been
further modified to create the CAP1(6D) peptide with enhanced recognition by the
T-cell receptor [42]. HLA class II epitopes restricted by HLA-DR1 and HLA-DR4
have also been described. Importantly, HLA restricted peptide epitopes have been
found to be expressed by tumors as evidenced by the ability to identify them bound
to HLA molecules of tumor cells [43]. CEA has been a frequent target of cancer
vaccines in the form of peptides, full length protein, mRNA loaded dendritic cells,
plasmid DNA, and viral vectors. Others [44] and we [45] have recently reported
immune responses specific for CEA in cancer patients immunized with viral vectors
encoding CEA or dendritic cells infected with these vectors.

The family of melanocyte differentiation antigens (MART-1, TRP-1, -2, gp100,
and tyrosinase), while expressed in normal skin melanocytes and pigmented retinal
epithelial cells, are found amongst tumors only in melanomas. Epitopes restricted by
HLA-A2 have been the most extensively developed. Two native immunodominant
HLA-A2-restricted MART-126−35 and MART-127−35 peptides have been reported to
induce a CTL response in vitro and in vivo [46,47]. Nonetheless, the magnitude of
the response is low, possibly due to low affinity of binding to MHC class-I [48].
Immunogenicity of the peptide was improved by substituting one or two amino acids
[49,50]. The MART- 126−35 A27L peptide analogue (ELAGIGILTV), in which the
parental immunodominant peptide (MART- 126−35) is modified by replacing the
alanine with leucine (A27L), demonstrated better immunogenicity in vitro and in
vivo than did the parental sequence (EAAGIGILTV) [49],[51]. Peptides restricted
by HLA B*3501 and B45 have also been described. HLA-DP restricted (class II)
epitopes of MART-1 have been demonstrated to activate specific immune responses
in patients with melanoma [52].
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The native HLA-A2-restricted immunodominant epitope of gp100 (gp100
(209–217)) has been modified by a substitution of methionine for threonine at
position 2 to yield (gp100(209-2M)). This modified peptide, binds HLA-A2 with
an approximately 9-fold greater affinity and has an approximately 7-fold slower
dissociation rate at physiological temperature than the native peptide and it is
more immunogenic in vitro and in vivo. Peptides restricted by HLA-A3, -A24, and
B*3501 have also been described.

The human tyrosinase gene codes for two distinct antigens that are recognized
by HLA-A*0201-restricted CTLs. For one of them, tyrosinase peptide 368–376, the
sequence identified by mass spectrometry in melanoma cell eluates differs from the
gene-encoded sequence as a result of posttranslational modification of amino acid
residue 370 (asparagine to aspartic acid) and is called tyrosinase368−−376 (370D).
Peptides restricted by HLA-A1, -A24, B44 and B*3501 have also been described.
Recent clinical trials have used MART-1, gp100, and tyrosinase epitopes as part of
vaccine strategies and immune responses have been observed [53–55].

BROADLY EXPRESSED ANTIGENS

These antigens have been described in many tumors and may be expressed to a
lesser degree in normal tissues. Some could also be called “universal” antigens
because they are of interest for the possibility that they may be expressed in all
tumors and could therefore be part of a vaccine strategy with wide applicability. The
list of these antigens includes AFP, HER2/neu, livin, survivin, hTERT, MUC-1,
PSMA, p53, and WT1.

Telomerase (hTERT) is a reverse transcriptase which adds a repeated sequence
onto the ends of newly replicated chromosomes thus stabilizing the chromosomes
during replication and conferring cellular immortality. It thus allows pre-cancerous
cells to proliferate continuously and become immortal and is found expressed
in many malignancies thus suggesting the possibility that it can act as a widely
expressed tumor antigen. Telomerase can act as a tumor antigen as demonstrated
by the ability of hTERT-specific CD8+ T cells in patients with metastatic prostate
cancer to lyse hTERT-expressing targets [56]. Zanetti and colleagues perfomed a
series of experiments (reviewed in 57) to identify two HLA-A2-restrcited peptides
derived from hTERT, 540ILAKFLHWL548 and 865RLVDDFLLV873, since termed
p540 and p865, which bind tightly to HLA-A2, activate specific CTL in HLA-
A2 transgenic mice, and they showed that that CTL specific for p540 and p865
kill HLA-A2+human breast, colon, prostate, and melanoma cell lines. Because of
concern that high affinity T cells against hTERT, a self antigen, might be deleted
in humans, they evaluated a series of low affinity peptides and then altered them
to place a tyrosine (Y) in position 1 to enhance binding to HLA-A2. One of these
peptides pY572 (the analogue of wild-type p572) was able to activate CTL that
could recognize the wild type peptide from the blood of 5/8 patients with prostate
cancer. The wild type peptide could generate a specific CTL response in one out
of seven individuals only. In order to rule out a risk of autoimmunity, they showed
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that CTL against the p572 did not lyse CD34+ hematopoietic cells. An HLA-A1-
restricted epitope (hTERT325−333) has been identified that could induce intermediate-
to low-avidity CTLs that recognized endogenously processed hTERT [15].

Survivin, a member of the inhibitor of apoptosis protein (IAP) family is expressed
during fetal development but becomes undetectable in normal adult tissues. Survivin
and its splicing variant survivin-2B is in various types of tumor tissues as well as
tumor cell lines, having been identified by immunohistochemistry in a substantial
fraction of breast, colon, squamous cell cancers, melanoma, lung and gastric
cancers. HLA restricted peptide epitopes have been identified. Full length survivin
could be used to induce surviving-specific T cell responses amongst mouse and
human T cells in vitro [58]. Idenoue, et al.[59] reported on the identification
of an HLA-A24-restricted antigenic peptide, survivin-2B80-88 (AYACNTSTL),
recognized by CD8+ CTL. HLA-A24/survivin-2B80-88 tetramer analysis revealed
that there existed an increased number of CTL precursors in peripheral blood
mononuclear cells (PBMC) of HLA-A24+ cancer patients, and in vitro stimulation
of PBMCs from six breast cancer patients with survivin-2B80–88 peptide could
lead to increases of the CTL precursor frequency. Furthermore, CTLs specific
for this peptide were successfully induced from PBMCs in all 7 (100%) patients
with breast cancers, 6 of 7 (83%) patients with colorectal cancers, and 4 of
7 (57%) patients with gastric cancers. HLA-A2-restricted peptide epitopes have
been identified as well [60]. Clinical trials immunizing patients against survivin
have demonstrated induction of surviving-specific T cells without obvious autoim-
munity [61, 62]. These data support the use of survivin as a “universal” tumor
antigen. An interesting advantage for both telomerase and survivin is that antigen
loss variants might no longer have survival capacity due to loss of survivin or
telomerase.

MUC1 mucins are highly glycosylated, cell surface-expressed type I glycopro-
teins expressed by many normal cells, but is also widely expressed, in an aberrantly
glycosylated form, across many epithelial (breast, ovarian) and hematologic malig-
nancies (myeloma, AML, and some lymphomas) [63]. An important feature of
MUC-1 is an extracellular domain with a variable number of tandem repeats of
20 amino acids [64]. These tandem repeats can be recognized directly by CD8+
T cells without the need for MHC presentation, but also may be presented within
MHC class I molecules as well [64–66]. One 9-mer peptide, M1.1, is derived from
the tandem repeat region of the MUC1 protein; another, M1.2, is localized within
the signal sequence of MUC1 [65,67]. These peptides can be recognized by CTLs.
The availability of epitopes and the overexpression of MUC1 in many malignancies
have made MUC1 a broadly applicable target for cancer vaccination strategies [68].
For example, Wierecky, et al.[69] vaccinated patients with advanced cancer using
dendritic cells pulsed with MUC1 derived peptides. Of 20 patients with metastatic
renal cell carcinoma, 6 patients showed regression of metastases with 3 objective
responses. In patients responding to treatment, T cell responses for antigens not
used for treatment occurred suggesting that antigen spreading in vivo might be a
possible mechanism of mediating antitumor effects.
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UNIQUE TUMOR-SPECIFIC ANTIGENS

Unique tumor antigens are those found exclusively in tumors and in many situations
are mutated proteins or fusion molecules associated with malignant transformation
and/or progression. Most of these mutations are likely to be unique to a patient and
not broadly applicable, but some are mutations that occur in many patients’ tumors.
For example, many colon, pancreatic, and lung cancers harbor point mutations in
the ras gene at codon 12, where the normal Gly residue is substituted with either a
Val, Asp or Cys residue. This mutated region has been the focus of cancer vaccines
because A theoretically the antigens are foreign to the immune system. particu-
larly interesting scenario is that of hereditary nonpolyposis colon cancer caused by
defects in mismatch repair genes that lead to the microsatellite instability (MSI+)
phenotype. Multiple genes are affected and their products are proteins with novel
mutations. For example, Saeterdal, et al.[70] described a peptide SLVRLSSCVP-
VALMSAMTTSSSQ, representing a common frameshift mutation in TGF betaRII,
that was recognized by T cells from patients with MSI+ colon cancers. This group
[71] also described an HLA-A2-restricted, CD8+ T cell epitope (RLSSCVPVA),
resulting from a common frameshift mutation in TGF betaRII. A CTL clone
generated against this peptide was able to kill an HLA-A2+ colon cancer cell line
with mutated TGF betaRII.

Fusions molecules created by translocations of chromosomes are very interesting
potential tumor-specific antigens. While some of these fusion molecules truly give
rise to a unique epitope spanning the fusion region (e.g. FVEHDDESPGL an HLA-
A2-restricted peptide derived from the BCR-abl fusion in CML [72] others may be
found exclusively in one of the partners to the translocation, but because the aberrant
molecules over-expressed, the peptide epitope is also overexpressed. A number of
HLA class II-restricted epitopes have been described as well [72, 73].

CONCLUSION

The identification of defined tumor antigens has raised a number of important
questions. The first is whether, in fact, defined or undefined antigens would be
preferred in cancer immunotherapy strategies. It is possible that the actual tumor
rejection antigen might differ for each patient and might even be a molecule without
previously defined epitopes. Therefore, using all the “antigens” derived from a
patient’s tumor would be appealing. Unfortunately, it is difficult to monitor these
responses. The second question is whether to use one or multiple antigens in a
vaccine. As described above, not all antigens will induce specific immune responses
and thus using a vaccine with several antigens increases the likelihood of inducing a
potent immune response. It might also prevent development of antigen loss escape
mutants. Use of multiple epitopes complicates the vaccine and the development of
epitope and antigen spreading suggests that immune responses against antigens not
part of the vaccine may occur following immune attack on the tumor through cross
presentation of antigen from destroyed tumors. Finally, the choice of the type of
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antigen could be debated. Are widely expressed antigens such as telomerase to be
preferred because they could be part of a “universal” vaccine or are antigens unique
to a person’s tumor (such as mutated antigens) better? While there are no answers
to these questions yet, they must be addressed each time a clinical trial of a new
platform for inducing immune responses is to be tested.
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INTRODUCTION

The immune response is broadly classified into either the innate, antigen-nonspecific
response, or the adaptive, antigen-specific response. Leukocytes of the innate
immune system reside in peripheral tissues and circulate through the blood and
secondary lymphoid tissues (the spleen and the lymph nodes), serving as immuno-
logic sentinels for detecting general signs of danger. Similarly, B and T lymphocytes
traverse the body to mediate the adaptive immune response. These cells express a
comprehensive repertoire of antigen-specific receptors (cell surface immunoglobulin
receptors for B cells, and cell surface T cell receptors (TCR) for T cells) that
can recognize over one million distinct antigens [1]. Whereas the B cell antigen
receptor directly binds to antigenic determinants present on soluble proteins, carbo-
hydrates, or nucleic acids, the T cell antigen receptor binds most commonly to
short fragments of antigens that have been broken down and loaded onto Major
Histocompatibility Complex (MHC) molecules. Thus, B cells can see antigen
directly, and respond by differentiating into immunoglobulin-secreting plasma cells.
In contrast, T cells see processed antigen in the context of self MHC molecules,
thereby providing a basis for self-nonself discrimination [2]. Two major subsets of
T cells collaborate to mediate an effective immune response. CD4+ helper T cells
are activated after binding peptide antigen presented by MHC Class II molecules,
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and provide cytokine-mediated “help” both to shape the B cell-mediated humoral
response, and to maximize the quality and durability of the CD8+ T cell-mediated
cytotoxic T lymphocyte (CTL) response [3]. CD4+ T cells can be further divided
into T helper type 1 cells, which secrete interleukin-2 (IL-2) and interferon-�to
promote CTL activity, and T helper type 2 cells, which secrete interleukin-4 (IL-4),
interleukin-5 (IL-5), and interleukin-6 (IL-6), and promote humoral and allergic
immune responses. Of these two T helper phenotypes, the T helper type 1 phenotype
is generally considered to contribute more to antitumor immunity [4]. CTLs are
activated after binding antigen presented by MHC Class I molecules, deploying a
payload of cytokines and enzymes that can effectively lyse diseased cellular targets.
Thus, it is CD8+ effector T cells that are critical for destroying host cells altered
by either viral infection or oncogenic transformation.

In order for CD8+ CTL to recognize and destroy diseased cellular targets, they
must migrate throughout the body to interact with professional antigen presenting
cells (APCs) (DCs, B cells, macrophages, and �� T cells) [5, 6]. After the priming
APC-T cell interaction, CD8+ CTL subsequently engage target cells that have
been altered by pathogens or neoplastic transformation. The distinct physical and
inflammatory environments in which the priming and effector cross-talk occurs
alters the length and character of the cellular interactions [7]. Importantly, these
variables impact the ultimate quality and character of the immune response as it is
reflected by the size, phenotype (effector, tolerogenic, or memory), and functional
status (cytokine secreting, cytotoxic) of the activated T cell repertoire. Due both to
their exquisite antigenic specificity and their capacity for a faster, more vigorous
secondary response, the use of T cells for the immune-mediated therapy of cancer
has attracted great interest. To effectively harness the therapeutic power of T cells,
a thorough understanding of the mechanisms regulating how T cells see antigen
is required. These mechanisms can be considered at the molecular level (antigen
processing and presentation, and accessory signaling pathways for T cell activation),
the cellular level (immune priming and target cell destruction), and the environ-
mental level (systemic mechanisms of immune tolerance and the suppressive local
tumor microenvironment). Opportunities for therapeutic manipulation exist at each
of these levels of T cell control.

SYSTEMIC MECHANISMS OF IMMUNE TOLERANCE

The immune system must be able to respond quickly to foreign antigens, yet remain
quiescent toward normal tissues. To achieve this, the available T cell repertoire
is shaped by deletional pathways of immune tolerance that occur centrally during
the process of thymic education, and peripherally in extrathymic tissues. These
processes together create a partially redundant system for physically eliminating
a specific self-reactive T cell clone from the T cell repertoire [8]. Tumor cells
arise from normal host tissues, and are almost invariably recognized as self. Conse-
quently, components of the antitumor T cell repertoire with the highest affinity for
tumor antigens are most frequently eliminated by central thymic deletion. Those
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that survive thymic education may be deleted in extrathymic tissues by activation-
induced cell death (AICD), a scenario that most often occurs in the setting of widely
disseminated tumor. These processes are thought to establish a suboptimal antitumor
T cell repertoire with a lower recognition efficiency for tumor antigens, and an
inadequate functional response upon T cell engagement [9–11]. Multiple groups
have recently described persistent, small populations of peripheral T cells with a
high recognition efficiency for tumor antigens. These high avidity tumor-specific
T cells normally fail to be recruited to the antitumor immune response due to
compensatory immunoregulatory mechanisms that keep them suppressed [12–15].
Together, these features of the available T cell repertoire suggest at least three major
strategies for inducing effective T cell-mediated antitumor immunity. The first is
to disrupt secondary immunosuppressive pathways in order to recruit latent, highly
reactive T cells to the antitumor immune response. The second is to augment the
tumor antigen recognition efficiency of low avidity T cells by optimizing antigen
binding to the TCR and/or MHC molecule. The third is to amplify the net positive
signal for T cell activation generated when the T cell recognizes its cognate tumor
antigen.

ANTIGEN PROCESSING AND PRESENTATION

T cell activation is initiated at the molecular level by the TCR-mediated recognition
of antigenic epitopes bound to MHC molecules. The specificity of most T cell
responses is conferred by the �� TCR [16]; an alternative �� TCR with limited
diversity is present on about 1% to 5% of peripheral T cells, and on the majority
of intraepithelial T cells [17]. These TCRs are formed by two transmembrane
glycoproteins, each composed of one extracellular variable and constant domain
joined by a hinge region to the transmembrane domain. The diversity of the TCR
is primarily found in the variable region, which is formed at the DNA level by the
juxtaposition of V, D, and J gene segments (� or �chain) or V and J gene segments
(� or � chain). MHC molecules are also highly polymorphic, with multiple alleles
of several genes giving rise to the protein products. The final array of molecules
expressed by a given individual is referred to as the MHC haplotype. In humans,
there are three MHC Class I molecules (HLA-A, -B, and –C) that associate with the
co-receptor �2-microglobulin, and three pairs of MHC Class II � and � polypeptide
chains (HLA-DR, -DP, and –DQ); in mice the corresponding molecules are H2-
K, H2-D, H2-L, and H2-A, H2-E respectively. The variability inherent in the
MHC receptor system is conferred both by the vast number of polymorphic alleles
for each gene, and by the ability of distinct alleles from the two chromosomes
to associate combinatorially. This MHC diversity impacts antigen recognition by
T cells indirectly by controlling peptide binding to the MHC molecule itself, and
directly by physical contacts between the TCR and the MHC molecule.

Antigen processing and presentation for subsequent T cell recognition by the
��TCR can occur through two distinct pathways [2]. All nucleated cells, including
tumor cells, have the capacity to directly present endogenous antigens in the context
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of MHC Class I molecules (Figure 1). Intracellular proteins targeted for destruction
are first tagged with multiple ubiquitin molecules [18]. Many of these proteins
are defective ribosomal products (DRiPS), defective protein products generated by
the infidelity in translating genetic information to protein [19]. DRiPS provide one
mechanism for the immune system to screen the functional integrity of the host
cell. Ubiquitinated protein products then bind to the 26S proteasome, a widely
expressed enzyme of the antigen processing pathway that ultimately produces
peptides for presentation to CD8+ CTL by MHC Class I molecules. It is composed
of a catalytic 20S core complex bound to two 19S gatekeeper complexes designed
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Figure 1. Direct Priming and Cross Priming of Antigen-Specific T Cell Responses. A. MHC Class
I molecules present peptides from intracellular proteins. These proteins may either be normal cellular
proteins, altered self proteins, or the intracellular products of viral or bacterial infection. Intracellular
proteins are broken down by the proteasome, and transferred to the endoplasmic reticulum (ER) by
the transporter for antigen processing (TAP). They are loaded onto MHC Class I molecules in the ER,
and then translocated to the cell surface. B. MHC Class II molecules present peptides from proteins
of extracellular origin. These proteins enter the cell in endocytic vesicles, and the proteins are broken
down in lysosomes. MHC Class II molecules bind to the invariant chain in the ER, which prevents
the association of endogenous protein fragments with MHC Class II molecules. The invariant chain is
degraded to Class II invariant chain peptide (CLIP), and CLIP is exchanged for the peptide epitope
generated by lysosomal cleavage. Peptide-bound MHC Class II molecules are then translocated to the
cell surface. C. Dendritic cells (DCs) can endocytose antigens from extracellular pathogens and other
cells, and display them on MHC Class I molecules by TAP-dependent cross-presentation, and MHC
Class II by the classical endocytic route. The use of both of these pathways enables DCs to prime both
CD8+ and CD4+ T cells

to feed ubiquitinated protein substrates into the system [18]. One form of the 20S
proteasome, c20S, is constitutively expressed by all nucleated cells. A second form,
the immunoproteasome (i20S), is expressed under steady state conditions by profes-
sional APC, and induced in other nucleated cells upon exposure to IFN-�, tumor
necrosis factor-� (TNF-�) or other inflammatory stimuli [20]. Both proteoasomes
are composed of 14 subunits that form four stacked rings containing seven subunits
each. The two outer rings are composed of seven � subunits, and the two inner rings
are composed of seven � subunits. The catalytic activity of the c20S proteasome is
conferred by three � subunits (�1, �2, and �5). These are replaced by the immuno-
subunits �1i (LMP2, low molecular weight protein 2), �2i (MECL1, multicatalytic
endopeptidase complex-like 1), and �5Ii (LMP7) in the i20S immunoproteasome. In
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nucleated cells, ubiquitinated proteins undergo proteosome-mediated degradation,
and these fragments are transported into the endoplasmic reticulum (ER) by the
transporter associated with antigen processing (TAP). There, the peptide is loaded
onto MHC Class I molecules, and the entire complex is transported to the cell
surface for display to the immune system. Notably, peptide binding is essential for
stable expression of MHC Class I molecules on the cell surface.

Importantly, immunoproteasomes generate a distinct repertoire of peptide
complexes compared to the constitutive proteasomes. This variability contributes
to the diversity the CD8+ T cell response by modifying both the T cell repertoire,
and by altering the antigenic peptides driving the response [20]. Some self epitopes
are not processed by the immunoproteasome, and are consequently not efficiently
presented by mature DCs [21]. Also, tumor cells in an inflammatory environment
may switch from the constitutive to the immunoproteasome, thereby displaying an
epitope that the T cell repertoire cannot detect and respond to well [22]. Conversely,
a deficiency in immunoproteasome subunits can decrease the size of the CD8+ CTL
repertoire specific for some antigens [23, 24].

Professional APC conduct highly efficient antigen processing and presentation
activities that extend well beyond the capabilities of nucleated host cells [6]. Unlike
other nucleated cells, they can present antigen bound to both MHC Class I and
MHC Class II molecules, and can therefore activate both CD8+ and CD4+ T cells.
For processing through the MHC Class II pathway, extracellular proteins or cell
surface proteins are taken up by endocytosis into acidic lysosomes, where they are
broken down into peptide fragments of ten to twenty-five amino acids. Endogenous
proteins are blocked from binding to MHC Class II molecules by its association
with the invariant chain. Subsequently, the invariant chain is degraded to Class
II-associated invariant chain peptide (CLIP), and CLIP exchanged for the antigenic
lysosomal degradation products. Like MHC Class I molecules, peptide binding is
required for the stable expression of MHC Class II molecules on the cell surface.

CROSS-PRESENTATION: AN ALTERNATIVE ROUTE TO MHC
CLASS I MEDIATED ANTIGEN PRESENTATION

In addition to processing antigen through the endogenous or classical MHC Class
I antigen processing and presentation pathway, DCs and other professional APC
can also direct exogenous antigen processing through the MHC Class I pathway by
a process called cross-presentation [25]. Here, exogenous material from pathogens
or diseased host cells are taken up into endosomal vesicles by macropinocytosis,
receptor-mediated endocytosis, or phagocytosis. Antigens may be retrotranslocated
from the endocytic vesicle to the cytosol to undergo proteosome-mediated proteolysis,
followed by loading onto MHC Class I molecules by TAP-mediated transport [26]. The
endosome thus may be a self-contained antigen-processing organelle. Alternatively,
the lumen of the endosome containing the protein may become contiguous with the
lumen of the ER, thereby accessing the classical MHC Class I pathway directly [26].
Regardless, the central concept of cross priming is that protein antigens are transferred
from the diseased target to the host professional APC (Figure 1). DCs in particular are
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highly efficient in capturing exogenous antigens in a variety of physical forms [27].
Notably, processing and presentation of exogenous antigens by DCs may induce (cross
prime) or ablate (cross tolerize) CD8+ T cell responses [28]. The ultimate outcome
depends both on the maturation state of the presenting DC and on the levels of MHC
Class I peptide complexes being presented.

The first demonstration of cross priming involved the injection of homozygous
H2b or H2d murine spleen cells into heterozygous H2b/drecipients [29, 30].
A proportion of recipient CD8+ T cells responded to antigen presented by an
H2 Class I allele not present on the homozygous immunizing spleen cells, lysing
target cells matched instead to the donor MHC haplotype. Others showed that
SV40-transformed tumor cells could induce SV40-specific CD8+ CTLs restricted
to the host MHC haplotype [31]. Further supporting cross-priming, CTLs induced
by vaccination with a allogeneic granulocyte-macrophage colony-stimulating factor
(GM-CSF)-secreting tumor cell line expressing the influenza virus nucleoprotein
(NP) recognized NP in the context of host MHC Class I in a TAP-dependent
fashion [32,33]. More recently, vaccinated patients with pancreas cancer were found
to have mesothelin-specific CD8+ T cells in vaccinated patients restricted to the
MHC haplotype of the patient, regardless of the MHC haplotype of the allogeneic
immunizing vaccine cells [34]. This is the most robust evidence of in vivo cross
priming in humans to date.

NAÏVE T CELL STIMULATION BY DENDRITIC CELLS

Peripheral DCs sample and present self and nonself antigens constitutively as they
circulate throughout the body [28]. At baseline, they are immature, and process
and present antigens inefficiently. In this way they help to maintain peripheral
immune tolerance. Upon maturation, specialized components of the immunopro-
teasome are induced, the trafficking of peptide-loaded MHC molecules within the
DC increases, and the cell surface molecules that initiate T cell activation and
provide co- and counter-stimulatory signals are upregulated both quanitatively and
qualitatively. Additional changes in the expression of chemokines and adhesion
molecules facilitates the migration of DCs to regional draining lymph nodes, where
they are uniquely licensed to initiate the adaptive immune response by activating
naïve T cells.

In the draining lymph node, naïve T cells engage with mature DCs via the
TCR:peptide-MHC (TCR:pMHC) interaction. These weak interactions likely help
to maintain the peripheral T cell pool by providing subtle activation signals that
promote survival, but remain below the threshold required for frank T cell activation
and clonal expansion. During inflammation, multiple mature DCs present a discrete
antigen repertoire, allowing migrating T cells to scan the surface of many DCs.
This way, the T cells receive serial signals that accumulate and ultimately overcome
the signaling threshold for activation. These short term interactions result in initial
calcium fluxes, which then promote stable T cell-APC interactions to provide
sustained signaling and a platform for fine-tuning and consolidating the T cell
activation signal.
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The TCR:pMHC binding interaction is of relatively low affinity (1 to 50 uM) [16].
The initial weak interaction is compensated for by the confined space between the
DC and the T cell, the polyvalent nature of the primary TCR:pMHC interaction itself,
and the associated adhesion and co-stimulatory molecules localized at the cell-cell
interface [35,36]. At the time of first cellular engagement, the TCR undergoes confor-
mational changes within its pMHC binding site [36]. This binding site is composed of
three complementarity determining region (CDR) loops. The majority of the structural
change occurs within the CDR3 loop, which has the most sequence diversity and is the
primary determinant of fine antigenic specificity [37–39]. Since the pMHC complex
itself changes conformation infrequently, the TCR:pMHC interaction occurs through
an induced fit binding process whereby the TCR accommodates the pMHC complex.
Alanine scanning mutagenesis studies of the pMHC:TCR interaction have revealed
that MHC contact points initiate engagement with the TCR, but that peptide contacts
are critical for establishing the final stable binding state [40].

Thus, T cells circulating throughout the body scan their environment for comple-
mentary pMHC expressed by mature DCs. To increase the efficiency of this process,
endogenous pMHC complexes are brought into the microenvironment at the cell-cell
interface of the DC and the T cell in a TCR-dependent fashion [35]. T cell activation
is initiated when the TCR encounters a complementary pMHC complex, inducing
a tight fit by conformational change to engage peptide contact points, and trigger
the signaling cascade for T cell activation [36]. Thus, the peptide antigen present
in the MHC protein binding groove plays a central role in directing the intensity
of the ensuing immune response. This has significant implications for antitumor
immunity and immunotherapy. Mutated self proteins typically represent very subtle
alterations of self that the immune system is likely to tolerate. However, mutations
introduced into self peptides can increase peptide binding in the MHC Class I or
Class II molecules by altering the amino acid residues that anchor the peptide to
the MHC binding site [44–49]. This enhanced binding is also reflected as increased
TCR affinity for MHC molecules, and increases the density of self peptide at the
DC-T cell interface [38]. These enhanced interactions increase the level of TCR-
mediated signaling to the threshold required for activating naïve T cells. Notably,
T cells primed by an altered peptide ligand may then be activated by the nonmu-
tated wild-type peptide, leading to T cell-dependent rejection of tumors expressing
the wild-type peptide [45]. The use of altered peptide ligands (heteroclitic peptide
antigens) to raise the T cell recognition efficiency by enhancing MHC Class I or
TCR binding is one major strategy under investigation to optimize peptide-based
immunization for tumor immunotherapy [44].

THE PRIMING (STABLE) IMMUNOLOGICAL SYNAPSE

The efficiency of the antigen recognition process is enhanced both by the adhesive
interactions provided by the co-receptors CD4 and CD8, and by their recruitment
of the lck signaling kinase to the activation nidus [47]. This compact area of cell-
cell contact is a highly specialized area known as the immunologic synapse [35]
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(Figure 2). This has been defined as “any stable, flattened interface between a
lymphocyte or natural killer (NK) cell and a cell that they are in the process of recog-
nizing” [35]. The development of the immunological synapse occurs in five steps:[1]
formation by cellular scanning, contact, and adhesive arrest, [2] early assembly and
signaling, [3] maturation and receptor segregation,[4] TCR internalization, and [5]
synapse dissolution. Scanning T cells recognize specific cognate pMHC complexes
via the TCR, simultaneously undergoing adhesive arrest by the calcium-mediated
stop signal generated by the TCR:pMHC interaction and engagement of intercellular
adhesion molecule 1 (ICAM1) on the APC with leukocyte function associated-
antigen 1 (LFA1) on the surface of the T cell [48]. Importantly, although T cells
can detect just one pMHC complex, they require engagement with ten or more
pMHC ligands to initiate formation of a stable immunological synapse and sustained
calcium signaling [35]. In the absence of CD4, twenty-five to thirty pMHC ligands
are required for optimal T cell activation, highlighting the importance of accessory
adhesion molecules under conditions of low antigen density [35]. CD4 and CD8
co-receptors move into the vicinity of the engaged TCR, promoting more avid
adhesion and delivering the signaling molecule LCK [47]. These changes result
in the recruitment of additional signaling molecules, including the CD3� chain,
�-chain-associated protein kinase of 70kDa (ZAP70), and phosphatidylinositol 3-
kinase (PI3K). The linker for the activation of T cells (LAT) is also recruited
to the complex, serving as a lynchpin for accumulating additional downstream
effector molecules [35]. PI3K activity increases local level of membrane-bound
phosphatidylinositol-3,4,5-triphosphate (IP3), which results in the translocation of
cytoskeletal proteins and additional protein kinases to the region. The TCR, CD4 or
CD8 coreceptors, and other receptors that transduce costimulatory signals (CD28
and CTLA-4 for example) coalesce at one end of the cell along with specialized
membrane structure termed lipid rafts, resulting in a polarization of the T cell
toward the professional APC [35]. Additionally, the microtubule organizing center
(MTOC) translocates to an area immediately adjacent to the cell-cell contact site.

Within five to thirty minutes of continuous signaling, the mature immuno-
logical synapse has formed at the cell-cell interface [35]. At this phase, the diverse
components of the immunological synapse have undergone molecular segregation
into distinct zones denoted by supramolecular activation complexes (SMACs).
The central area of the synapse, the cSMAC, is enriched for TCR, associated
CD3 complexes, and the signaling molecule protein kinase C�(PKC�). Additional
molecules that can be found in the cSMAC are CD28, CTLA4, CD2, CD4, CD45,
the IFN� receptor, and the IL-4 receptor. Immediately surrounding this area is a
peripheral ring of adhesion and cytoskeletal molecules enriched for LFA1 and talin;
this region is the pSMAC. Larger molecules such as CD43 and CD45 are found
even more peripherally in the distal SMAC (dSMAC). The recruitment of a second
wave of accessory molecules for T cell activation is dependent on both TCR:pMHC
interaction (signal 1), and CD28:B7 or LFA1:ICAM1 interaction (signal 2). After
about ten hours of sustained signaling, the TCR is internalized from the cSMAC to
cytoplasmic vesicles. While this provides a mechanism for reducing signal intensity,
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Figure 2. The Immunological Synapse. A. The immunological synapse is a complex, highly organized
structure that concentrates signaling and adhesion molecules critical for T cell activation within the focal
point of contact between the dendritic cell (DC) and the T cell (for the priming synapse), or the target
cell and the T cell (for the secretory/effector synapse). B. The critical molecules are located centrally
in the central supramolecular activation complex (cSMAC), with accessory molecules located in the
surrounding zones of the peripheral SMAC (pSMAC) and the distal SMAC (dSMAC)
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newly synthesized TCR are recruited back into the synapse, restoring the fully
mature synapse within twenty-four hours [49]. To complement TCR downregu-
lation as a means of initiating resolution of the synapse, the negative costimulatory
molecule CTLA-4 is progressively recruited into the synapse [50]. Within this
specialized space, it competes with CD28 for binding to CD80 and CD86. It also
inhibits TCR signaling by recruiting the SRC homology 2 (SH2)-domain-containing
tyrosine phosphatase 2 (SHP2) to dephosphorylate activated components of the
TCR partner CD3 [51]. Clearly, the immunologic synapse is a dynamic structure,
and evolves during the course of T cell activation. This creates a mechanism for
the bidirectional cross-talk from the APC to the T cell and back again.

THE EFFECTOR (SECRETORY) IMMUNOLOGIC SYNAPSE

A specialized variant of the stable immunological synapse of immune priming is the
secretory (effector) immunologic synapse. The secretory synapse is formed upon
engagement of CTLs, T helper cells, and NK cells with their target cells. These
activated effector cells contain granules that harbor soluble cytokines, perforins,
and/or granzymes. The secretory synapse forms in a manner analogous to the
development of the priming synapse. However, with translocation of the MTOC
to the area just beneath the cSMAC, secretory granules are railroaded along the
cytoskeleton through a specialized area of the cSMAC free of TCR [52]. This
configuration allows CTLs to deliver a lethal hit to the target cell by releasing
granzymes, perforins, proteoglycans, and lysosomal proteins in a highly directed
fashion. It also allows T helper cells to deliver trophic cytokines (IL-2, IL-4, IL-5,
IFN-�) in a focal manner to the area of immediate contact with B cells. In contrast
to the priming synapse, which requires ten pMHC ligands and ten to twenty four
hours of continuous signaling [49], the initiation of lysis by CD8+ T cells requires
the recognition of a minimum of three pMHC ligands, and only three to five minutes
of cell-cell contact [35]. Notably, CTL can form synapses with many target cells
simultaneously [53], with the T cell MTOC oscillating between target cell sites [54].

CO-STIMULATION AND COUNTER-STIMULATION:
THE IMMUNOLOGIC RHEOSTAT

The essential second signal for T cell activation is provided by the interaction of
accessory signaling molecules for T cell activation present on the T cell surface
with their corresponding ligands present on professional APC. This second signal
can be provided by any number of molecules within the B7 or tumor necrosis
factor receptor (TNFR) protein families, and ultimately results from the summation
of a variety of positive and negative signals transduced by these family members
[55]. This system provides a versatile approach for fine-tuning the antigen-specific
T cell response, and determines not only the magnitude of the activation signal,
but also the character, quality, and duration of the primary T cell response. It also
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determines the size and phenotype of the memory T cell pool established, and thus
the capacity of the immune system to respond to future antigen exposure.

The B7 Family. The B7 family of molecules is a system of receptor-ligand
pairs composed of one molecule that transmits a positive signal, and a counter-
regulatory molecule that transduces a complementary negative signal [56,57]. This
paradigm for the control of T cell activation was established by the identification
and characterization of the first set of molecules in the family. B7-1 (CD80) and B7-
2 (CD86) interact with CD28 to promote T cell activation, and B7-1/B7-2 interact
with the counter-regulatory molecule CTLA-4 to dampen it by feedback inhibition.
Highlighting their importance in T cell activation, these molecules modulate the
strength of T cell activation in two ways. First, CTLA-4 preferentially attenuates
strong signals for T cell activation delivered by the bound TCR in order to limit
T cell expansion [50]. Second, CTLA-4 delivers negative signals concomitant with
the positive signals transmitted by the bound TCR, thereby raising the threshold
for T cell activation [50]. Lending even further flexibility to the signaling system,
CD28 and CTLA-4 are preferentially recruited to the immunologic synapse by B7-2
and B7-1 respectively [58]. This preferred partnering tunes the immune response
at the molecular and cellular level, where the activating potential of the APC is
determined by its relative expression of B7-1 and B7-2.

Newer members of the B7 family can regulate primary immune responses not
only at the time of immune priming, but also during the effector phase [59].
Thus, they are expressed by both lymphoid and nonlymphoid tissues. Inducible
costimulator (ICOS) is expressed by activated T cells and resting memory T
cells, and transmits a positive signal upon engagement with its ligand ICOSL
(GL-50, B7RP-1, B7-h, B7H-2). The ICOSL is expressed constitutively by profes-
sional APC, and is induced in nonlymphoid tissues under inflammatory conditions.
Consistent with its expression pattern, ICOS/ICOSL interactions occur distal to
CD28 costimulation. ICOS signaling promotes the T helper type 2 immune response,
augmenting interleukin-10 (IL-10) production and CD4+ T cell effector function. It
further promotes T cell-dependent humoral immunity by activating the CD40/CD40
ligand (CD40L) pathway [60]. Notably, expression of the ICOSL within the tumor
microenvironment facilitates tumor rejection [61]. Thus, the primary role of the
ICOS pathway is to support T cell function. However, emerging evidence suggests
that it may also exert a negative influence on T cell activation [59]. ICOS-related
counter-regulatory mechanisms remain to be elucidated.

B7-H3 is expressed primarily in nonlymphoid tissues. It binds to an unknown
ligand expressed by activated T cells to increase T cell proliferation and IFN-�
secretion [62]. Expression of B7-H3 in tumor cells increases their immunogenicity.
In a plasmacytoma system, ectopic expression of B7-H3 leads to a vigorous tumor-
specific CTL response, resulting in tumor rejection [63]. In an EL-4 lymphoma
system, the ectopic expression of B7-H3 by gene transfer induced NK- and CD8+

T cell-dependent tumor regression up to 50% of the time [64]. Despite its ability
to promote antitumor immunity, B7-H3 can down regulate the T helper type 1
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immune response thought to be optimal for tumor rejection [65]. Thus, it may also
downregulate tumor immunity depending upon the context in which it is engaged.

The programmed death-1 (PD-1) receptor group includes PD-1 and its ligands B7-
H1 (PD-L1) and B7-DC (PD-L2) [59]. PD-1 is induced by T and B cell activation,
and is also expressed by myeloid cells. B7-H1 is constitutively expressed on the
surface of T cells, macrophages, and DCs. It is also expressed by normal host tissues,
and is upregulated by many tumors. In contrast, B7-DC is expressed primarily by
professional APC. It is expressed at high levels by mature DCs, and at lower levels
by activated macrophages. The engagement of B7-DC provides a bi-directional
signal between the DC and the T cell, and its activation synergizes strongly with
signaling through B7-1 and B7-2 to augment T cell proliferation and cytokine
production [66]. B7-DC signaling promotes the T helper type 1 phenotype (IFN-�
production) over the T helper type 2 phenotype (IL-4 and IL-10 secretion) [67].
This potent co-stimulatory activity is associated with a receptor distinct from PD-
1. Interestingly, the ectopic expression of B7-DC in tumor cells provokes CD8+

T cell-mediated tumor rejection by augmenting both immune priming and T cell
effector function [68]. Conversely, B7-DC engagement with its counter-regulatory
receptor PD-1 blunts T cell activation, particularly when the signal for T cell
activation is weak [69]. To achieve this, B7-DC/PD-1 interactions have an antigen-
dependent inhibitory influence on signaling through the B7/CD28 pathway [70]. At
low antigen concentrations, strong CD28-mediated signaling is globally inhibited.
At high antigen concentrations, CD28 signaling is differentially regulated by B7-DC
to maintain T cell proliferation but abrogate cytokine production.

An additional B7 family member, B7-H4, inhibits T and B cell activation by
binding to its ligand B and T lymphocyte attenuator-4 (BTLA-4) [59]. Under normal
conditions, the expression of B7-H4 is stringently controlled at the translational
level, with widespread messenger RNA expression in normal host tissues in the
absence of concomitant protein expression. B7-H4 protein expression is induced
by inflammation, and is a common feature of many tumors. Given their expression
pattern, both B7-H1 and B7-H4 are thought to inhibit immune responses within
the tumor microenvironment. B7-H1 engagement causes the apoptosis of tumor
reactive T cells [71], and signaling through B7-H4 inhibits TCR-activated T cell
proliferation, and the maturation and effector function of CD8+CTL [72].

The TNFR family. The TNFR family plays a central role in the initiation and
expansion of the effector T cell response, and in determining its durability [73].
Six receptor-ligand pairs augment T cell activation (CD40/CD40L, OX40/OX40L,
41BB/41BBL, CD27/CD70, CD30/CD30L, and herpes viral entry mediator
(HVEM)/LIGHT). CD40 is expressed constitutively by highly proliferative cells,
including hematopoietic progenitor cells, epithelial cells, endothelial cells, and on
all APC; activated leukocytes express CD40L [74]. The CD40/CD40L pathway is
essential for T cell-dependent humoral immunity, and activation of this pathway
can substitute for T cell help in priming CD4+ and CD8+ T cell responses. OX40,
41BB, and CD30 are induced by T cell activation, and recruited to the immunologic
synapse in a second wave after activation of primary co-stimulatory signaling by the
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B7/CD28/CTLA-4 pathways. Accordingly, B7/CD28/CTLA-4 signals determine
the level of expression and kinetics of recruitment of these downstream signaling
molecules to the immunologic synapse. CD27 and HVEM are expressed under
steady state conditions, with downregulation of HVEM upon T cell activation and
subsequent restoration of constitutive HVEM levels upon return to the resting state.
The ligands for these receptors, OX40L, 41BBL, CD70, and CD30L, are induced
with the activation of professional APC. Consistent with the expression profile of
HVEM, LIGHT is expressed by immature DCs, and is downregulated with DC
maturation. Notably, forced expression of LIGHT within the tumor microenvi-
ronment provokes a vigorous CD8+ T cell-dependent tumor rejection response [75].

MANIPULATION OF THE T CELL ENCOUNTER WITH ANTIGEN

Overall, co- and counter-stimulatory molecules function in concert to potentiate
T cell activation, and ultimately determine the quality and longevity of the T
cell response. Importantly, each of these pathways offers an opportunity for the
therapeutic manipulation of the molecular context in which a T cell sees antigen in
order to maximize antitumor immunity.

�CTLA-4 Monoclonal Antibodies (MAb). MAbs blocking CTLA-4 have already
been tested in several clinical trials. Preclinical studies showed that �CTLA-4
MAbs alone can induce the CD8+ T cell-dependent regression of established
tumors, even in the absence of vaccination [51]. They further demonstrated that
combining �CTLA-4 blockade with GM-CSF-secreting tumor vaccines produced
synergistic tumor regression compared to antibody or vaccination alone [76, 77].
Three clinical trials testing a humanized MAb specific for CTLA-4 have been
reported [78–80]. One study included nine previously vaccinated patients with
metastatic melanoma or ovarian cancer; five had been immunized with GM-CSF-
secreting autologous tumor cells, and four with gp100- or MART-1-specific peptide
vaccines for melanoma [78]. Of these patients, three melanoma patients previously
vaccinated with GM-CSF-secreting autologous tumor cells developed immune cell
infiltrates with extensive tumor necrosis as demonstrated by tumor biopsies, and two
ovarian cancer patients had stable or declining levels of the tumor marker CA-125.
Two studies tested �CTLA-4 in combination with active peptide vaccination for
metastatic melanoma [79, 80]. Both reported clinically significant autoimmune
toxicity that appeared to track with clinical benefit as measured by objective tumor
regression [79] or freedom from disease relapse [80].

�B7-DC MAb. A naturally occurring IgM antibody specific for B7-DC can
augment the antigen processing function of DC, increase cytokine production, and
promote their survival [81, 82]. This MAb increases the efficacy of naïve T cell
activation by DC, and promotes the induction of a CD4+ and CD8+ T cell-dependent
immune response that can reject established B16 melanomas. The development of
therapeutics targeting B7-DC is an area of active study.

� B7-H1, �B7-H4, and �ICOS MAb. Myeloid DC in the blood, draining lymph
nodes, and tumor nodules of patients with ovarian cancer express high levels
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of B7-H1 [83]. Blocking MAb specific for B7-H1 enhanced the ability of these
myeloid DC to prime T cell activation. Another study reported the ability of a
MAb that blocks B7-H1 signaling to augment the effectiveness of adoptive T cell
immunotherapy for squamous cell carcinoma of the head and neck [84]. Also
consistent with its ability to regulate effector T cell function, MAb specific for
either B7-H1 or its co-receptor PD-1 can facilitate tumor regression mediated
by therapeutic MAb specific for 41BB [85]. Neither B7-H4 nor ICOS-directed
immunomodulation has been reported.

� 41BB MAb. MAb specific for 41BB as a single intervention can cause the
regression of poorly immunogenic tumors [86]. This activity is dependent on CD4+

and CD8+ T cells as well as NK cells. This antibody can potentiate the function of
preactivated CD8+ T cells by prolonging their survival [87]. In combination with
active vaccination, �41BB MAb synergizes with immunization to break immuno-
logic ignorance, and facilitates the CD4+ T helper cell response, thereby enlisting
pre-exisiting and ineffective tumor-specific immune effectors to provoke vigorous
tumor rejection [87, 88]. Therapeutics targeting 41BB have not yet been tested in
human clinical trials.

� OX40 MAb. OX40-signaling promotes the activation and survival of effector
CD4+ T cells in response to antigen-specific immune priming, potentiating humoral
immune response and increasing the size of the CD4+ memory T cell pool [89].
Emerging evidence suggests that it promotes the function of OX40-expressing CD8+

effector T cells directly, and helps T cells traffic through the tumor microvasculature
into the tumor mass by binding OX40L expressed by endothelial cells. Agonist
MAb specific for OX40 can circumvent CD4+ T cell tolerance [90] by inhibiting
peripheral deletion [91] and abrogating the negative influence of CD4+CD25+ T
regs [92, 93]. Administering agonist MAb as a single agent to mice with pre-
established tumors results in durable T cell-dependent tumor-free survival in models
of melanoma, sarcoma, colon cancer, breast cancer, and glioma [89]. CD4+ memory
T cells adoptively transferred from these mice can subsequently protect naïve mice
from a challenge with homologous tumor. Lending further credence to the concept of
manipulating multiple T cell co-stimulatory pathways, the impact of OX40 ligation
is markedly potentiated by concomitant 41BB ligation (in the present of IL-12) [94]
or GM-CSF exposure [95]. A human OX40-specific MAb has been developed, and
will soon enter clinical testing in patients with advanced malignancies.

�CD40 MAb. Although CD40 is not critical for the activation of naïve T cells,
it does play a central role in the activation of antigen-specific memory T cell pools
[76]. MAb specific for CD40 are especially effective against B cell malignancies
that express high cell surface levels of the molecule, the expression of CD40 by
epithelial and mesenchymal tumors suggests that it could have activity against
those tumor types as well. Potential mechanisms include promoting tumor cell
lysis by direct binding, increasing antigen processing and presentation (particularly
for malignant B cells) and enhancing tumor-specific CTL activity. When agonist
�CD40 MAbs are combined with tumor vaccines, the maturation of endogenous
DC is enhanced. This results in the cross-presentation of relevant tumor antigens,
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thereby providing a pathway to circumvent established tumor-specific immune
tolerance [96, 97]. Agonist CD40 MAbs are just entering human clinical trials.

SYSTEMIC AND LOCAL ENVIRONMENTAL CONSTRAINTS
ON ACTIVATED ANTITUMOR T CELLS

It is now clear that functional T cells of low or high avidity may be directly
suppressed by a variety of immunoregulatory cells [8]. At least three types of
regulatory cells help to keep immune responses in check, including immature DCs,
myeloid suppressor cells (MSCs), and CD4+CD25+ regulatory T cells (Tregs).
Inflammatory mediators induce DC maturation, recruiting MSCs in tandem to
contain the immune response [98]. Naturally occurring and inducible CD4+CD25+

Tregs comprise 5% to 10% of CD4+ T cells, and also play a key role in shutting
immune responses down [99]. In vivo, the abrogation of Treg-mediated suppression
promotes effective T cell-mediated antitumor immune responses [15, 100–102].

Multiple parameters control the locoregional priming and migration of antitumor
T cells to the local tumor mass, where they recognize and respond to tumor antigens
expressed by diseased cells. Once there, additional factors specific to the tumor
microenvironment itself frequently hamper T cell activity. Physical antigen recog-
nition itself may be suboptimal due to antigen loss variants, MHC molecule loss
variants, or tumor cell-specific mutations in critical components of the antigen
processing machinery [103]. Additionally, tumor cells themselves produce a number
of factors that promote Treg activity (Cyclooxygenase 2 (COX2)/prostaglandin E2
(PGE-2), or MSC (GM-CSF/VEGF) activity, or that inhibit DC activity (IL-10,
TGF-�, VEGF). These latter tumor cell-derived cytokines upregulate the STAT-3
pathway, which itself blocks DC maturation [19,104,105]. Additionally, tumor cells
express IDO, and recruit IDO-expressing APC, all of which promotes the local
development of Tregs. Thus the lack of inflammatory stimuli is compounded by
active immunosuppressive factors that prevent antitumor T cell activity where it
is most needed. In this case, conditioning the tumor microenvironment to provide
a more favorable context for T cell activity might be effective. Genetic strategies
that re-program the tumor to effectively present tumor antigens are under active
investigation. Additionally, the use of modulatory drugs that block the suppressive
influences specific to the tumor microenvironment is receiving increasing attention
in immunotherapeutic research.

CONCLUSIONS

Great strides in our understanding of how T cells see antigen at the molecular
and cellular level have contributed to recent preclinical and clinical progress in
T cell-based immunotherapy. Superimposed on the precise interactions of the TCR
with the pMHC complex are additional mechanisms that define the antitumor T cell
repertoire, and control its activity. Thus, the larger context in which these T cells
recognize antigen is as important as the processes by which they directly see it.
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Further scientific progress elucidating the mechanisms controlling antitumor T cell
activity will provide the foundation for developing effective clinical strategies that
harness the power of the antitumor T cell response in the fight against cancer.
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CHAPTER 4

THE ROLE OF NATURAL KILLER T CELLS
IN TUMOR IMMUNITY
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The immune system has several cellular components that can theoretically be
recruited for protection from tumors [1, 2]. CD4+ and CD8+ T cells are the
adaptive components of cell-mediated immunity. These cells differentiate upon
antigen encounter to produce cytokines and lytic products, clonally expand, and
establish memory. Natural killer (NK) and NKT cells have innate functions, already
prepared to produce cytokines and lyse cells upon tumor recognition. NK and NKT
cells do proliferate upon exposure to cytokines like IL-2, but they are not known
to establish memory with either expanded cell numbers or improved function. In
contrast to CD4 and CD8+ T cells that recognize peptide ligands in the context of
major histocompatibility complex (MHC) I and II products, the NKT cells respond
to glycolipid ligands presented in the context of CD1d on antigen presenting cells.
Here I will review the recent data that have emphasized the growing importance of
NKT cells in resistance against tumors.

WHAT IS A NKT CELL?

At the outset, it is important to clearly define what we mean by the term “NKT
cells”. NKT cells were first characterized in mice as cells that express both T cell
receptor (TCR) and NK1.1, a C-lectin type NK receptor [3]. This definition however
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does not satisfactorily delineate these innate glycolipid reactive lymphocytes. This
has led to a revised nomenclature that emphasizes the CD1d restricted nature of these
cells, as analyzed by binding to glycolipid loaded CD1d multimers (Figure 1) [4–7].
Most of the current data in this regard is restricted to CD1d tetramers loaded with
a synthetic ligand, �-galactosyl ceramide (�-GalCer). Majority of the �-GalCer-
CD1d multimer binding cells express an invariant T cell receptor (V�14 in mice
and V�24 in humans), and are termed as type I NKT cells or invariant NKT
(iNKT) cells [8]. Much of the current literature about the biology of NKT cells is
restricted to this subset. These cells are also the subject of most of the discussion
below, due to their anti-tumor properties. However, it has also become clear that
several of the glycolipid reactive CD1d restricted T cells lack invariant TCR (termed
type II NKT cells) [9]. Current data on identification of these cells with diverse
TCRs is largely restricted to the �-GalCer-CD1d multimer, however it is likely
that improved understanding of ligands naturally recognized by human NKT cells
will provide greater insight into the spectrum of these cells. Finally, there is a
heterogeneous subset of T cells with diverse TCRs that express NK markers, but are
not CD1d restricted or glycolipid reactive, and are termed type III NKT cells [10].
These latter cells are diverse in their phenotypic and functional properties and not
discussed here.

iTCR+CD1d-αGC-
multimer+

CD1d dependentNK1.1+
CD1d independent

Type I NKTType II NKTType III NKTType III NKT

Figure 1. The spectrum of glycolipid reactive/NKT cells. Most of the currently visualized spectrum of
glycolipid reactive T cells consists of T cells with invariant T cell receptors (V�24/V�11 in humans;
iTCR, termed type I NKT cells); or cells that bind CD1d-�-galactosyl ceramide multimer (CD1d-�GC
multimer + cells). A subset of these lacks the invariant TCR and is termed type II NKT cells. The full
spectrum of type II NKT cells (dotted line) remains to be elucidated, as the antigenic determinant of
these CD1d restricted cells is not yet known. Type III NKT cells consist of T cells with diverse T cell
receptors that express NK markers
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LIGANDS RECOGNIZED BY INKT CELLS

The recognition of glycolipid ligands by iNKT cells means that these cells recognize
ligands generally ignored by conventional T cells. Relatively few examples of
ligands recognized by CD1d are known, although the recognition of mycobacterial
lipids by other CD1 family molecules is now well recognized [7, 11]. Most of the
current data about ligand reactive function for NKT cells is based on a synthetic
ligand, �-galactosyl ceramide, which was originally isolated from a marine sponge
[12]. �-GalCer is a strong agonist for NKT cells, and when presented by CD1d
molecules, elicits strong interferon-� and IL-4 production by both human and murine
NKT cells [13]. Several other glycolipids have been tested for their capacity to
stimulate NKT cells, including the ganglioside GD3 [14], glycophosphatidylinositol
(GPI) [15], phosphoethanolamine [16], and some forms of �-GalCer [17], which
stimulate subsets of these cells. More recently, isoglobotrihexosylceramide 3 (Igb3)
[18] and glycolipids derived from the cell wall of a nonpathogenic bacterium,
sphingomonas [19–21]; as well as some non-lipidic small molecules [22] were
shown to bind murine and human CD1d. However, the nature of ligands recognized
by human NKT cells in vivo, or the nature of tumor derived ligands for NKT cells
remains unclear.

INNATE FUNCTIONS OF iNKT CELLS

A distinct functional property of NKT cells is their “innate effector function”, and
the ability to produce large amounts of cytokines within 1–2 hours of TCR ligation
[6,7]. Individual NKT cells are able to make both Th1 and Th2 type cytokines (Th0
like cytokine pattern), which at face value seems paradoxical, as these cytokines
are thought to often oppose biologic functions [23]. However, NKT cells can be
skewed at least in vitro in either direction, depending on the nature of the activating
stimulus, antigen presenting cell, or both. In addition to the prototypic Th1/Th2
cytokines, TCR activated NKT cells produce several other cytokines such as IL-
2, tumor necrosis factor, IL-5, IL-13, and GM-CSF. At least in mice, these cells
can store preformed mRNA for cytokines, even before activation with exogenous
antigens, indicating that these cells are capable of rapidly producing cytokines [24].
The ability of NKT cells to secrete a diverse array of cytokines likely contributes
to their immune regulatory function, although they may also have more direct
cell contact dependent mechanisms for immune regulation. It is worth noting that
the phenotype of NKT cells is at least in part overlapping with the CD4+CD25+
regulatory T cells, as CD4+ NKT cells in humans also express CD25 [6].

Another important feature of NKT cells is their ability to cause rapid activation of
several immune cells including NK cells [25,26], DCs [27] and B cells (Figure 2).
This has however been largely studied in the context of stimulation with �-GalCer,
and may not reflect the situation with more physiologic stimulation in vivo. NKT
cells can efficiently activate NK cells within hours to secrete interferon-� and exhibit
greater cytolytic activity against NK targets [25, 26]. This ability of NKT cells to
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Figure 2. The cascade of immune activation by NKT cells. Activated NKT cells can mediate direct
effects on tumor cells, as well as lead to rapid activation of several “downstream” immune cells, such
as NK cells, T cells, dendritic cells and B cells

rapidly communicate with other immune cells may be critical to their function. For
example, the bulk of systemic interferon-� release after �-GalCer mediated NKT
activation in vivo is due to the activity of NK cells [28]. NKT cells can also activate
B cells to increase Ig secretion and therefore provide help for the generation of
antibody responses [29].

ADJUVANT ROLE OF NKT CELLS IN ADAPTIVE IMMUNITY

Although much of the early work focused on the innate functions of NKT cells,
more recent studies have emphasized the impact of NKT cells on the generation
of antigen specific T cell responses. �-GalCer mediated activation of NKT cells
leads to maturation of dendritic cells in vivo, which is associated with enhanced
immunostimulatory function [30,31]. NKT mediated DC maturation requires CD40-
CD40L interactions [32]. Thus although inflammatory cytokines released by NKT
cells can lead to phenotypic changes typically associated with DC maturation, they
do not lead to enhanced APC function, a hallmark of the maturation process. The
ability of the NKT cells to transmit an “instructional signal” to DCs may be an
avenue to link innate and adaptive immunity via DCs. Injection of �-GalCer and
resultant NKT activation leads to enhanced T cell immunity to co-administered
protein antigen [30, 31]. Current studies are trying to extend this approach to other
antigens including to whole tumor cells. The NKT-T interaction likely depends on
the context in which it occurs, as NKT activation in autoimmune models has been
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shown to lead to initial activation, but subsequent T cell tolerance in the draining
lymph nodes [33]. Further studies are needed to better characterize and exploit the
potent ability of NKT cells to modify T cell function in vivo.

TISSUE DISTRIBUTION AND SUBSETS OF NKT CELLS

Human NKT cells include at least 2 major subsets, CD4+ and double negative
(CD4-CD8-), although CD8+ NKT cells have also been described [34, 35].
Subsets of NKT cells in mice are less clear. Both CD4+ and CD4- subsets
of NKT cells exist wherever other NKT cells are found, although the relative
frequency may differ depending on the specific tissue. In mice, 20–40% of
intrahepatic lymphocytes are iNKT cells. Tissue distribution of NKT cells in
humans is less well studied, although they are certainly less frequent in human
liver (<1%) compared to mice. Functionally, the different subsets of NKT cells
differ in terms of their ability to produce cytokines in vitro and expression of
chemokine receptors. For example, IL-4 production appears to be largely restricted
to the CD4+ subset, while the double negative subset can produce interferon-�.
However the functional and biologic significance of these subsets remains to be
clarified.

ANTI-TUMOR PROPERTIES OF NKT CELLS

Several studies have demonstrated the potential importance of NKT cells in tumor
rejection [7, 7]. NKT cells were found to be necessary for IL-12 mediated anti-
tumor immunity in mice [39]. Indeed, the discovery of �-GalCer as an NKT ligand
was driven largely based on its ability to promote NKT and CD1d dependent
rejection of a broad range of tumors including melanoma, thymoma, carcinoma, and
sarcoma [40]. �-GalCer can also mediate protection against chemical or oncogene
dependent tumors in mice [41]. The anti-tumor effects of �-GalCer seem to depend
on its ability to induce strong production of interferon-� in vivo, while other
potentially NKT associated tumoricidal products such as TNF, Fas ligand, TRAIL,
and perforin are also involved but may be dispensable [42]. In addition to the
effects on tumor and other immune cells, interferon-� mediated effects of NKT
cells likely also involve inhibition of angiogenesis [43]. Consistent with the prime
role for interferon-� production by NKT cells, a C-glycoside analogue of �-GalCer
that is more effective at inducing interferon production was also more effective at
mediating tumor rejection as well [44]. In addition to cytokine production and direct
cytolytic function, NKT activation can lead to activation of other “downstream”
effectors. For example, NKT cells can cause rapid activation of NK cells in vivo.
NKT cells may also enhance anti-tumor immunity by promoting the activation of
antigen presenting dendritic cells (DCs) and IL-12 production via CD40 ligand
(CD40 L) upregulation [32, 45].

Studies using �-GalCer support the concept that NKT cells can be recruited for
protection against tumors in vivo. However they do not address whether these cells
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play a physiologic role in the protection from tumors in vivo. This is particularly
important as �-GalCer is a synthetic and an exceptionally strong agonist, and
physiologic ligands for NKT cells are not yet well characterized. One model where
NKT cells are clearly required for tumor rejection is methylcholanthrene induced
sarcomas in mice [46]. In this model, sarcomas formed with greater incidence
in NKT deficient J�18 -/- mice. Sarcoma cell lines also grew preferentially in
NKT deficient mice and could be treated by adoptive transfer of NKT cells from
wild type donors [47]. NKT cells were also shown to mediate tumor rejection
in a lung metastasis model of sarcoma [48], wherein they were suppressed by
regulatory T cells. As in �-GalCer induced effects, these effects are also interferon-
� dependent and involve downstream activation of both NK and CD8+ killer
T cells [36].

ENHANCEMENT OF TUMOR GROWTH BY NKT CELLS

Although the data discussed above support a suppressive effect of NKT cells on
tumor growth, NKT cells also appear to paradoxically enhance tumor growth in
some models [49, 50]. For example, experimental 15-12RM fibrosarcoma and 4T1
mammary tumors were rejected in CD1d -/- mice, but grew progressively in wild
type mice. Tumor enhancement in the 15-12RM model was IL-13 dependent/IL-
4 independent, and appeared to involve TGF-� production by Gr-1+ myeloid
cells, that was associated with impaired CTL responses [51]. In contrast, the
effects in 4T1 model were IL-13 independent, suggesting that other mechanisms
of tumor enhancement exist. CD1d dependent T cells have also been implicated in
UV induced inhibition of skin carcinogenesis [52]. It is perhaps notable that the
putative NKT cells in these experiments appear to be CD1d restricted, but have not
been clearly shown to be invariant TCR+, and thus could be type II NKT cells.
Nonetheless, there is clear evidence from autoimmunity models that iNKT cells can
lead to suppression of T cell immunity as well [53]. In other words, this immune
regulatory cell appears to have the capacity to regulate T cell responses in either
direction, both to boost and suppress immunity [5]. One of the major challenges in
the field is to understand the rules by which this is regulated.

STUDIES ON NKT CELLS IN HUMAN CANCER

The recognition that NKT cells can mediate tumor rejection in vivo and modulate
the function of other downstream immune cells has led several investigators to
characterize the nature of NKT cells in cancer patients [54]. Several studies
have now reported deficiency in NKT numbers and/or function in the blood of
cancer patients [55, 56]. One notable exception is patients with glioma, suggesting
that the loss of circulating NKT function is related to systemic nature of these
cancers [57]. Most of the functional data suggests a loss of interferon-� producing
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function of these cells. In many instances such as in multiple myeloma and
prostate cancer, this appears to correlate with the clinical behavior of tumors,
in that the loss of NKT function is observed in patients with more progressive
myeloma or hormone refractory advanced prostate cancer. Nonetheless, these
defects can be restored ex vivo after stimulation with �-GalCer bearing APCs.
Expanded NKT cells can then secrete interferon-�, and even recognize and kill
autologous tumors, if appropriately expanded in vitro using �-GalCer loaded
DCs. One major caveat of most of the existing data on human NKT cells in
cancer is that nearly all the data is based on NKT cells in the blood, and
very few studies have analyzed iNKT cells in the tumor tissue itself [56, 58].
Human NKT cells were shown to preferentially infiltrate neuroblastomas expressing
the chemokine CCL-2, suggesting that chemokines/other molecules secreted by
tumors may recruit or modify the presence and function of NKT cells in the
tumor bed [58]. In the case of myeloma, the loss of iNKT cell function in the
tumor bed correlates with the presence of clinically progressive disease [56].
The mechanism behind the observed loss of NKT effector function in cancer
patients is not known, but current data suggest that suppressive factors in the
tumor bed or ligands expressed by tumor cells contribute to NKT dysfunction in
cancer.

MANIPULATING HUMAN NKT CELLS IN VIVO

The availability of �-GalCer as a clinical grade ligand has encouraged studies
to use this ligand to manipulate NKT cells in vivo [12]. As discussed above,
injection of NKT cells in vivo in mice leads to NKT activation and a “cytokine
storm”, which lead to tumor rejection. The initial studies with the injection of this
compound in patients with advanced cancer have been sobering and associated
with only modest and transient changes in some serum cytokines, along with a
decline in circulating NKT cells [59]. Prior studies have shown that monocyte
derived DCs are efficient APCs for the stimulation of human NKT cells in culture
and in vivo in mice [60–62]. This has led to attempts to inject �-GalCer loaded
DCs in patients with advanced cancer. Injection of immature DCs led to only
modest and transient NKT activation in vivo [63]. Recently, we carried out a
phase I trial to test the safety and tolerability of �-GalCer loaded mature DCs in
patients with advanced cancer[64]. DC injections were well tolerated in all patients,
and led to > 100 fold expansion of several subsets of NKT cells in vivo. DC
mediated NKT activation was sustained, lasting several months. This was a bit
surprising, suggesting that the effects of NKT cells may not be restricted to short
term “innate” effects, but may be more long lasting. Importantly, NKT activation
was associated with an increase in serum levels of IL-12p40 and interferon-�
inducible protein 10, as well as an increase in virus specific memory CD8+ T
cells. Therefore, targeting of NKT cells has now begun to enter the arena of human
clinical studies.
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CHALLENGES FOR TARGETING NKT CELLS IN THE CLINIC

Although the pre-clinical and early clinical studies provide rationale and hope for
targeting NKT cells in the clinic, there remain several challenges before these cells
can be safely and effectively targeted in the clinic. One of the central challenges
is needed to better understand the rules by which NKT cells can boost or suppress
immunity in vivo. This property of NKT cells, if properly harnessed, could be
very useful for a broad range of human diseases, from autoimmunity to tumors.
As discussed above, the nature of antigen presenting cell may be a critical deter-
minant of NKT activation in vivo [65]. Therefore, integrating DC mediated NKT
targeting, with T cell based approaches may help the generation of a broad immune
response including both innate and adaptive immune effectors [2,66]. Development
of pharmacologic adjuncts to manipulate NKT cell function in patients, as well
as the availability of novel ligands to selectively modify NKT cells, will greatly
facilitate the translation of these approaches towards therapy of immune mediated
diseases in the clinic.
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INTRODUCTION

Cancer poses a difficult problem for immunotherapy because it arises from the
host’s own tissues. Many of the target antigens are tissue-specific molecules shared
by cancer cells and normal cells. Thus, these are weak antigens that do not typically
elicit immunity [1]. In addition, tumor cells have a number of features that make
their recognition and destruction by the immune system difficult. These include
the loss of expression of antigens that elicit immune responses [2], and the lack
of expression of major histocompatibility (MHC) Class II and downregulation
of MHC Class I expression, which can lead to non-recognition of tumors by
both CD4+ and CD8+ T cells. There is typically no expression of co-stimulatory
molecules, leading to inadequate activation of T cells (ignorance) and anergy [3].
Finally, tumors may evade immune recognition through more active mechanisms
such as secretion of immunosuppressive cytokines [4]. Despite these obstacles,
several strategies for developing effective tumor immunity have been developed.
Crucial to these approaches is the discovery and understanding of the immunomod-
ulatory molecules, particularly the co-stimulatory pathways and cytokines that
are critical to the generation of an effective immune response to tumors. In this
chapter, we review strategies to enhance tumor immunity through the targeting of
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these immunomodulatory molecules. Given the scope of the subject and ongoing
research in this important field, we will focus on the some of the molecules that
have been defined in more depth and refer readers to the literature for recent
developments.

CO-STIMULATORY MOLECULES

Co-stimulatory molecules are highly active immunomodulatory proteins that play
a critical role in the development and maintenance of an immune response. The
concept of co-stimulation was first proposed by Bretscher and Cohn three decades
ago [5], as it had become apparent that a single on/off switch was insufficient
to explain the complexities of lymphocyte activation. Additional studies in the
1970s of allogeneic T cell responses in bone marrow transplantation models
demonstrated that only specialized antigen presenting cells (APCs) are capable
of inducing a T-cell response [6]. This led to the formulation of a two-signal
hypothesis for the activation of naïve T cells. Signal one is the interaction
between an antigen bound to an MHC molecule and the T cell receptor (TCR),
and signal two results from the interaction of a co-stimulatory molecule and its
ligand [7]. In the absence of a second signal, T cell clones can become anergic
when the TCR is stimulated [8]. Thus the groundwork was laid for a model
whereby specialized APCs, carriers of a co-stimulatory second signal, are able
to activate T cell responses following ligation of the TCR. In contrast, somatic
tissues, which do not express the second signal, may induce T cell unrespon-
siveness [8, 9].

This model explains peripheral tolerance to self-antigens and has key implications
for cancer immunology because tumors rarely express co-stimulatory molecules,
thereby lacking this critical “second signal” to activate T cells [10]. This has lead
to efforts to artificially insert this “second signal” in tumor cells and render them
immunogenic. A number of strategies have been investigated, and early clinical
trials have yielded some encouraging results.

More recently, the two-signal hypothesis is being revisited following the
recognition that many co-stimulatory molecules can be blocked by co-inhibitory
molecules [11] that are expressed by blood vessels [12] as well as by tumor cells
[13]. Our current understanding is that interacting immunomodulatory molecules
expressed on a wide array of tissues may exert both stimulatory and inhibitory
functions depending on the immunologic context [14].

From a structural point of view, cell-surface immunomodulatory molecules
can be grouped into two large families of receptors and ligands: the B7/CD28
immunoglobulin family and the Tumor Necrosis Factor (TNF)-related family. Some
receptors and ligands have multiple partners. Table 1 lists the most well-described
cell-surface immunomodulatory molecules. A number of these co-stimulatory and
co-inhibitory molecules have been evaluated in pre-clinical animal models or in
clinical trials of cancer immunotherapy.
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Table 1. Costimulatory Molecules

Name Potential Therapeutic Applications Human
Trialsa

Mouse
Studiesa

CD28/B7 family
CD28/B7 Tumor cells expressing B7

can be used as vaccines by
enhancing T-cell responses.

Yes Yes

CTLA-4 Anti-CTLA antibodies induce
anti-tumor immunity.

Yes Yes

ICOS/B7h Transfection of tumors
with B7h may allow
co-stimulation of ICOS
expressing T cells.

No Yes

PD-1/B7H1
(PDL1)/B7DC
(PDL2)

Blocking antibody against PDL1
may prevent tumors from
inducing apoptosis in T cells,
and may also inhibit myeloid
suppressor cells.

No Yes

TNF family
CD27/CD70 Tumors transfected with

CD70 are rejected, possibly
by CD27 expressing NK
cells.

No Yes

OX40/OX40L Agonist antibodies
against OX40, and tumor
transfection with OX40L,
may co-stimulate memory
CD4+ T cells and lead to
rejection of tumors

No Yes

4-1BB/4-1BBL Agonist antibodies
against 4-1BB, and tumor
transfection with 4-1BBL,
may activate anti-tumor
CD8+ T cells

No Yes

HVEM/LIGHT LIGHT may directly bind
HVEM on tumor cells and
induce apoptosis. It can also
prime T cells against tumors.

No Yes

CD40/CD40L Transfection of tumors with
CD40L activates anti-tumor
T cells, and ligation of CD40
directly induces apoptosis in
solid tumors and some
hematologic malignancies.

Yes Yes

GITR/GITRL Agonist antibody directed at
GITR can stimulate anti-tumor T
cells and may impair regulatory
T cell function.

No Yes

a Studies are referenced in the text.
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CD28/CTLA-4/B7-1/B7-2 Family

Biology

The CD28/CTLA-4/B7-1/B7-2 family represents the classic co-stimulatory axis,
and it is in the context of this system that the first experiments were performed
showing that effective co-stimulation could cure cancer in mice [15, 16]. B7-1
(CD80), cloned in 1981 [17], as well as the subsequently cloned B7-2 (CD86)
[18–20], are expressed on activated APCs and bind to CD28 on T cells,
providing the necessary co-stimulation for naïve T-cell activation, inducing IL-
2 production, cell division, and the inhibition of activation induced cell death
(AICD) [8, 21, 22]. A homologue to CD28, Cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4, CD152) [23], binds both B7-1 and B7-2 molecules
[24] and, in contrast to CD28, inhibits T-cell proliferation [25]. B7 molecules
therefore have two ligands, CD28 and CTLA-4, with opposing effects on
T cells.

CTLA-4 was first cloned in 1987 [23], but it took several years until its
inhibitory function was more clearly understood [26]. Ligation of CTLA-4 in
isolation may cause apoptosis of T cells [27], whereas CTLA-4 ligation in
conjunction with signaling via the TCR and CD28 inhibits T-cell activation
[25,28]. Accordingly, CTLA-4 -/- mice develop a fatal lymphoproliferative disorder
[29–31].

The differential expression, in time and space, of CD28 and CTLA-4 at the cell
surface have implications for their respective roles in the generation of immune
responses. CD28 is uniformly distributed throughout the membrane but aggregates
rapidly to the immunologic synapse with T-cell activation. Conversely, CTLA-4
is present in intracellular vesicles and is mobilized to the cell surface later [32].
Mobilization of CTLA-4 is tightly regulated by B7.1 expression on the APC, and
by the strength of TCR stimulation [33]. As a result, the role of CTLA-4 may
be to attenuate the T cell response, limiting the activity of high affinity T-cell
clones [33].

CTLA-4 has been implicated in multiple aspects of immune regulation.
It may cause T-cell anergy [34], modulate memory T-cell responses [35],
shape the diversity of a polyclonal T-cell response [36], and raise levels
of inhibitory cytokines TGF� [37] and IL-10 [38]. CTLA-4 may also
“back-signal” via B7 to down-regulate dendritic cell activation markers [39].
Intriguingly, there is now emerging evidence that CTLA-4 is expressed on
tumor cell lines and that ligation of CTLA-4 may cause apoptosis, poten-
tially an additional mechanism for the tumoricidal effects of anti-CTLA-4
antibodies [13].

In addition, CTLA-4 may play a role in regulatory T-cell (Treg) function [40–42].
CTLA-4 is expressed on Tregs and on cutaneous T cell lymphoma, which may
arise from Tregs [43]. Tregs have been noted to accumulate in patients with cancer
[44], and there is evidence that they increase with advancing disease [45] and are
associated with an unfavorable prognosis [46, 47].
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Applications for tumor immunotherapy

The CD28/B7/CTLA-4 co-stimulatory axis has been an area of active investi-
gation as a target for cancer immunotherapy [11]. Initial research focused on
the transfection of tumors with B7 molecules [10]. More recently, attention has
turned to antibody blockade of the CTLA-4 inhibitory molecule [48]. Anti-CTLA-4
antibodies have the advantage of ease of administration, and have shown promising
initial results in clinical trials (see below). Clinical and pre-clinical data using both
approaches are summarized in the following sections as well as in tables 2–4.

Lessons learned from B7

As mentioned above, the first successful application of cell-surface immunomodu-
latory molecules to tumor immunology was the transfection of poorly immunogenic
melanoma cell lines with B7.1 [15,16]. In these initial experiments, tumors grew but
then regressed in a CD8+ T-cell-dependent process. Furthermore, treated animals
became immune to further tumor challenge, demonstrating the induction of immuno-
logic memory. In some tumor models, inoculation with B7-expressing tumor cells
caused regression of small pre-existing B7-negative tumors [16, 49, 50]. Larger
tumors (greater than 2-3mm), however, were generally not affected [51]. Similar
results were seen with B7.2-expressing tumors [52]. This work was then extended to
other tumor models including lymphoma [50] and prostate cancer [53]. Irradiation
of the B7-expressing tumor cells severely decreased their immunogenicity [54],
suggesting that surface molecules were directly contacting and activating T cells,
and that B7-transfected tumor cells were functioning as APCs [55].

Lessons learned from B7 models have broad implications for the role of co-
stimulation in tumor immunotherapy. First, co-stimulatory molecules are insufficient
to trigger an immune response alone. In fact, the intrinsic immunogenicity of the
tumor is of critical importance [54]. Some murine tumors are so poorly immunogenic
that B7 transfection is insufficient to induce a curative immune response, likely
due in part to inadequate expression of MHC complexes or adhesion molecules
involved in the formation of the immunologic synapse. In certain models, this could
be overcome by additional transfection with genes encoding interferon gamma
(IFN�) [56], other co-stimulatory molecules [57], or more immunogenic epitopes
[49]. Second, co-stimulation has been shown in mouse models to broaden the
immune response, allowing recognition of otherwise silent sub-dominant epitopes
[58]. This may lead to increased recognition of common tumor antigens and explain
why vaccination with one B7-expressing tumor sometimes yields protection against
other tumors of different tissue origin [50]. The final issue is the role of T-cell
subsets in effective tumor responses. In some models, tumor immunity is mediated
by CD8+ T cells and does not require CD4+ T cells [59]. However, in other models,
tumor immunity is clearly CD4-dependent [49]. These differences may be antigen-
dependent [60]. Of note, requirements for other cell types including ��T cells [61]
and NK cells [62] have also been observed.

The results of clinical trials in humans of B7-containing vaccines are summarized
in table 2. To date, most of these studies have demonstrated increased immune
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responses, but only limited clinical benefit [63–70]. One of the challenges of
using tumor cells transfected with B7 molecules is the requirement for injection
of live tumor cells, which may present an obstacle in the clinical setting. One
potential approach to overcome this problem is the use of viral vectors expressing
B7 [71]. Viral vectors expressing B7.1 in addition to tumor antigens or additional
co-stimulatory molecules have also been investigated in clinical trials [67–70].
In a recently reported study, a viral vaccine targeting CEA combined the B7
gene with genes for adhesion molecules ICAM-1 and LFA-3 (TRICOM, Therion
Biologics, Inc, Cambridge, MA) and demonstrated increased CEA-specific T cells
[69]. Another approach using viral vectors expressing B7.1 has been the direct
transfection of tumors. In a study by Kauffman et al.[70], intralesional adminis-
tration of a vaccinia virus expressing B7.1 in patients with melanoma resulted in
elevated expression of CD8, IFN�, and IL-10 in stable or regressing lesions by
gene array, compared to growing lesions. This suggested that CD8+ T cells may
mediate tumor regression in this system. Further studies should help better define
the role for transfection with B7 molecules in clinical practice.

Lessons learned from CTLA-4

The potential for anti-CTLA-4 antibodies in cancer treatment was first demon-
strated in James Allison’s laboratory in 1996 using murine colon carcinoma and
fibrosarcoma [72]. In these models, tumor rejection was observed even when
treatment was started one week after tumor injection, when tumors were readily
palpable. Anti-CTLA-4 antibodies have also been shown to be effective in murine
models of prostate cancer [73], breast cancer [74], and melanoma [75,76], but not in
some models of very poorly immunogenic tumors [74, 75] (Table 3). Anti-CTLA-
4 antibodies have also been combined effectively with tumor-specific therapies,
including immunotherapy (vaccines) [74–78] or conventional therapies (surgery,
chemotherapy) in mouse models [32, 79–81]. Although the exact mechanisms by
which CTLA-4 blockade enhances anti-tumor immunity are not fully defined,
evidence in mouse models and human studies suggests that the effects are not
due to regulatory T cell–mediated suppression but instead to enhanced prolifer-
ation of effector T cells through down-regulation of CTLA-4-mediated inhibition
[82, 83].

A number of phase I/II clinical trials using two different anti-CTLA-4 antibodies
(MDX-010, Medarex Inc, Princeton, NJ; and CP-675,206, Pfizer Inc, Groton, CT)
have been published to date (Table 4). In the first trial, 7 melanoma patients and
2 ovarian cancer patients, all previous recipients of tumor vaccines, received a
single dose of 3mg/kg of antibody (MDX-010) [84]. Patients developed inflam-
matory reactions within tumors noted clinically and by pathology, and Ca-125 levels
declined or stabilized in the two ovarian cancer patients. Side-effects consisted
mainly of skin rashes. In a second trial, patients with metastatic melanoma were
treated with anti-CTLA-4 (MDX-010) at 3mg/kg every 3 weeks in conjunction
with peptide vaccination for melanocyte antigens [85]. Of fourteen patients, two
had a complete response and one had a partial response. Six patients had grade



T
ab

le
3.

T
re

at
m

en
t

w
ith

an
ti-

C
T

L
A

-4
an

tib
od

ie
s

in
m

ou
se

m
od

el
s

A
pp

ro
ac

h
T

um
or

R
es

ul
ts

(t
um

or
re

je
ct

io
n)

Im
m

un
e

R
es

po
ns

ea
R

ef
er

en
ce

T
ce

ll
B

ce
ll

A
nt

ib
od

y
al

on
e

Pr
os

ta
te

42
%

N
D

N
D

[7
3]

C
ol

on
,F

ib
ro

sa
rc

om
a

10
0%

N
D

N
D

[7
2]

A
nt

ib
od

y
co

m
bi

ne
d

w
ith

va
cc

in
e

G
M

-C
SF

se
cr

et
in

g
va

cc
in

e
M

el
an

om
a

80
%

N
D

N
D

[7
5]

G
M

-C
SF

se
cr

et
in

g
va

cc
in

e
M

el
an

om
a

80
%

C
D

8+
cl

on
es

is
ol

at
ed

N
on

e
[7

6]

G
M

-C
SF

se
cr

et
in

g
va

cc
in

e
B

re
as

t
10

0%
N

D
N

D
[7

4]
G

M
-C

SF
se

cr
et

in
g

va
cc

in
e

Pr
os

ta
te

85
%

vs
.1

5%
(c

on
tr

ol
)

N
D

N
D

[7
7]

D
N

A
V

ac
ci

ne
Pr

os
ta

te
,M

el
an

om
a

60
%

E
nh

an
ce

d
C

D
8+

T
-c

el
l

re
sp

on
se

s

N
D

[7
8]

A
nt

ib
od

y
co

m
bi

ne
d

w
it

h
co

nv
en

ti
on

al
th

er
ap

y
Su

rg
er

y
Pr

os
ta

te
66

%
N

D
N

D
[7

9]
C

he
m

ot
he

ra
py

Pl
as

m
oc

yt
om

a
70

%
vs

40
%

(c
he

m
ot

he
ra

py
al

on
e)

T
um

or
-s

pe
ci

fi
c

T
ce

lls
N

D
[8

0]

R
ad

ia
tio

n
th

er
ap

y
B

re
as

t
Pr

ol
on

ge
d

su
rv

iv
al

N
D

N
D

[8
1]

a
N

D
:

no
t

de
te

rm
in

ed
.



T
ab

le
4.

A
nt

i-
C

T
L

A
-4

an
tib

od
ie

s
in

hu
m

an
cl

in
ic

al
tr

ia
ls

T
he

ra
py

T
um

or
N

C
lin

ic
al

R
es

po
ns

ea
G

ra
de

3/
4

A
ut

oi
m

m
un

ity
Im

m
un

e
R

es
po

ns
e

R
ef

er
en

ce

P
ub

lis
he

d
D

at
a

M
D

X
-0

10
M

el
an

om
a

[7
]

an
d

O
va

ry
[2

]
9

D
ec

lin
e/

St
ab

ili
za

tio
n

in
C

a-
12

5
N

on
e

E
xt

en
si

ve
tu

m
or

ne
cr

os
is

w
ith

im
m

un
e

in
fi

ltr
at

es
in

5/
6

m
el

an
om

a
pa

tie
nt

s
bi

op
si

ed

[8
4]

M
D

X
-0

10
+

gp
10

0
pe

pt
id

e
va

cc
in

e
M

el
an

om
a

14
C

R
=1

,P
R

=2
D

er
m

at
iti

s
[3

],
en

te
ro

co
lit

is
[1

],
co

lit
is

[1
],

hy
po

ph
ys

is
tis

[1
],

he
pa

tit
is

[1
]

N
ot

re
po

rt
ed

[8
5]

b

M
D

X
-0

10
+

gp
10

0
pe

pt
id

e
va

cc
in

e
M

el
an

om
a

56
C

R
=2

,P
R

=5
C

ol
iti

s
[7

],
de

rm
at

iti
s

[4
],

he
pa

tit
is

[1
],

en
te

ro
co

lit
is

[1
],

U
ve

iti
s

[1
],

H
yp

op
hy

si
tis

[1
]

T
ce

ll
re

sp
on

se
s

in
18

/2
3

ev
al

ua
te

d
pa

tie
nt

s.
[8

6]
b

M
D

X
-0

10
+

gp
10

0,
M

A
R

T
-1

,
an

d
ty

ro
si

na
se

pe
pt

id
e

va
cc

in
es

M
el

an
om

a
19

7/
19

w
ith

ou
t

PO
D

at
28

m
on

th
s.

D
ia

rr
he

a
[3

],
cr

am
pi

ng
[1

],
m

el
en

a
[1

]
T

ce
ll

re
sp

on
se

s
in

15
/1

7
(E

L
IS

PO
T

)
an

d
11

/1
6

(T
et

ra
m

er
).

[8
8]

M
D

X
-0

10
+

hi
gh

-d
os

e
IL

-2
M

el
an

om
a

36
C

R
=3

,P
R

=5
E

nt
er

oc
ol

iti
s

[4
],

ar
th

ri
tis

[1
],

uv
ei

tis
[1

]
H

L
A

-D
R

,C
D

45
-R

O
,

C
D

25
ex

pr
es

si
on

in
cr

ea
se

d
[8

9]

C
P-

67
5,

20
6

M
el

an
om

a,
R

en
al

ce
ll,

C
ol

on

39
C

R
=2

,P
R

=3
D

ia
rr

he
a

[3
],

de
rm

at
iti

s
[1

]
E

nh
an

ce
d

te
ta

nu
s

sk
in

re
sp

on
se

s,
in

cr
ea

se
d

te
tr

am
er

st
ai

ni
ng

.
[9

0]

U
np

ub
lis

he
d

D
at

a
M

D
X

-0
10

(a
rm

A
)

vs
.

M
D

X
-0

10
+

da
ca

rb
az

in
e

(a
rm

B
)

M
el

an
om

a
72

A
rm

A
:

PR
=2

,
SD

=4
A

rm
B

:
C

R
=2

,
PR

=4
,S

D
=4

2
de

at
hs

fr
om

liv
er

to
xi

ci
ty

an
d

PE
,

co
lit

is
[3

]
re

qu
ir

in
g

co
le

ct
om

y
in

1
pa

tie
nt

,
ra

sh
[1

],
m

en
ta

l
st

at
us

ch
an

ge
[1

],
fe

ve
r

[1
],

uv
ei

tis
[1

]

N
ot

te
st

ed
.

Fi
sc

hk
of

f
et

al
.,

A
SC

O
20

05



M
D

X
-0

10
Pr

os
ta

te
14

2
PS

A
re

sp
on

se
s

Pr
ur

iti
s

[1
]

N
o

in
cr

ea
se

d
T

ce
ll

ac
tiv

at
io

n
D

av
is

et
al

.,
A

SC
O

20
02

M
D

X
-0

10
+

G
M

-C
SF

Pr
os

ta
te

8
N

ot
R

ep
or

te
d

T
IA

[1
]

N
on

e.
Fo

ng
et

al
,

A
SC

O
20

05
M

D
X

-0
10

R
en

al
C

el
l

21
PR

=6
E

nt
er

iti
s

[9
],

hy
po

ph
ys

iti
s

[2
],

m
en

in
gi

tis
[1

]
N

ot
re

po
rt

ed
.

Y
an

g
et

al
.,

A
SC

O
20

05
C

P-
67

5,
20

6
M

el
an

om
a

14
C

R
=1

(a
no

th
er

pa
tie

nt
N

E
D

af
te

r
W

B
X

R
T

)
D

ia
rr

he
a

[3
]

T
ce

ll
in

fi
ltr

at
es

in
re

gr
es

se
d

le
si

on
s

R
ib

as
et

al
,

A
SC

O
20

05
C

P-
67

5,
20

6
M

el
an

om
a

25
PR

=5
/1

8
ev

al
ua

bl
e

D
ia

rr
he

a,
de

rm
at

iti
s

(T
ox

ic
iti

es
no

t
gr

ad
ed

.)
D

ec
re

as
ed

T
re

gs
an

d
IL

-1
0,

in
cr

ea
se

d
IL

-2
in

re
sp

on
de

rs
.

R
eu

be
n

et
al

.,
A

SC
O

20
05

a
C

R
:

co
m

pl
et

e
re

sp
on

se
,P

R
:

pa
rt

ia
l

re
sp

on
se

,S
D

:
st

ab
le

di
se

as
e.

b
T

he
se

co
nd

re
po

rt
in

cl
ud

es
14

pa
tie

nt
s

in
iti

al
ly

re
po

rt
ed

in
pr

io
r

pu
bl

ic
at

io
n.



IMMUNOMODULATORY MOLECULES OF THE IMMUNE SYSTEM 77

III/IV toxicity including dermatitis, colitis, hypophysitis, and hepatitis. This study
was recently updated with additional information on a total of 56 patients [86].
Two patients had ongoing complete responses and 5 patients had a partial response
for an overall response rate of 13%. Fourteen patients had grade 3 toxicity,
and these patients appeared to have a higher response rate (36%). A majority
of patients tested developed immunity to the vaccinating peptide, but there did
not appear to be a correlation between immunologic and clinical responses, as
noted in prior studies [87]. In another study, nineteen patients with high-risk
resected stage III and IV melanoma received anti-CTLA-4 antibody (MDX-010)
in conjunction with peptides from gp100, MART-1, and tyrosinase [88]. Immune
responses to the wild-type gp100209−217 and MART-127−35 peptides were detected
in 6 of 17 and 3 of 17 patients, respectively. No responses to tyrosinase were
observed. Reversible dose-related autoimmune adverse events, predominantly skin
and GI toxicities, were observed and appeared to correlate with a lower risk of
relapse. The Surgical Branch at the NCI has also combined anti-CTLA-4 (MDX-
010) with IL-2 in a study of 36 patients with advanced melanoma [89]. The
objective response rate of 22% (3 complete responses and 5 partial responses)
was consistent with an additive rather than synergistic effect between the two
therapies.

A second anti-CTLA-4 antibody (CP-675,206) has been studied in 39 patients
with advanced solid malignancies (melanoma, n = 34; renal cell, n = 4; colon,
n = 1), resulting in 2 complete responses and 2 partial responses 29 of the patients
with melanoma who had measurable disease [90]. Autoimmunity was also observed
in this study and included diarrhea, dermatitis, vitiligo, panhypopituitarism and
hyperthyroidism. These observations are similar to those reported in studies of other
anti-CTLA-4 antibodies [85, 86, 89, 91].

Preliminary results have also been presented from a number of clinical studies
of CTLA-4 blockade (using MDX-010) in patients with metastatic renal cancer,
prostate cancer and melanoma (in combination with dacarbazine). Additional
clinical trials of anti-CTLA-4 antibodies are currently ongoing, including a phase
III study of MDX-0101 in patients with advanced melanoma.

These trials demonstrate exciting potential for anti-CTLA-4 antibodies in the
clinic, and further studies are currently ongoing. However, as predicted, because
CTLA-4 plays an important role in controlling T-cell responses, blocking its activity
with antibodies may potentially lead to autoimmunity.

Other members of the CD28/CTLA-4/B7-1/B7-2 family

B7h/Inducible co-stimulator (ICOS) Inducible co-stimulator (ICOS) is a new
member of the CD28/B7 family that is expressed on activated T cells [92]. A few
limited studies have been carried out in murine cancer models suggesting that
ligation of ICOS by B7h can potentiate tumor immunity. B7h transfection was
shown to enhance tumor rejection in murine models of fibrosarcoma and plasma-
cytoma [93–95] and ligation of ICOS with its ligand conjugated to an Fc domain
mediates regression of immunogenic tumors in mice [96].
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PD-1/PD-L1 (B7-H1), PD-L2 (B7-DC)

Biology

Programmed Death-1 (PD-1), which is expressed by activated T cells, is thought
to be primarily an inhibitory modulator, in part because PD-1-deficient mice suffer
from autoimmunity [97]. A growing body of evidence has emerged in murine models
suggesting that expression of PD-L1 may protect tumors from the immune system.
PD-L1 on tumors causes apoptosis in tumor-reactive T cells [98]. A myeloma cell
line expressing PD-L1 fails to grow in PD-1 knock-out mice [99]. PD-L1 blocking
antibodies cured mice of squamous cell carcinoma in one model [100], and restored
responsiveness to immunologic therapy with a 4-1BB (CD137) agonist in another
[101]. PD-1 -/- T cells have been shown to have enhanced anti-tumor capabilities
[102]. PD-L1 may also play an important role in the function of “suppressor”
myeloid cells, as it was recently shown that tumor-associated dendritic cells express
high levels of PD-L1, and that culturing dendritic cells in the presence of blocking
antibody enhanced the development of T-cell responses against ovarian cancer
[103]. One mechanism whereby PD-L1 mediates immune suppression may be
through Interleukin-10 (IL-10) production [104]. In contrast, however, the other
PD-1 ligand, PD-L2, stimulated immunity in mice to the poorly immunogenic B16
melanoma [105].

Consistent with the role of this pathway in tumor immune evasion, many
human cancers have been found to express PD-L1 including tumors of the breast,
cervix, lung, ovary, colon, as well as melanoma, glioblastoma and primary T cell
lymphomas [98, 106, 107]. Furthermore, expression of PD-L1 may be associated
with a poor prognosis in esophageal cancer [108], and renal cell cancer [109].
Similarly, PD-L2 is highly expressed in Hodgkin lymphoma cell lines and may also
serve as a prognostic marker [110]. Trials using blocking antibodies against PD-L1
are currently being planned.

TNF Family Members

Tumor necrosis factor receptor (TNFR) family members play a role in maintaining
T-cell responses after initial activation. They can signal via a death domain (DD) or a
TNF receptor-associated factor (TRAF) protein (Reviewed in [111]). TRAF proteins
costimulate T cells through signaling pathways associated with cellular activation,
differentiation, and survival. Several of these molecules are being evaluated in the
context of cancer immunotherapy.

CD27/CD70

Biology

CD27 is transiently up-regulated on T cells upon activation and is also expressed
on NK cells and B cells [112]. Its ligand, CD70, is expressed on mature dendritic
cells and activated lymphocytes [113–115]. Loss of CD27 expression on CD8+

T cells is associated with a transition from central-memory to effector-memory
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phenotype [116]. CD27 -/- mice show impaired memory T cell function as well
as decreased accumulation in peripheral tissues during viral infection [117]. Mice
with constitutive CD27 expression display the opposite phenotype, accumulating
increased T cell populations [118]. Interestingly, these mice develop a paucity of
B cells and eventually succumb to a lethal T-cell immunodeficiency, perhaps due
to an excessive shift in the T-cell population towards a terminally differentiated,
non-reproducing memory phenotype [119].

Applications for tumor immunotherapy

There is significant evidence to support a role for CD27 co-stimulation in tumor
rejection. CD70 transgenic mice display enhanced clearance of tumors [120]; trans-
fection of tumor cells with CD70 produces similar results to those observed with B7-
transfected tumors [121–123] and ligation of CD27 enhances anti-tumor responses
[120]. Intriguingly, rejection of CD70-transfected tumors may be mediated by NK
cells expressing CD27 [124].

OX40/OX40L

Biology

OX40 (CD134) expression is restricted to activated T-cells, predominately CD4+ T-
cells [125]. Its partner, OX40L, is found on a wide variety of immune cells including
activated B cells, T cells, dendritic cells, and vascular epithelial cells [126–128].
Ligation of OX40 on T-cells favors survival, expansion and cytokine production
[129]. Studies in knock-out animals show that OX40 is critical for CD4, but not
CD8 responses [130]. OX40 is also important for the development and homeostasis
of Tregs [131]. Significantly, in the context of immunotherapy, OX40 ligation may
reverse T-cell anergy [132] and render silent epitopes immunogenic [133].

Applications for tumor immunotherapy

In mouse models, various strategies to augment OX40 signaling in anti-tumor T
cells have shown promise. OX40 ligation increased tumor-free survival and cured
some mice in animal models of melanoma, sarcoma, colon cancer, breast cancer or
glioma [134–138]. Responses were seen even in poorly immunogenic tumors [134,
138]. In addition, treatment was effective in animal models of metastatic disease
[135,137]. Following treatment, mice developed strong anti-tumor T-cell responses,
in particular memory CD4+ T-cells, which protected them from further challenge
with the same tumor [134]. Vaccines with cells transfected with OX40L and GM-
CSF have yielded cures in murine colon cancer models [139]. OX40 ligation has
also shown synergy with a combination of 4-1BB ligation and Interleukin 12 (IL-
12) [137]. The cumulative evidence from murine studies suggests that ligation of
OX40, combined with other immunotherapies, is a promising avenue for research
in the treatment of human cancers.
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4-1BB/4-1BBL

Biology

4-1BB (CD137) is present on activated T cells [140], as well as NK cells [141], and
dendritic cells [142]. 4-1BBL meanwhile can be found on activated APCs [143].
4-1BB ligation stimulates CD8+ T cells in particular [144], and promotes their
differentiation into effectors [145]. Signaling through 4-1BB has been shown to
reverse anergy induced by soluble antigens [146], as well as rescue CD28−/− CD8+

T cells [147], which tend to accumulate in elderly persons [148], during chronic
inflammation [149], and in cancer [150]. On the other hand, 4-1BB ligation can
suppress CD4+ T cells and B cells [151], perhaps due to chronic IFN� stimulation
[111]. In this regard, an agonist anti-4-1BB antibody has been shown to reverse
autoimmunity in mice [152].

Applications for tumor immunotherapy

Dramatic responses have been achieved in mice using anti-4-1BB antibodies, with
eradication of established tumors (reviewed in [153]). Ligation of 4-1BB by mecha-
nisms including systemically administered antibodies [154–156], as well as thera-
peutic vaccination with 4-1-BBL expressing tumor cells [156,157] have been shown
to result in tumor rejection. Tumor cells transfected with single-chain Fv fragments
specific for 4-1BB are also effective [158]. CD8+ T cells are thought to be the
primary effectors in these models, but tumor rejection has also been shown in
some models to be dependent on both CD4+ T cells and NK cells [159], or on
myeloid cells [160]. Significantly, however, ligation of 4-1BB is only effective
when CD28 is present and once an immune reaction is already ongoing [161],
consistent with in vitro models showing a role for 4-1BB later in the immune
response [162]. As a result, 4-1BB ligation has therefore been used in combination
with CD28 stimulation, with the goal of targeting these two pathways simulta-
neously [163, 164]. 4-1BB ligation may also be useful in strategies for adoptive
immunotherapy because it allows for a greater expansion of CD8+ T cells than CD28
alone [165].

HVEM-LIGHT

Biology

Herpes Virus Entry Mediator (HVEM), initially isolated as the receptor for herpes
virus [166], binds at least three receptors: LIGHT, Lt�3 and BTLA [167–169].
LIGHT, in turn, binds two receptors in addition to HVEM: LT�R and CdR3/TR6
[170]. HVEM is expressed on resting T cells, monocytes, and immature dendritic
cells, while LIGHT can be found on activated T cells, monocytes and NK cells
as well as on immature dendritic cells [170]. LIGHT signaling causes proliferation
of T cells stimulated with CD3 or CD3/CD28 [171–173], and it can induce DC
maturation [174]. Over-expression of LIGHT causes autoimmunity with increased
T cell populations and inflammation of mucosal tissues [175]. Conversely, LIGHT
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deficiency causes CD8+ T-cell dysfunction [176]. BTLA (B- and T-lymphocyte
attenuator) is expressed on activated T cells, B cells and dendritic cells, and its
signals can suppress T-cell responses [177, 178].

Applications for tumor immunotherapy

LIGHT is thought to exert its anti-tumor effects through apoptosis induction, as
well as through immune activation [179]. LIGHT can kill tumors expressing HVEM
via a death-domain pathway [180]. Meanwhile, transfection of tumors with LIGHT
causes T-cell-dependent tumor rejection [173,181]. A very intriguing study showed
that tumors transfected with LIGHT induce changes in the tumor stromal cells
facilitating the entry of T cells into the tumor [181].

CD40/CD40L

Biology

CD40 is expressed on antigen presenting cells, while CD40L is found on activated
T cells. CD40 plays a critical role in humoral immune responses and enables
APCs to activate T cells. The CD40/CD40L pathway has been implicated in a
wide array of disease pathogenesis, including lupus and arherosclerosis, but the
clinical application of anti-CD40L antibodies has been limited to date by thrombotic
complications due to CD40 expression on activated platelets [182–184].

CD40 is also present on multiple cancers including hematologic malignancies
and solid tumors. In hematologic cancers, signaling via CD40 may mediate growth
[185] or regression [186], whereas CD40 signaling is purely tumoricidal in solid
tumors [187, 188]. These effects persist in SCID mice, and are therefore likely
due to signaling via the TNF death domain [187, 188]. However, there is ample
evidence to show that immune modulation also occurs. For example, blockade of
the CD40/CD40L pathway mitigates the protective effect of a GM-CSF secreting
melanoma vaccine [191].

Applications for tumor immunotherapy

Tumor vaccines expressing CD40L have shown efficacy in cancer models [192–
197]. Ligation of CD40 with CD40L or anti-CD40 antibodies has also shown
synergy with GM-CSF [198], IFN� [192], IL-2 [199], and CTLA-4 blockade [200].
A phase I clinical trial in plasma cell leukemia that combined the adoptive transfer
of T cells stimulated with CD40-activated tumor cells, a vaccine of CD40-activated
tumor cells, and IL-2 has been tested in one patient and yielded a decline in
circulating tumor [201]. In addition, a humanized IgG1 anti-human CD40 (SGN-40,
Seattle Genetics, Inc., Bothell, WA) has been shown to have activity in pre-clinical
models of multiple myeloma and non-hodgkin lymphoma and is currently in a phase
I clinical trial in patients with multiple myeloma [202, 203].
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Glucocorticoid-induced tumor necrosis factor receptor
family-related gene (GITR)

Glucocorticoid-induced TNFR family-related gene (GITR, or TNFRSF18) is a type
I transmembrane protein with significant homology to other TNFR family members,
including OX40, 4-1BB, and CD27 [204, 205]. GITR is expressed at low levels
on resting CD4+ and CD8+ T-cells, and is upregulated on these cells following
TCR-mediated activation. Ligation of GITR during activation enhances both CD4+

and CD8+ T-cell proliferation and effector functions, particularly in the setting
of suboptimal TCR stimulation [206–210]. In addition, GITR is expressed consti-
tutively at high levels on Tregs, which has lead to its evaluation as a potential
target for strategies designed to inhibit suppression. Signaling through GITR, either
using agonist anti-GITR antibodies or GITR ligand, has been shown to abrogate
the suppressive effects of Tregs in vitro and in vivo, leading to enhancement of
both auto-reactive and allo-reactive T cell responses and exacerbation of disease in
autoimmune and graft-versus-host disease models [206, 211–215]. Whether these
effects are due primarily to a loss of suppressive activity by Tregs or to an increased
resistance to suppression by effector T cells, or both, is currently a subject of debate,
but the net effect of GITR signaling is the potential for enhanced ability of effector
T cells to recognize and respond to self. As a result, this pathway may also be a
useful target in the development of tumor immunotherapy.

CYTOKINES

Cytokines and chemokines are important molecules that form a link between
innate and adaptive immunity. They affect immune responses at several levels by
modulating the proliferation, differentiation, function and trafficking of immune
cells. A number of studies in pre-clinical animal models and in clinical trials
have examined the potential for therapeutic use of cytokines in treating cancer.
Several cytokines have been approved for use in patients with cancer, including
interferon-alpha [216], interleukin-2 (IL-2) [217], and hematopoietic growth factors
such as granulocyte colony stimulating factor (G-CSF) [218] and granulocyte-
macrophage colony stimulating factor (GM-CSF) [219]. Interferon and Interleukin-2
are discussed in other chapters in this textbook (Chapters 18 and 19). In this section,
we will review two broad categories of cytokines, those that enhance immune
responses and those that may suppress anti-tumor immunity. For the evolving
field of chemokines and their potential role in tumor immunotherapy, the reader is
referred to recent reviews on the subject [220–222].

Activating Cytokines

A number of cytokines are currently under investigation based on their ability to
enhance immune responses to tumor antigens. In particular, interest has focused
on cytokines that affect T-cell responses indirectly through APC activation and
chemotaxis (GM-CSF), or directly by increasing T-cell activation (IL-2, IL-12,
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IL-15, IL-18) or inducing or maintaining T-cell memory (IL-7, IL-15). In addition,
a number of cytokines have been shown to enhance tumor antigen presentation or
have direct effects on tumor cells (IFN�, IFN� and TNF). Many of these cytokines
have been given in combination with tumor vaccines, which are detailed in several
chapters in Part 2.

Tumor Necrosis Factor (TNF)

Biology

TNF was originally identified for its ability to cause hemorrhagic necrosis of
sarcomas [223] and was the first cytokine studied for the treatment of cancer
(Reviewed in [224]). TNF is a homotrimer, synthesized as a membrane-bound pro-
peptide, and released after cleavage by TNF-converting enzyme [225]. There are
two distinct TNF receptors. TNF-R1 is expressed on all cell types [226], while TNF-
R2 is only found on immune and endothelial cells [227]. An important mechanism
of TNF regulation is the release of TNF receptors from the cell surface that then
circulate in soluble form, binding and inhibiting the activity of TNF [225].

Applications for tumor immunotherapy

TNF has direct antiproliferative and cytotoxic effects on cells, with some selectivity
for tumor cells [228]. It also reduces tumor blood flow and causes tumor vascular
damage [229, 230]. Finally, TNF may also modulate the immune response by
stimulating macrophage and NK cell activity [231, 232].

The clinical use of TNF has been limited by dose-dependent hypotension and
capillary leak that can lead to a sepsis-like syndrome. As a result, TNF is currently
given only through locoregional drug-delivery systems in order to limit systemic
effects. Current applications include isolated limb perfusion for the treatment of
sarcomas [233] and in-transit metastatic melanoma [234, 235], as well as isolated
hepatic perfusion for unresectable liver tumors [236]. In most cases, TNF is admin-
istered with standard cytotoxic agents. Although non-randomized studies have
reported higher response rates with the addition of TNF to chemotherapy agents
in the locoregional setting [237–239], randomized studies are currently ongoing.
Intralesional TNF for treatment of Kaposi’s sarcoma was evaluated in a randomized
blinded study, and although responses were observed in the injected lesions, there
was dose-limiting systemic toxicity due to TNF administration [240].

Several additional approaches to deliver TNF locally are currently under clinical
investigation. Injection of adenovirus modified to express TNF is being studied
in gastrointestinal malignancies with the goal of increasing responsiveness to
chemotherapy and radiation. Preliminary human studies show that the injections
are well-tolerated [241], and prospective controlled trials are ongoing. A tumor
vasculature-targeted TNF compound has also been developed [242] and is currently
undergoing phase I testing in an EORTC trial.
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Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF)

Biology

GM-CSF is produced by monocytes/ macrophages and activated T cells [219]. The
ability of GM-CSF to act as a growth factor to stimulate and recruit dendritic
cells may explain its adjuvant role. In a mouse model study, Dranoff et al.
[243] found that vaccination with syngeneic mouse melanoma cells secreting
GM-CSF stimulated more potent and long-lasting anti-tumor immunity than
vaccines that produced other cytokines. Similar results were observed in other
tumor models, including lung, colon, renal cell, prostate, lymphoma and leukemia
[244–248].

Applications for tumor immunotherapy

GM-CSF (Sargramostin, Berlex, Inc, Montville, NJ) has been given in soluble form
in patients with melanoma. In 51 patients with Stage III and IV melanoma treated
with adjuvant GM-CSF for up to a year, there was an increased disease-free survival
compared to historical controls [249]. A multi-center four-arm phase III trial of
GM-CSF given in the adjuvant setting with or without a peptide vaccine (compared
to vaccine alone or placebo) is currently ongoing. GM-CSF has also been used
extensively in the in vitro generation of dendritic cells for vaccines [250,251] (See
Chapter 17).

In most clinical trials, GM-CSF has been used as an immune adjuvant. Various
strategies to use GM-CSF in this setting have been explored, including systemic
and topical application of soluble GM-CSF, fusion of GM-CSF to other proteins,
transfection of tumor cells with GM-CSF, and injection of GM-CSF DNA.

Recombinant GM-CSF has been given as an adjuvant for peptide, protein and
viral vaccines (reviewed in [252]). It has been shown to be an effective adjuvant
for peptide vaccines in a number of studies in patients with melanoma [253–
257] or breast and ovarian cancers [258]. Recombinant GM-CSF has also been
given with canarypox viruses expressing tumor antigens [259, 260]. An alternative
approach in which the tumor antigen is fused to GM-CSF has demonstrated that
GM-CSF can enhance the immunogenicity of the antigen in the fusion protein
[261–263].

Several gene-therapy approaches in which the gene for GM-CSF is used instead
of recombinant GM-CSF are also under investigation. These include transfection
of tumor cells, plasmid DNA and recombinant viruses. Based on the use in mouse
models of whole tumor cell vaccines expressing GM-CSF, initial clinical studies
using autologous vaccines expressing GM-CSF have demonstrated the feasibility
and safety of the approach. In addition, inflammatory responses were observed at
the sites of injection, as well as sites of metastatic lesions [264–270]. In the majority
of clinical trials using autologous cells, expansion of primary tumor cell cultures
for each patient has been a limiting factor. To alleviate the issues of tumor cell
recovery and expansion, some investigators have used allogeneic tumor cell lines
expressing GM-CSF [271] or a human cell line producing large quantities of human
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GM-CSF as universal bystander cells to be mixed with unmodified autologous
tumor cells in the formulation of a vaccine [272]. Although clinical responses have
been reported in a number of trials investigating cellular vaccines expressing GM-
CSF, interpretation of the results is difficult because of relatively small numbers of
patients.

The efficacy of recombinant vaccinia viruses expressing murine GM-CSF (rvv-
mGM-CSF) has been evaluated in mouse pre-clinical models and shown the
adjuvant effects of GM-CSF-based vaccines [273, 274]. Further clinical trials will
be needed to elucidate the role of GM-CSF with recombinant viruses.

Finally, our group has previously shown that administration of mouse GM-CSF
DNA by particle bombardment into skin induces a significant increase in dendritic
cells at the inoculation site and in draining lymph nodes [275, 276]. GM-CSF
DNA expression increases T-cell responses following peptide immunization and
antibody responses following xenogeneic DNA immunization (see Chapter 15).
It also provides increased tumor protection in mice immunized with a melanoma
antigen [275,277]. Similarly, other groups have shown that GM-CSF DNA enhances
protection of DNA immunization in models of malaria [278] or Dengue fever [279].
We are currently conducting a pilot clinical trial at MSKCC in which patients with
advanced melanoma are being given human GM-CSF DNA as an adjuvant for a
polypeptide melanoma vaccine.

Interleukin 7 (IL-7)

Biology

IL-7 is a 25 kD glycoprotein produced by stromal cells in the thymus and bone
marrow [280], keratinocytes [281], intestinal epithelium [282], and dendritic cells
[283]. The IL-7 receptor consists of a specific � chain (CD127) and the common
� chain (CD132), which is also found in the receptors for IL-2, IL-4, IL-9, IL-15
and IL-21 [284–288]. IL-7 and IL-7R� knockout mice have no �� T cells and a
100-fold reduction in thymic cellularity, although a small number of �� T cells
can develop apparently normally [289,290]. Patients with mutations in the IL-7R�
or common � chain develop severe combined immunodeficiency syndrome with a
prominent T-cell deficiency.

IL-7 has a variety of effects on lymphocyte development and survival, and is a key
regulator of peripheral T-cell homeostasis [291]. It is required at various stages of
T-cell development, including the development and survival of memory T cells, and
homeostatic proliferation of T cells in peripheral lymphopenia [292, 293]. Admin-
istration of IL-7 has several stimulatory effects on T-cell development, including
increased thymopoiesis [294–296]). Preclinical studies in mouse hematopoietic stem
cell transplant (HSCT) models have demonstrated that post-transplant IL-7 admin-
istration can enhance T-cell reconstitution in recipients of a syngeneic or allogeneic
HSCT through increased thymopoiesis, increased homeostatic T-cell proliferation
and decreased peripheral T-cell apoptosis [295, 297–300].
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Applications for tumor immunotherapy

Studies in non-human primates have shown that IL-7 administration has more
profound effects on peripheral T cell proliferation than on thymopoiesis and is less
effective at promoting B cell development than in rodents [301]. The results of these
pre-clinical studies have lead to clinical trials of recombinant human IL-7 (CYT 99
007, Cytheris, Inc, Rockville, MD) in patients with AIDS, tumor-associated immune
deficiency and post-transplant immune deficiency, which are currently underway at
several centers (R. Buffet, personal communication).

Interleukin 12 (IL-12)

Biology

IL-12 is a heterodimeric pro-inflammatory cytokine formed by two subunits, the
p35 and p40 subunits [302,303]. The p40 subunit also combines with a p19 subunit
to form interleukin 23 (IL-23), another member of the IL-12 family [304]. IL-12 is
primarily produced by dendritic cells and monocytes/macrophages and forms a link
between the innate and adaptive immune systems [305]. It induces the production
of IFN�, promotes Th1 differentiation [306, 307], enhances the proliferation of
pre-activated T cells and NK cells [303, 308, 309] and induces the production of
cytokines (including IFN�, TNF and GM-CSF) by these cells [302, 310, 311].

Applications for tumor immunotherapy

Systemic administration of recombinant IL-12 is effective in treating tumors
in several mouse models [312–314] and has also been shown to provide
adjuvant effects for tumor vaccines in mouse preclinical models [315–317].
Recombinant human IL-12 (Wyeth, Cambridge, MA) has been investigated
in phase I and phase II clinical trials in patients with a number of malig-
nancies including renal cell cancer and melanoma [318–322], cervical cancer
[323], non-Hodgkin’s lymphoma (NHL) or Hodgkin’s disease (HD) [324]
with some limited activity. IL-12 has also been used to enhance responses
to peptide vaccines in human studies [325, 326]. Finally, the role of IL-12
DNA as a molecular adjuvant has been demonstrated in infectious disease
models [327].

Interleukin 15 (IL-15)

Biology

IL-15 is a pleiotropic cytokine that plays an important role in both the innate
and adaptive immune system [328–330]. IL-15 is a member of the 4 alpha-helix
bundle family of proteins that includes growth hormone, IL-2, IL-3, IL-6, IL-7,
G-CSF and GM-CSF [331–333]. The IL-15 receptor is composed of three subunits:
an IL-15R� subunit, a� chain subunit (CD122), and the common � chain. The
� chain subunit is shared with IL-2 [328, 330, 334]. IL-15R� has a wide cellular
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distribution and is expressed on T cells, NK cells, NKT cells, B cells, macrophages,
and in thymic and bone marrow stromal cell lines [334, 335]. IL-15 promotes the
activation of neutrophils and macrophages, and is critical to dendritic cell function.
In addition, IL-15 promotes the development, activation, homing and survival of
immune effector cells, particularly NK, natural killer T (NKT) and CD8+ T cells.

Applications for tumor immunotherapy

IL-15 has been studied as a vaccine adjuvant in a number of infectious diseases,
including HIV, HSV and hepatitis B [336–343]. Co-administration of IL-15 DNA
enhanced CD8+ T-cell responses to HIV DNA vaccines targeting the envelope
and gag proteins in mouse models [336–339]. Similar results were observed in
mice immunized with vaccinia expressing HIV gp160 in conjunction with IL-
15 [340]. Interestingly, the latter study also demonstrated that mice injected with
vaccinia expressing IL-15 had long-term immunity, whereas the CD8+ T cell-
mediated immunity induced by IL-2 was short-lived. These results are consistent
with those obtained in rhesus macaques that were immunized against tetanus toxoid
and influenza and received daily injections of IL-15 or IL-2 [341].

Interleukin 18 (IL-18)

Biology

IL-18 is a monocyte/macrophage-derived cytokine that participates in the induction
of IFN� and other cytokines [344–346]. In addition to being produced by
monocytes/macrophages, IL-18 is also secreted by keratinocytes, dendritic cells,
Kuppfer cells in the liver, synovial fibroblasts and osteoblasts [346]. It is structurally
related to IL-1� [347]. Similar to the IL-1� precursor, the biologically inactive IL-18
precursor (pro-IL-18) lacks a signal peptide and requires caspase-1 (also known as
IL-1�-converting enzyme, or ICE) for cleavage and release of the mature molecule
from the intracellular compartment [347–349]. Only mature IL-18 is bioactive,
whereas pro-IL-18 is biologically inactive [350]. The importance of the presence of
both IL-12 and IL-18 for optimal induction of IFN� has been demonstrated in IL-18
and ICE knock-out mice [351–353]. In the absence of a costimulus, IL-18 is a weak
inducer of IFN�. However, a synergy for IFN� production is observed when cells
are cultured with IL-18 in the presence of costimuli [354–356]. Different mecha-
nisms may account for this synergy. In particular, IL-12 upregulates the expression
of the IL-18 receptor, therefore rendering cells more sensitive to IL-18 [357,358]. In
addition, IL-12 and IL-18 regulate the transcriptional activity of the IFN� promoter
at different levels [359], thus providing two distinct signals to the IFN�-producing
cell. IL-12 and IL-18 also regulate each other’s production [360, 361].

IL-18 has a number of important biological effects and modulates the activity of
T and B cells, NK cells, macrophages, dendritic cells and chondrocytes. In synergy
with IL-12 it plays a major role in promoting Th1 responses though the induction
of IFN�.
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Applications for tumor immunotherapy

The majority of studies investigating the role of IL-18 in tumor immunotherapy
have combined IL-18 with other approaches, in particular with IL-12. Systemic
administration of IL-18 enhanced the rejection of IL-12-expressing melanoma in
mouse models [362]. Conversely, systemic administration of IL-12 increased tumor
rejection induced by intra-tumoral injection of dendritic cells expressing IL-18
[363]. Intra-tumoral gene transfer of IL-12 and IL-18 through electroporation [364],
or the use of a tumor cell vaccine expressing both cytokines [365, 366] has been
shown to have synergistic effects in mouse models of melanoma and bladder cancer.
In addition, the in vitro combination of the two cytokines was shown to have
synergistic effects on the generation of anti-tumor CD4+ and CD8+ T cells [367].
IL-18 DNA has also been shown to enhance the effects of DNA vaccines targeting
gp100 [368] or Fos-related antigen 1, a transcription factor overexpressed by tumor
cells [369]. Finally, injection of adenovirus producing IL-18 enhances the effects of
cytosine deaminase suicide gene therapy or antibody-targeted superantigen in mouse
melanoma models [370, 371]. Phase I studies of recombinant IL-18 (SB-485232,
GlaxoSmithKline) are currently ongoing in patients with cancer.

Immunosuppressive Cytokines

In contrast to the above cytokines that are being investigated as therapeutic agents
in patients with cancer, certain cytokines have been found to suppress immune
responses to tumor antigens. This has lead investigators to develop strategies to
block the effects of these cytokines in order to allow effective immunity to proceed.

Transforming Growth Factor-�(TGF-�).

Biology

TGF-� is a potent inhibitor of the immune system, and is one of the proposed
mechanisms by which tumor cells evade immune surveillance [4,372–374]. TGF-�
is secreted in a latent inactive form, bound to a protein complex, and is activated
by proteases. Three isoforms have been identified, as well as three cell surface
receptors.

TGF-� has well-described effects on multiple components of the immune system
(Table 5). TGF-� can inhibit T lymphocytes by decreasing their proliferation
and stimulation induced by IL-2 [375–378] or IL-12 [379], and suppress the
development of Th1 responses [379] and generation and function of cytotoxic T
lymphocytes [383, 384]. TGF-� inhibits lymphocyte production of IFN�, TNF,
IL-2, IL-6, IL-4, and IL-5 [385–388]. TGF-� is also thought to be a critical
cytokine in the suppressive effects of CD4+CD25+ regulatory T cells [389]. The
inhibitory effects of TGF-� on natural killer cells include decreased proliferation
[390], activation [391, 392], cytotoxicity [393, 394] and cytokine production [382].
Similarly, TGF-� decreases the activity and production of lymphokine-activated
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killer cells [385,395,396]. TGF-� has also been shown to have an inhibitory effect
on monocytes and macrophages [397,400,401]. Finally, although TGF-� suppresses
dendritic cell maturation [402], it may play a role in the normal migration of
immature dendritic cells [403].

TGF-� is thought to have a complex role in malignancy, capable of both
suppressing tumor growth as well as promoting tumor spread by inhibiting immune
responses against tumor cells. In addition, it has been shown to enhance tumor
invasion, metastasis, and angiogenesis [404, 405]. Whether TGF-� inhibits or
promotes malignancy may depend on the stage of the malignant process. Early
during the development of a tumor, TGF-� is likely a tumor suppressor, inhibiting
cell proliferation by inducing cell cycle arrest [406] as well as possibly augmenting
T cell responses through inhibition of IL-6 [407]. Tumor cells likely develop resis-
tance to the anti-proliferative effects of TGF-� by acquiring defects in the TGF-�
signaling pathway, including receptor down-regulation [408–410], and mutations
in the receptors [411–415] or signaling pathways [409, 416–418]. Elevated serum
levels of TGF-� have been associated with increased tumor aggressiveness and
poorer prognosis [419–422]. Serum levels, however, have not been found to
correlate with tumor burden or predict treatment responses in head and neck
cancer [423].

Applications for tumor immunotherapy

Several strategies are under investigation to target TGF-�, including the use of
antibodies, soluble receptors, TGF-�-associated binding proteins, antisense oligonu-
cleotides and TGF-�-insensitive T cells. Some of these approaches have progressed
to clinical trials.

Neutralizing antibodies to TGF-� have had promising results in murine models
of melanoma [424], fibrosarcoma [425], and breast cancer [426]. In vitro studies
suggest that neutralizing antibodies may enhance the efficacy of chemotherapy
agents such as cisplatin [427]. Combining antibodies with other modalities of
immunotherapy such as IL-2 may have enhanced effects [424, 425, 428]. Finally,
inducing autologous antibodies against TGF-� by using plasmid DNA encoding
xenogeneic TGF-� resulted in enhanced efficacy of a plasmid DNA melanoma
vaccine in mice [429].

Similarly, preclinical studies using soluble type II TGF-� receptor (T�RII) to bind
TGF-� have had promising results in murine models of malignant mesothelioma
[430], pancreatic cancer [431, 432], melanoma [433], breast cancer [433, 434], and
thymoma [435].

The use of latency-associated peptide, which binds TGF-� in an inactive form,
resulted in decreased tumor size in a murine model of prostate cancer [436]. Decorin,
a small TGF-�-binding proteoglycan, also has inhibitory effects on TGF-�. Tumor
cells overexpressing decorin have decreased growth in murine models of glioma
[437–439] and ovarian cancer [440].

The use of anti-TGF-� antisense oligonucleotides has been shown to be effective
in studies in tumors expressing antisense targeting TGF-�1 [441–443], or whole-cell



92 SAENGER ET AL.

vaccines expressing anti-TGF-�2 antisense were used [444]. In addition, intra-
tumoral administration of antisense targeting TGF-�2 was shown to be beneficial
in a murine model of malignant mesothiolioma [445] and antisense TGF-�2 given
intrathecally and intraparenchymally for brain tumors has been reported in mice,
rabbits, and primates [446].

Adoptive transfer of tumor-reactive TGF-�-insensitive CD8+ T cells has been
investigated in murine models of melanoma and prostate cancer. Transplantation
of bone marrow expressing a dominant-negative TGF-� type II receptor lead to
the generation of mature leukocytes capable of in vivo tumor rejection [447]. In
another study by the same group, CD8+ T cells infected with a retrovirus containing
the dominant-negative TGF-� type II receptor after in vivo priming were able to
prevent tumor growth in a metastatic prostate cancer model [448]. Transgenic mice
with TGF-�-insensitive T cells have also been found to be protected in models of
malignant melanoma and thymoma [449].

Clinical trials

To date, the majority of studies targeting TGF-� have been carried out in
patients with autoimmune diseases. Despite promising results of a human
monoclonal antibody against TGF-�2 (CAT-152, lerdelimumab, Cambridge
Antibody Technology, Cambridge, UK) in phase I/II testing in the treatment of
scarring due to glaucoma filtration surgery [450], phase III studies were incon-
clusive and development has been halted. Similarly, a human monoclonal antibody
against TGF-�1 (CAT 192, metelimumab, Cambridge Antibody Technology) has
not gone beyond phase I testing in patients with scleroderma. A pan-specific human
monocolonal antibody against TGF-� (GC-1008) is currently being developed by
the same company. Some of these approaches may eventually merit further investi-
gation in patients with cancer. Furthermore, studies with an anti-TGF-�2 antisense
oligonucleotide are currently ongoing in patients with high-grade glioma, pancreatic
cancer and melanoma [451].

Interleukin 10 (IL-10)

Biology

IL-10 is generally thought to be an immunosuppressive cytokine, although in certain
settings it can have stimulatory effects (Table 5). IL-10 is a homodimeric 17-20
kDa glycoprotein, with an alpha-helical tertiary structure [104]. The IL-10 receptor
is a member of the IFN receptor family, and has two subunits [104]. The IL-10
receptor-� subunit is primarily expressed on immune cells, with the highest density
on monocytes and macrophages, while the � subunit is found ubiquitously [452].
IL-10 is produced be many different components of the immune system, including
T cells, B cells, monocytes, dendritic cells, and NK cells [453, 454].

IL-10 stimulates macrophage phagocytosis and NK cytotoxicity [455,456], while
suppressing inflammatory cytokines [8, 457], antigen-presentation [458–464], and
T cell responses [458,465]. IL-10 can act as a growth factor for malignant B cells,
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including myeloma [466] and B cell lymphomas [467, 468]. Finally, animal data
suggest that one of the mechanisms of anti-CTLA-4 antibodies may be through a
decrease in IL-10 secretion [38]. While the effects of anti-CTLA-4 and anti-IL-10
antibodies were similar, no additive effect was noted when the two were combined.

Tumors have been shown to produce IL-10, including non-small cell lung cancer
[469, 470], melanoma [464, 471], glioma [472], leukemia [473], and lymphoma
[474, 475]. Furthermore, increased IL-10 production has been observed in tumor-
infiltrating lymphocytes from patients with non-small cell lung cancer [476] and
peritoneal monocytes from patients with malignant ascites secondary to metastatic
ovarian cancer. Elevated IL-10 serum levels represent a poor prognostic factor in
NHL [477], CLL [478], Hodgkin’s disease [479, 480], cutaneous T-cell lymphoma
[481], and some solid tumors [482–486]. Finally, susceptibility to certain malig-
nancies may be predicted by IL-10 promoter polymorphisms [487–489]. These
findings suggest that IL-10 may be an important mediator of the ability of tumors
to escape immune surveillance. It should be noted, however, that in some instances
IL-10 may have a role as a tumor suppressor. Possible mechanisms include
inhibiting angiogenesis [490], and preventing tumor metastasis by stimulating NK
cell activity [491].

Applications for tumor immunotherapy

Similar to TGF-�, several strategies are being investigated to inhibit IL-10 activity
[452, 492]. These include antibodies to IL-10 or its receptor, antisense oligonu-
cleotides, and small interference RNA.

In vitro studies of anti-IL-10 antibodies have shown enhanced monocyte function
[493], as well as an increase in sensitivity to chemotherapy in thyroid cancer cells
[494], and enhanced sensitivity to rituximab of non-Hodgkin’s lymphoma [495,496].
Studies in mouse melanoma models have shown that tumors overexpressing IL-
10 were more aggressive, had decreased infiltration by macrophages and that the
effects of IL-10 were prevented by treatment with anti-IL-10 antibodies [497].
Similarly, transgenic mice over-expressing IL-10 did poorly when challenged with
immunogenic tumors, while anti-IL-10 antibodies restored the anti-tumor response
[498]. Regulatory T cells appear to be stimulated by melanoma cells via IL-10, a
process which can be blocked by anti-IL-10 antibodies [499]. Anti-IL-10 antibodies
were also effective in a murine model of plasmocytoma [38]. In contrast, other
studies have shown that anti-IL-10 antibodies could enhance tumor growth in
plasmocytoma models, possibly due to a decrease in cytotoxic T cell responses
[500]. It is possible that some of these diverging results may be due to the timing
of anti-IL-10 antibody administration and this may have bearing on the design of
clinical trials.

Another approach under investigation has targeted the IL-10 receptor. The in
vitro inhibition of T cell proliferation by IL-10-secreting monocytes has been found
to be reversible by anti-IL-10 receptor antibodies [501].

Finally, the use of anti-IL-10 antisense and small interference RNA has demon-
strated enhanced immune responses through IL-10 blockade. In mouse models
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of plasmocytoma, whole-cell tumor vaccines were found to be more effective
when given with an IL-10 antisense retrovirus [502] or IL-10-specific antisense
oligodeoxynucleotides [503]. Similarly, transfection of dendritic cells with small
interference RNA resulted in decreased IL-10 expression and augmented Th1
responses [504]. The latter results are consistent with the fact that dendritic cells
engineered to be deficient in IL-10 were shown to be potent antigen-presenting
cells with a high Th1-activating capacity [505].

Clinical trials

Trials in humans using IL-10 antagonists are in the early stages. One study using
a murine anti-IL-10 monoclonal antibody in patients with systemic lupus erythe-
matosus, in which IL-10 contributes to pathogenesis, demonstrated safety and
potential benefit [506].

Interleukin 13 (IL-13)

Biology

Interleukin-13 is an important regulatory cytokine that can stimulate immune
responses against certain infections and promote anti-tumor activity, while also
being involved in the down-regulation of immune surveillance, allowing tumors to
escape immune responses (Table 5, recently reviewed in [507, 508]).

The gene for IL-13 is located on chromosome 5q31, close to the gene for
IL-4, with which it has roughly 30% homology and shares receptor components
[509]. There are two IL-13 receptors. The main IL-13 receptor is composed of
two subunits, IL-4R� and IL-13R�1 [510–512]. A second receptor, IL-13R�2, is
thought to serve to inactivate IL-13 and down-regulate IL-13 activity [513, 514].
IL-13 is produced by a variety of immune cells, including T cells, B cells, mast
cells, basophils, NK cells, and dendritic cells [507]. Like IL-4, IL-13 plays a role
in inducing IgE class-switching in B cells [515] and inhibits inflammatory cytokine
production [516]. IL-13 is also an important player in resistance to both nematodes
and intracellular parasites, and also plays a role in inflammatory lung diseases,
tissue modeling, and fibrosis [508].

NKT cells have been implicated as a major source of IL-13. NKT cells from
tumor-bearing mice produce more IL-13 compared to cells from control mice
[517], and NKT cell-deficient CD1d knockout mice have lower levels of IL-13
production and exhibit high tumor resistance [518]. IL-13 produced by NKT cells
has been shown to suppress cytotoxic T-lymphocyte rejection of tumors [518]. IL-13
stimulates CD11b+GR-1+ myeloid cells to produce TGF-�, which then suppresses
cytotoxic T-cell activity [519].

Applications for tumor immunotherapy

A variety of tumor types express the IL-13 receptor, including lymphoma, renal
cell carcinoma, glioblastoma, head and neck cancer, hepatoma, pancreatic cancer,
breast cancer, prostate cancer, and colon cancer [507]. In Hodgkin’s lymphoma,
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IL-13 acts as an autocrine growth factor for the Reed-Sternberg cells, making it
a potential target for therapy [520]. In contrast, IL-13 has been found to inhibit
proliferation of a variety of tumor cell lines including breast, renal cell and B-cell
lymphoblastic leukemias [508]. Furthermore, tumors engineered to secrete IL-13 or
overexpress IL-13Ra2 have been found to be less aggressive [521, 522].

The inhibitory effects of IL-13 on tumor immune surveillance have been attributed
to its ability to promote a Th2 rather than a Th1 response. Murine knockout models
targeting the IL-13 pathway, including Stat6-/- [518,523,524] and IL-4R�-/- [518]
show increased tumor rejection rates. Similar results were obtained when wild-type
mice were given an IL-13 inhibitor, soluble IL-13R�2-Fc [507, 518].

Clinical trials

Because many tumor cell types express IL-13 receptors, researchers have tried to
exploit this using human IL-13 conjugated to a genetically engineered Pseudomonas
exotoxin molecule (IL13-PE38QQR, cintredekin besudotox, NeoPharm Inc, Lake
Forest, IL). This compound is currently undergoing phase III testing for adult
gliomas and was recently reviewed [525].

CONCLUSION

The past two decades have been marked by a growing understanding of the co-
stimulatory pathways and cytokines that are critical to the generation of an effective
immune response. Our current understanding is that interacting immunomodulatory
molecules expressed on a wide array of tissues may exert both stimulatory and
inhibitory functions depending on the immunologic context. In addition, cytokines
and chemokines may further influence the development and regulation of immune
responses. The discovery of these important pathways has lead to an explosion in the
field of therapeutic approaches that may be of benefit to patients with autoimmune
diseases or cancer. A number of these molecules are currently being targeted in
early stage-clinical trials and some have progressed to phase III studies or are
currently in clinical use.

Given the complexity of the generation and regulation of anti-tumor immunity,
it is likely that successful therapeutic approaches will ultimately require combining
different immunotherapies [526], including vaccines, cytokines and antibodies that
enhance immune responses or down-regulate mechanisms of immunosuppression.
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Abbreviations: APM, antigen processing machinery; �2-m, �2-microglobulin; BIP, immunoglobulin
binding protein; CTL, cytotoxic T lymphocyte(s); DC, dendritic cell; EC, endothelial
cell(s); ER, endoplasmic reticulum; HC, heavy chain; HLA, human leukocyte antigen;
HNSCC, head and neck squamous cell carcinoma; HPV, human papilloma virus; IFN,
interferon; LMP, low molecular mass polypeptides; mAb, monoclonal antibody(ies),
MHC, major histocompatibility complex; MIC, MHC class I-related molecules; sMIC,
soluble MIC; NK, natural killer cell(s); SNPs, single nucleotide polymorphisms; TAM,
tumor-associated macrophage; TAP, transporter associated with antigen processing;
TCR, T cell receptor; TIL, tumor infiltrating lymphocyte(s); TNF, tumor necrosis factor;
Tregs , regulatory T cell(s)

INTRODUCTION

Compelling evidence indicates that patients with malignant disease may sponta-
neously mount an immune response against antigens expressed by their own
tumors and that this immune response can be induced or enhanced by a variety
of immunization strategies. In contrast to the findings in animal model systems
[1], tumor antigen (TA)-specific immune responses are in general not paralleled
by clinical responses [2]. These disappointing results have stimulated interest in
defining the mechanisms by which tumor cells evade recognition and destruction
by the host’s immune system. Multiple strategies have been found to be utilized
by tumor cells to escape immune surveillance. They include abnormalities in the
TA-specific immune response, in the ability of immune cells to migrate and infil-
trate into tumor lesions, in the expression and/or function of molecules crucial for
recognition by immune cells, in the effector functions of immune cells and in the
susceptibility of tumor cells to cell death (Figure 1). In this review we focus on the
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Figure 1. Mechanisms utilized by tumor cells to escape T cell responses

frequency, the molecular mechanisms, functional role and clinical significance of
changes in the expression of classical and non-classical HLA class I antigens and
MHC class I-related molecules (MIC) by malignant cells.

Characteristics of Classical and Non-classical HLA Class I and MIC
Antigens

The superfamily of major histocompatibility complex (MHC) class I antigens can
be divided into three subgroups based on their polymorphism, structure, expression
and function: (i) the classical HLA class I antigens, (ii) the non-classical HLA
class I antigens and (iii) the MHC related antigens MIC (Table 1). The classical
HLA class Ia antigens HLA-A, -B and –C are highly polymorphic molecules.
This polymorphism represents the structural basis for the presentation of a wide
array of peptide antigens to the cellular immune system. HLA class Ia antigens
are heterodimers consisting of a 45 kDa glycosylated polymorphic polypeptide,
named heavy chain (HC), non-covalently associated with a 12 kDa monomorphic
peptide, named �2-microglobulin (�2-m). HLA-A, -B, C antigens are loaded with
peptides in their groove by the peptide transporter associated with antigen processing
(TAP). Their proper assembly with peptides is required for their stable cell surface
expression.

Like the classical HLA class Ia antigens, the non-classical HLA class Ib molecules
HLA-E, -F, -G, are composed of a polymorphic HC non-covalently associated with
�2-m and are loaded with peptides translocated by TAP [3,4]. However, they differ
from classical HLA class Ia antigens in their extent of polymorphism. HLA-E, -F,
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Table 1. Characteristics of classical and non-classical HLA class I antigens and the MHC-related antigens
MIC

molecule association
with �2m

TAP

presentation
of peptides

expression
pattern

recognized
by NK cells

recognized
by T cells

HLA-A, -B, -C + + + broad − +
HLA-E + + + epithelial tissues + +
HLA-F + + + placenta ? ?
HLA-G + + + different tissues ++ +
MIC − − − epithelial cells, + −

stress-induced

-G antigens are characterized by low levels of allelic polymorphism, which may
reflect their respective specialized functions, truncated cytoplasmic/transmembrane
domains and/or multiple alternative splicing patterns [5–8]. The MHC class I-
related molecules (MICs) are highly glycosylated membrane-anchored MHC class
I like molecules that are induced by stress [9–11]. The MIC proteins share some
features with classical HLA class I molecules such as chromosomal localization
and high polymorphism. At variance with HLA class Ia and Ib molecules they are
not associated with �2-m, do not bind peptides and are therefore not involved in
antigen presentation [10].

HLA-A, -B, -C antigens have a broad distribution in normal tissues as they
are constitutively expressed on all adult tissues, except erythrocytes, brain cortex,
cerebellum, sympathetic ganglia, hypophysis, parathyroid gland, thyroid, exocrine
pancreas, hepatocytes, sperms, seminiferous tubules, skeletal muscles and smooth
muscles [12]. Their expression can be induced by IFN�. In comparison, HLA -E,
–F, -G antigens exhibit a selective cell surface expression and tissue distribution
[13]. HLA-G antigens are transcribed at a basal level without protein expression in
several cell types including cytotrophoblasts, epithelial cells and cornea [14–16].
Transcription of HLA-E antigens occurs in most fetal and adult tissues. The analysis
of the HLA-E antigen surface expression has been mainly hampered by the lack of
HLA-E-specific antibodies with the appropriate characteristics. The expression of
HLA-E and HLA-G antigens, like that of HLA-A, -B, -C antigens, can be enhanced
by interferon (IFN)-�. Furthermore, HLA-E HC competes with HLA class Ia HC for
�2-m suggesting that the presence or absence of HLA class Ia HC regulates HLA-
E antigen expression [3]. HLA-F protein is intracellularly expressed in a number
of tissues including liver, bladder and skin, whereas its cell surface expression is
mainly confined to B cells, tonsils, thymus and fetal liver [17]. Like MHC class
Ib molecules MIC proteins have a restricted tissue distribution. MICA (MHC class
I-related sequence A) is constitutively expressed only by intestinal epithelial cells
[18]. However, its expression can be upregulated by heat shock in many cells of
epithelial origin [19].

Like classical HLA class Ia antigens, non-classical HLA class Ib antigens as
well as MIC antigens have specialized functions with regard to the regulation
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of immune responses. While HLA-A and -B antigens are recognized by CD8+

cytotoxic T lymphocytes (CTL), HLA-C antigens interact with KIR’s on NK cells
and HLA-E and -G molecules modulate both CTL and/or NK cell function. Recent
studies in mice demonstrate that MHC class Ib antigens can also serve as restricting
elements for TA-specific CTL and mediate protective immune responses [20].
HLA-G antigens inhibit NK cell cytotoxicity by binding to the three NK cell
inhibitory receptors ILT2, ILT4 and KIR2DL4, whereas HLA-E antigens bind to
the NK inhibitory receptors CD94/NKG2A expressed on the cell surface of NK
and T cells [21–24]. MICA/-B antigens are ligands of the C-type lectin stimulatory
immune receptor NKG2D which is expressed by human NK cells and by both
�/� and �/� T cells [25–27]. The NKG2D-mediated immune activation can be
triggered by its ligands and overcomes the inhibitory signal mediated by MHC
class I antigen binding to inhibitory NK cell receptors of NK cells [28, 29]. Thus,
cells expressing MIC antigens on the cell surface are susceptible to NK and T cell
mediated immunity.

The MHC Class I Antigen Processing and Presentation Pathway

Recognition of tumor cells by HLA class I antigen-restricted, TA-specific CTL is
mediated by complexes resulting from the loading of �2-m-associated HLA class
I HC with TA derived peptides. The generation and transport of these complexes
to the cell membrane depends on interactions among components of the antigen
processing machinery which has been extensively characterized in recent years [30]
(Figure 2). Proteasomes generate antigenic peptides from mainly, but not exclusively
endogenous proteins. Extracellular proteins are either taken up by phagocytosis
or endocytosis and are released from phagosomes or endosomes into the cytosol,
where they enter the classical MHC class I antigen processing pathway allowing
their presentation by MHC class I antigens [31]. The constitutive proteasome
complex is composed of 28 subunits arranged in four stacked seven-membered
rings; the outer two rings contain the non-catalytic �-subunits, whereas the inner
rings contain the �-subunits. Three of the constitutive �-subunits Delta (Y), MB1
(X) and Zeta (Z) have catalytic activity and are replaced upon exposure to IFN� by
the low molecular mass polypeptides (LMP)2, LMP7 and LMP10. The immuno-
proteasome generates a distinct set of antigenic peptides with increased affinity
to MHC class I antigens [32]. Thus, the CTL response against cells expressing
constitutive and IFN-� inducible proteasomes may differ. The proteasome mainly
trims peptides at the C-terminus, whereas cytosolic or ER-resident aminopeptidases
trim peptides at their N-terminus [33,34]. The heterodimeric transporter-associated
with antigen processing (TAP) consisting of an 81 and a 76 kDa subunit, named
TAP1 and TAP2, respectively, translocates peptides from the cytosol into the
ER., where they are loaded onto �2-m-associated HLA class I HC. Folding and
loading of peptides requires the interplay of various ER-resident chaperones such
as calnexin, calreticulin, immunoglobulin-binding protein (BiP), oxidoreductase
ERp57 and tapasin. The newly synthesized HLA class I HC is cotranslationally
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Figure 2. HLA class I antigen processing and presentation pathway

inserted into the ER membrane. Calnexin and BiP transiently interact with the HLA
class I HC and promote the folding and assembly with �2-m. Calnexin is replaced
by calreticulin after the heterodimer formation of HC and �2-m [35]. Together
with TAP, ERp57 and tapasin the HC/�2-m dimer forms the multimeric peptide
loading complex. Thus, HLA class I antigen maturation involves interactions with
classical chaperones, although most of these proteins have been studied so far only
to a limited extent. Upon peptide binding the trimeric HLA class I �2-m/peptide
complex is released and transported via the trans-Golgi to the cell surface. CTL
monitor the HLA class I antigens via the T cell receptor (TCR) in combination with
the CD8 coreceptor. Cells presenting peptides derived from endogenous abnormal
proteins, defective ribosomal products, proteins retrotranslocated to the cytosol from
the ER and exogenous, internalized proteins can be recognized and eliminated by
CD8+ CTL [30].

Frequency of HLA Class I Antigen Downregulation
or Loss in Malignant Tumors

Defects in HLA class I antigen expression have been found in all solid tumors
analyzed, although with a different frequency. Flow cytometry and immunohis-
tochemical techniques have been employed to analyze tumor cells isolated from
surgically removed malignant lesions and surgically removed tumor sections. The
probes utilized include monoclonal antibodies (mAb) recognizing monomorphic,
locus- or allele-specific epitopes of HLA class I antigens [36,37]. Most of the mAb
which are suitable for immunohistochemical staining recognize antigenic determi-
nants which are not detectable in formalin-fixed, paraffin-embedded tissue sections.
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For this reason for many years frozen tumor sections have been used as substrates
in immunohistochemical assays. During the last years a few mAb which detect
the subunits of HLA class I antigens in formalin-fixed, paraffin-embedded tissue
sections have been identified and this tissue substrate has been used with increased
frequency in immunohistochemical reactions. Their use has facilitated retrospective
studies to assess the clinical significance of HLA class I antigen abnormalities in
malignant lesions and pathologists’ participation in these studies.

Abnormalities in HLA class I antigen surface expression range from total loss or
downregulation to HLA haplotype loss, and from downregulation of the HLA-A,
-B and/or -C gene products to loss or downregulation of a single HLA class I
allele. In addition, combinations of different HLA class I antigen abnormalities are
often found in malignant lesions. The frequency of HLA class I antigen defects as
well as the type of HLA class I antigen abnormalities markedly vary among the
different types of solid tumors analyzed. In particular, the frequency of HLA class
I antigen abnormalities ranges between 50 and 87 % in neuroblastoma, head and
neck squamous cell carcinoma (HNSCC), breast, colorectal, prostate, cervical, and
ovarian carcinoma lesions, but is markedly lower in melanoma lesions. In addition,
HLA class I changes have been only rarely described in hematological malignancies
[38–40]. These differences are likely to reflect the extent of tumor cell genetic
instability and immunoselective pressure applied to tumor cell populations as well
as the time between development of tumors and diagnosis [41–43].

Molecular Mechanisms Underlying HLA Class I Antigen
Downregulation or Loss by Malignant Cells

Multiple mechanisms have been shown to underlie HLA class I antigen abnormal-
ities in malignant cells. Their molecular characterization has greatly benefited from
the analysis of cell lines with defects in HLA class I antigen expression and/or
function. They include structural alterations of the genes involved in HLA class I
molecule expression, changes in their methylation pattern and/or dysregulation of
HLA class I antigen processing machinery components at the transcriptional and/or
posttranscriptional level (Table 2) [44]. Their frequency significantly differs among
the tumor types analyzed.

Total HLA class I antigen loss is generally caused by lack of functional �2-m
expression which is required for the transport of HLA class I heavy chain and its

Table 2. Molecular mechanisms underlying HLA class I antigen abnormalities

phenotype molecular mechanisms
total loss �2-m mutation, deletion, rearrangement
total downregulation downregulation or mutation of APM components
locus- and allele-specific downregulation mutation in HLA loci/alleles, inhibition of transcription
APM downregulation methylationtranscriptional/posttranscriptional regulation
single APM component loss mutations in TAP1 and TAP2
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expression on the cell membrane. In the majority of the characterized cell lines
and surgically removed tumors lack of functional �2-m expression is caused by
structural abnormalities in one �2-m gene in combination with loss of the other
copy, i.e. loss of heterozygosity. Whether the mutation in one �2-m gene or the
loss of a wild type �2-m allele occurs first remains to be determined. Whatever the
sequence of events, mutations in �2-m genes range from large to single nucleotide
deletions, which in most cases inhibit the translation of mRNA, but do not affect
the transcription of �2-m gene [45]. In spite of the random distribution of mutations
in �2-m a mutation hot spot has been suggested to be located in the CT repeat
region in exon 1 within codons 13-15 of the �2-m gene. It is of interest that this
mutation appears to occur preferentially when a strong T cell-mediated selective
pressure is applied to tumor cell populations. Thus, this mutation has been found in
melanoma cell lines isolated from patients treated with T cell-based immunotherapy
[46] and in colon carcinoma lesions displaying a high level microsatellite insta-
bility (MSI) phenotype [47, 48]. The high frequency of �2-m mutations in MSI
colon carcinoma lesions suggests that �2-m is a target gene during MSI-associated
carcinogenesis. The latter lesions are characterized by a large number of infiltrating
lymphocytes most likely as a result of the cellular immune response triggered
by truncated proteins with a carboxy-terminal frameshift peptide expressed by
these tumors. Beside melanoma and colon carcinoma cells, �2-m defects have
been described in a lung carcinoma cell line [49]. However they have never been
described in other tumor types such HNSCC and renal cell carcinoma (RCC)
[45, 50–53].

Total HLA class I antigen downregulation is generally caused by antigen
processing machinery (APM) dysfunction which results in defective peptide loading
of �2-m-associated HLA class I HC and instability of �2-m/HLA class I HC complex
on cell surface. The defects which are most frequently responsible for this phenotype
are downregulation or loss of one or both TAP subunits and/or tapasin. Due to the
potential therapeutic implications of this finding it is noteworthy that these defects
can be corrected by cytokines, in particular by IFN�, in the majority of cases. The
frequency and extent of APM component downregulation or loss differ among the
tumor types analyzed. In addition to abnormalities in a single APM component
multiple combined defects in APM components within a tumor cell population have
been found in different tumor types resulting in a coordinated APM component
downregulation. A concordant LMP2, LMP7 and LMP10 downregulation has often
been found in combination with defects in TAP and/or tapasin expression suggesting
that a key regulator mediates these defects [45,53–55]. It has recently been demon-
strated that the promyelocytic leukemia (PML) nuclear bodies might be associated
in colorectal tumors with a total MHC class I antigen loss and LMP 7 downreg-
ulation [56]. Furthermore, neuroblastoma cells demonstrate impaired LMP2, TAP,
HLA class I HC and �2-m expression in comparison to normal adrenal medulla
cells [54]. In melanoma, downregulation of LMPs, TAP, HLA class I and �2-m as
well as calnexin and calreticulin has been described [46, 57]. On the other hand,
in RCC cells immunoproteasome subunits and TAP mRNA and protein levels are
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downregulated, but HLA class I HC and �2-m expression levels are comparable
to those in normal kidney epithelium [53]. Similar results have been obtained in
primary ovarian carcinoma lesions [58].

Mutations in the TAP1 and/or TAP2 subunit have been described in a small cell
lung carcinoma cell line [49], in MSI colon carcinoma lesions [43], in cervical
carcinoma lesions [59] and in a melanoma cell line [57,60]. So far, structural defects
in other APM components have not been described in tumors.

Haplotype, locus-specific or allelic losses of HLA-A and –B antigens which
result in lack or downregulation of HLA class I antigen surface expression have
been identified in different tumor types. Scanty information is only available for
HLA-C antigen expression in tumors and the paucity of this information reflects, at
least in part, the limited availability of antibodies with the appropriate specificity.
The tumors with HLA-A and -B antigen defects include HNSCC, gastric carcinoma,
colon carcinoma, cervical carcinoma and melanoma [45, 61, 62]. The molecular
mechanisms causing these phenotypes have not been defined in detail. In cervical
carcinoma, the HPV E5 protein has been shown to be responsible for HLA-A
and –B antigen downregulation without detectable effects on HLA-C and HLA-
E antigen expression [63]. The aberrant HLA-A and –B antigen expression has
been associated with the integration of high risk human papilloma virus [62].
These data further suggest that a selective E5-mediated downregulation might be
responsible for the lack of immune clearance of HPV-infected cells by CTL and
NK cells.

Epigenetic modifications are involved in gene silencing and play an important
role in tumor development. Thus, one molecular mechanism underlying the differ-
ential HLA class I antigen and APM component expression in vitro and in vivo
can be epigenetic repression. Indeed, an aberrant methylation pattern of the HLA
class I HC and �2-m has been described in embryonal tissues and embryonal
carcinoma (EC) lesions [64] resulting in reduced or lack of MHC class I surface
expression. This could be overcome by IFN� and 2’,5’ azacytidine treatment.
Furthermore, hypermethylation of the tapasin promoter has recently been detected
in melanoma, RCC and colon carcinoma cell lines (Seliger et al. paper in prepa-
ration). The frequency of these epigenetic changes appears to be low and compa-
rable to that of �2-m mutations detected in melanoma and colon carcinoma cell
lines.

HLA Class I Antigen Abnormalities and Tumor Microenvironment

The microenvironment can influence the expression of components of the HLA
class I pathway due to the cytokines IFN� and IL-10 that affect the infiltration
of tumors with lymphocytes. A major obstacle to the in vivo development of TA-
specific protective T cell-mediated immune responses is the microenvironment.
Therefore adequate tools are needed to tune the best environment. Tumors including
breast, RCC, colon, prostate, and ovary carcinoma as well as melanoma often
exhibit inflammatory immune cell infiltrates which represent the host’s natural
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defensive activity against the tumor [65–71]. The majority of these tumor infiltrating
immune cells are tumor infiltrating lymphocytes (TIL), whereas infiltration with
NK cells is relatively limited [72]. HLA class I antigen loss is associated with
TIL, but not with NK cell infiltration [72]. A clear association exists between
the presence of intratumoral T cells, progression of disease and patients’ overall
survival. The frequency of T cell infiltration of tumors is heterogeneous indicating
an important role for cellular TA-specific immunity. CD4+ and CD8+ intratumoral
T cell infiltration has been found to be significantly correlated with MHC class I
antigen surface expression, but not with the expression of differentiation antigens,
TA and/or MHC class II molecules [71]. Although only described in a few cases,
colorectal cancer patients with MHC class I antigen loss develop less metastases
than tumors with MHC class I antigen expression suggesting that NK cells might
play an important role in the prevention and control of metastatic spread rather than
locally in the primary tumor [73].

An impaired T cell function has been observed in many tumors; it could be
associated with abnormalities either in HLA class I antigens and/or in T cells
[74]. These defects could be mediated by tumor cell-derived immunosuppressive
substances or molecules such as TGF-�, vascular endothetial growth factor (VEGF),
cellular FLICE inhibitory molecules (cFLIP) and gangliosides [75, 76]. Recent
reports suggest a recovery of T cell function during systemic chemotherapy in
patients with advanced ovarian carcinoma [77]. T cell function is not permanently
suppressed and successful chemotherapy is associated with improved antigen-
specific T cell reactivity. These data suggest that the determination of T cell
responses during chemotherapy may allow a better timing and optimization of T
cell-based immunotherapy [78].

Recently, it has been demonstrated that tumor progression beyond a minimal size
is critically dependent on the tumor stroma, which is represented by endothelial
cells (EC), fibroblasts, tumor-associated macrophages (TAM) and smooth muscle
cells [79]. Inhibition of stromal functions required for tumor growth might reduce
the incidence of tumor immune escape [80]. Therefore, tumor stroma represents
an important target during T cell-mediated tumor rejection [81]. Indeed, T cells
not only recognize TA on tumor cells, but also TAMs, EC and fibroblasts. In this
context, it is noteworthy that T cells can indirectly kill antigen loss variants as
bystanders because the tumor stroma is eliminated. The elimination of these antigen
loss variants coincided with the rapid T cell infiltration of tumors as well as the
rapid destruction of the tumor mass [82]. However, they escape bystander killing
when stroma cells lack the appropriate HLA class I antigen or when the amount of
antigen is too low for effective cross-presentation.

Clinical Significance of HLA Class I Antigen Abnormalities

Although there are conflicting views about the role of immunosurveillance in the
control of tumor growth [83,84], several lines of evidence suggest that HLA class I
antigen abnormalities have clinical significance. HLA class I antigen defects have
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a higher frequency in metastases than in primary malignant lesions. Furthermore
they are associated with a poor histological differentiation and genetic instability,
diminished clinical response to T cell-based immunotherapy and patients’ reduced
survival [85].

Impaired expression and function of LMP, TAP, tapasin and/or MHC class
I antigens may enhance tumorigenicity. Low APM component levels are often
associated with the histopathological characteristics of the lesions, metastatic
phenotype and/or clinical course of the disease. In some malignancies APM defects
are associated with patients’ reduced survival [58, 86–92]. It has been convinc-
ingly shown that proper APM component expression can limit the malignant
potential of tumors [93–95]. Restoration or enhancement of TAP expression in
murine and human tumor cells can reconstitute or enhance MHC class I antigen
surface expression, antigen presentation and susceptibility to TA-specific CTLs.
TAP overexpression significantly delayed tumor growth and increased survival of
tumor bearing mice [94,95]. This result was accompanied by a significant increase
of CD8+ and CD4+ T cells as well as CD11c+dendritic cells in malignant lesions.
These experimental data have significant implications for the design of T cell-
based immunotherapy of malignant diseases [96, 97] since the lack or insufficient
presentation of TA via MHC class I molecules results in impaired activation of
CTL. Tumors escaping destruction by HLA class I antigen-restricted TA-specific
CTLs, can be recognized by NK cells. Although to the best of our knowledge
there exists no statistical significance in HLA class I antigen downregulation in
non-small cell lung carcinoma, colon carcinoma and uveal melanoma might be
associated with a favorable prognosis and improved survival. These results raise
the possibility that NK cells may play a major role in the control of these tumor
entities [98–101].

Beside deficient expression of APM components due to distinct molecular mecha-
nisms genetic polymorphism of these components has been demonstrated to be
associated with some malignancies. Single nucleotide polymorphisms of LMP7 and
TAP2 are associated with the risk of the development of HPV-induced esophageal
carcinoma [102], whereas polymorphism of TAP1 and TAP2 has been correlated to
the risk of cervical cancer. A high frequency of LMP and TAP promoter polymor-
phism has been detected in RCC, but their role in this disease has not yet been
defined [103]. Thus, the biological function of LMP and/or TAP polymorphisms
described so far is not clear [104].

Frequency of Non-classical HLA Class Ib Antigen Expression in Tumors

While there is significant amount of information about the involvement of classical
MHC class Ia antigens in tumor immunity, little is known about the role of the
larger family of non-classical HLA class Ib antigens. HLA-G antigen upregulation
correlates with malignant transformation of cells [105]. In a neoplasm like gastric
cancer HLA-G antigens are not expressed [61], whereas in other tumor types HLA-
G antigens are heterogeneously expressed [106]. A constitutive HLA-G mRNA and
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Table 3. Frequency of HLA-G expression in malignant tumors

tumor type # of analyzed lesions frequency (%)

mRNA protein

basal cell carcinoma 38 n.d. 90
RCC 36 38 38
lung carcinoma 36 n.d. 33
non-Hodgkin lymphoma 50 n.d. 6
melanoma 79 n.d. 28
bladder carcinoma 42 28 16
glioblastoma 4 n.d. 75
spontaneous B cell lymphoma 10 100 70

n.d. not determined

protein expression has been found in biopsies and/or cell lines of glioma, breast
cancer, lung cancer, colorectal carcinoma, RCC, ovary carcinoma, lymphoma, basal
cell carcinoma and melanoma [107–115]; (Table 3). Interestingly, HLA-G antigens
appear to be most frequently expressed in aggressive tumors [116]. Furthermore,
radiotherapy and chemotherapy might cause HLA-G antigen downregulation on
tumor cells and/or tumor infiltrating cells. This change is correlated with improved
survival [115, 117].

Although HLA-E genes are transcribed in most cell lines, heterogeneous HLA-E
antigen surface expression has been detected on 23 % of tumor cell lines of different
origin. They include cervical carcinoma, osteosarcoma, leukaemia and melanoma
cell lines [118,119]; (Table 4). In addition, an inverse correlation between classical
HLA class I antigen and HLA-E antigen expression has been found [118], most
likely because of a competition of their HC for �2-m. It is noteworthy that HLA-F
antigen expression has not yet been analyzed in tumors.

Table 4. HLA-E antigen expression in tumor cell lines

tumor number of tumor cell lines analyzed frequencyof HLA-E expression

Burkitt lymphoma 4 0
histiocytic lymphoma 1 1
melanoma 7 3
colon carcinoma 3 0
lung carcinoma 3 0
pancreatic carcinoma 3 1
cervical carcinoma 4 1
leukaemia 3 3
breast carcinoma 2 0
prostate carcinoma 1 0
gastric carcinoma 1 0
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Molecular Mechanisms of Non-classical HLA Class Ib Antigen
Abnormalities

So far only scanty information is available regarding the molecular mechanisms
underlying abnormal HLA class Ib antigen expression in tumors. However, some
evidence suggests that different mechanisms regulate HLA class Ib and classical
HLA class Ia antigen expression. HLA-G antigen expression is mainly regulated
by epigenetic processes. HLA-G gene is silenced by hypermethylation and can
be reactivated upon treatment with the demethylating agent 5’aza-2’deoxycytidine.
Both HLA-G activation and enhancement of KIR gene expression may occur in the
course of treatment with demethylating agents suggesting that epigenetic therapy
might in some cases lead to tumor escape [120]. In addition, HLA-G expression
can be regulated at the level of mRNA splicing. A rapid switch from cell surface
HLA-G1 expression to intracellular HLA-G2 expression has been described in
melanoma cells; as a result NK cell-mediated sensitivity of tumor cells is restored.
These data suggest that modulation of HLA-G gene at the mRNA splicing level is
an efficient way to modulate HLA-G antigen-mediated in vivo escape of malignant
cells from immune recognition and destruction [121]. Furthermore, HLA-G antigen
expression can be upregulated by IFN-� and IFN-� treatment or by heat shock in
melanoma and/or RCC cell lines [110]. However our knowledge of the variables
which regulate HLA-G antigen expression in tumor cells is still limited and in vivo
factors modulating these antigens have to be still defined.

Functional Role of Non-classical HLA Class Ib Antigens in Tumors

HLA-G antigen expression in tumor cells has been hypothesized to play an important
role in evasion of tumor cells from CTL and NK cell-mediated lysis. In addition,
HLA-G antigen expression can be induced on macrophages and TIL. These TIL also
express ILT2 suggesting that the induction of KIR molecules and HLA-G antigens
on tumor infiltrating immune cells might represent a novel mechanism of tumor
escape [122]. HLA-G antigen bearing tumor cells inhibit immunocompetent cells
via their interaction with inhibitory receptors. Furthermore, the immune tolerant
properties of HLA-G antigens have been emphasized by their potential role in
resistance to interferon-based therapies [123–125]. Lastly soluble HLA-G (sHLA-
G) antigens can be shed by tumor cells and induce both apoptosis of CTL and
inhibition of NK cell-mediated lysis. It has been suggested that sHLA-G antigens
have a negative impact on the clinical course of some malignant diseases such as
melanoma [124, 126].

HLA-E antigen upregulation, like that of HLA-G antigens, may allow malignant
cells to evade NK cell immune surveillance [127]. However, appropriate HLA class
I alleles with leader sequence-derived peptides and HLA-E HC may not be sufficient
for HLA-E antigen surface expression on solid tumor cells, a finding which is at
variance with the results obtained with cell lines of hematological lineage [119]. Due
to the insufficient supply of leader peptides HLA-E antigen surface expression can
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be also reduced following viral or malignant cell transformation; this abnormality is
associated with altered susceptibility to NK cell-mediated lysis [128]. Furthermore,
aberrant HLA-E antigen expression might modulate NK cell responses by inhibiting
NK cell cytotoxicity due to its interaction with CD94/NKG2A.

Frequency and Clinical Significance of MHC Class I-related Molecules

Low levels of constitutive MIC expression have been found on epithelial cells [25].
MIC can be transcriptionally induced by stress in particular by heat shock on a
broad range of human epithelial tumors such as melanoma, breast, lung, colon,
hepatocellular and ovarian carcinoma as well as RCC, whereas it is not detected
in the corresponding normal tissues [18, 129, 130]. Furthermore, MIC expression
can be upregulated in hepatocellular carcinoma cells by retinoic acid treatment
[130]. Moreover during tumor cell proliferation and tumor volume increase MICA
expression can be downregulated, suggesting a clinical relevance of MIC abnor-
malities. MICA downregulation may result from release of soluble tumor cell-
derived MICA (sMIC;131, 132) Furthermore, a stage-dependent membrane-bound
MICA/-B expression was found on low grade uveal melanoma and prostate cancer
[133,134], but is lost during disease progression suggesting the selection of MICA-
negative tumor cells during metastases. In contrast, the high expression level of
MICA is an indicator of good prognosis in colorectal cancer patients [135].

Role of MIC in Immune Responses

It has been suggested that cell surface expression of MIC may be involved
in tumor immune surveillance [136]. MIC-expressing prostate cancer cells are
susceptible to NKG2D-mediated NK cell lysis [134]. Thus, MIC can serve as
a target for immunotherapy of this disease [137]. However, the MIC/NKG2D-
triggered immunity is often impaired in patients with various types of carcinoma
[18, 129, 130, 134]. This is due to the shedding of MIC from tumor cells causing
NKG2D downregulation on NK cells, tumor infiltrating lymphocytes and peripheral
blood T cells [131, 132, 138]. Indeed, a significant increase in serum sMIC levels
has been demonstrated in breast, lung, colon and ovarian carcinoma as well as in
melanoma [131, 132]. The systemic deficiency associated with sMICA modulates
the NKG2D-mediated immune surveillance resulting in severe impairment of the
responsiveness of TA-specific effector cells. Therefore it represents a major strategy
utilized by tumor cells to evade NK and T cell immune responses [139]. Strategies
to counteract surface MIC shedding from tumor cells which then sustain NKG2D-
mediated immune response might be useful for enhancing TA immunogenicity. This
can be achieved by blocking the metalloproteinases which leads to inhibition of
MICA release from tumor cells and its accumulation on the cell surface. In addition,
stimulation with cytokines such as IL-2 and IL-15 can also restore sMIC-impaired
NKG2D-mediated cytotoxic function in NK cells.
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CONCLUSIONS

During the last years the unexpected limited efficacy of immunotherapy has
rekindled tumor immunologists’ interest in the characterization of abnormalities in
the expression and function of classical and non-classical HLA class I antigens as
well as MIC antigens on tumor cells of distinct origin. Therefore in a short period
of time a tremendous amount of information has been collected on the frequency
of HLA class Ia and Ib and MIC antigen abnormalities, their underlying molecular
mechanisms, their clinical significance and their impact on immune cell-mediated
TA-specific immune responses [36, 45, 114, 140]. It has generally been accepted
that CD8+ T cells represent the main effector cells, whereas cytotoxicity mediated
by CD4+ T cells is an exception: CD4+ T cells are essential for the activation and
survival of CTLs [141]. CD8+ CTLs are mainly responsible for tumor elimination
which is dependent on different cytokines such as IFN-� and tumor necrosis factor
(TNF)-� [142]. However, in uveal melanoma, breast carcinoma and non-small cell
lung carcinoma HLA class I antigen downregulation is associated with improved
survival, raising the possibility that NK cells may play an important role in the
control of some tumor entities [73, 98, 100, 101]. It has been demonstrated that
both lack or downregulation of HLA class Ia antigens and upregulation of HLA-G
antigens result in escape of tumor cells from lysis by T cells and NK cells. Although
the selective upregulation of MICA on tumor cells can activate NK cell-mediated
tumor cell lysis, the inhibitory signal generated by HLA-G antigens overcomes the
activating signal delivered by MICA. In addition soluble MICA (sMICA) secreted
by tumor cells negatively interferes with the cytotoxic function of NK cells. These
results suggest that monitoring of HLA-A, -B, -C and HLA-G antigen expression
on tumor cells in combination with serum sMICA level in patients with malignant
diseases may provide useful information from a prognostic view point. It has to be
still taken into account that activation of other immune cells, like TAMs as well as
alterations in the activity of T suppressor cells, regulatory T cells (Tregs) and DC
play an important role in TA-specific immune responses.

These data argue that the pathologist’s evaluation of tumors has to include the
analysis of the expression of MHC class I antigens and of other molecules crucial for
interactions of tumor cells with host’s immune system. In addition, characterization
of the molecular mechanism(s) underlying the MHC class I antigen abnormalities
identified in malignant lesions will contribute to the rational design of approaches
to correct these defects. Correlation of these in vitro data with the clinical response
of patients treated with different types of immunotherapy will determine the clinical
significance of this strategy.
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There exist different immune escape strategies of tumors ranging from secretion of
immunosuppressive cytokines, fasL expression, lack of costimulatory molecules to
abnormalities in the expression of classical and non-classical HLA class I antigens.
This results in impaired T cell responses.
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INTRODUCTION

Tumors arise as a result of oncogenic transformation, and their progression involves
multiple genetic changes, which occur and accumulate in the progeny of the trans-
formed cell over many years [1]. A malignant phenotype established as a result
of this series of genetic changes is characterized by uncontrolled growth of trans-
formed cells and their progeny [1]. In parallel, a variety of alterations occur in
the surrounding normal tissues, leading to establishment of the tumor microen-
vironment. These alterations are necessary to accommodate tumor growth and to
assure survival of the tumor at the expense of surrounding normal tissue cells. Local
tissue response to tumor progression resembles the process of chronic inflammation.
Inflammation is a normal component of wound healing or tissue repair. Several
years ago, H. Dworak described tumors as wounds that do not heal [2]. Inflammatory
reaction is initiated by ischemia, which is followed by the interstitial and cellular
edema associated with an appearance in tissue of inflammatory cells, including
lymphocytes responsible for mediating an immune reaction and for tissue repair.
Finally, a network of blood capillaries and lymphatics necessary for feeding of the
repaired tissues is established [3,4]. These phases of inflammatory response progress
from an anerobic tissue environment (ischemia) to the development of oxidative
metabolism, which uses oxygen to produce energy in the form of ATP [5, 6].
Inflammation is a ubiquitous tissue response common to many normal conditions,
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including removal of pathogens, embryonic development or tissue re-structuring.
It also is a major component of many disease states. Inflammation associated
with tumor development is referred to as the “host reaction” to the tumor, and its
involvement in shaping the tumor microenvironment has been well recognized.

The tumor appears to be able to attract inflammatory cells early on, and the
presence of immune cells in pre-cancerous or benign lesions has been interpreted as
an attempt of the host immune system to interfere with tumor development [7–9].
“Immune surveillance” refers to the ability of the host to recognize a danger signal,
in this case an incipient tumor, and mount a response designed at its elimination.
This implies that the host’s immune system can survey, detect and destroy tumor
cells, thus preventing tumor progression. However, it appears that tumors progress
despite immune surveillance, and thus considerable skepticism has developed about
the role of the immune system in the control of tumor growth. Based on the notion
that the developing tumor is not a passive target of immune intervention but rather
an active participant, the current view is that tumors take advantage of the host
response in order to orchestrate their escape. As tumor cells sensitive to immune
effector mechanisms are eliminated, others that are resistant to immune intervention
expand and replace the sensitive targets. “Immune selection” of resistant tumor cells
is one way to assure that only the fittest (i.e., most resistant) tumor cells survive,
and to this end, the host immune system is used as a tool for selection, so that
it subserves the tumor and not the host. In addition, once selected for resistance,
tumor cells also become adept in using a variety of immunosuppressive mechanisms
to engineer an escape from the host-mediated anti-tumor effects, a process termed
“immune evasion.” As a result, the tumor either disables the host immune system or
manipulates it to create a local microenvironment favorable to tumor progression. To
this end, the host becomes a participant in the establishment and maintenance of the
tumor by providing structural and trophic elements required for cancer progression.
Lymphocytes, macrophages and dendritic cells (DC) infiltrating the tumor,
together with fibroblasts and extracellular matrix forming a scaffold supporting
its expansion, contribute to establishing an inflammatory milieu that nourishes
the tumor.

The objective of this chapter is to review the role of immune cells in the tumor-
host interactions. This topic has been highly controversial in the past, because
immune cells accumulating at tumor sites or those present in tumor-involved lymph
nodes (LN) may be activated to exercise anti-tumor responses or may be profoundly
suppressed by tumor-derived factors [10]. The capabilities of these immune cells
to eliminate tumor targets or to serve as a source of growth factors for the tumor
are likely to depend on the local milieu established by the tumor.

IMMUNE CELLS IN THE TUMOR MICROENVIRONMENT

Local or locoregional immune responses to malignant cells are mediated by tumor
infiltrating lymphocytes (TIL), which accumulate in many human solid tumors and
whose role in tumor progression remains controversial; lymphocytes present in
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tumor-involved LN; and lymphocytes in tumor-draining LN, which may or may
not contain tumor cells. It has been well documented in the literature that TIL
isolated from various human tumors are functionally compromised as compared to
normal circulating or tissue-infiltrating lymphocytes [11]. The same appears to be
true of lymphocytes obtained from tumor-involved LN [12]. On the other hand,
lymphocytes isolated from tumor-draining lymph nodes have often been found to
be able to mediate tumor antigen (TA)-specific responses and even to be enriched
in TA-specific effector cells [13]. The impression that emerges from cumulative
data is that immune cells in close proximity to tumors, especially large tumors,
are more dysfunctional than those located at a distance or in contact with few
tumor cells. Lymphocytes in tumor-draining LN interacting with TA may be able
to respond, provided tumor-derived inhibitory factors are not present. Circulating
lymphocytes in cancer patients may not be functionally impaired, although more
recent data indicate that the same functional impairments seen in TIL are found
in circulating as well as lymph node lymphocytes of patients with cancer [14].
Together, the available evidence suggests that in the presence of tumors, both
local and systemic anti-tumor immunity is compromised in patients with cancer,
although the extent of suppression as well as mechanisms engaged may vary. In
general, TA-specific as well as non-specific proliferative and cytolytic responses
are depressed, delayed-type hypersensitivity responses to recall antigens are weak
and those to TA are absent, especially in advanced disease, and the cytokine profile
is skewed from Th1 to Th2 [15]. However, this does not mean that patients with
cancer are immunodeficient. They do not usually present with frequent, severe or
opportunistic infections, and their responses to bacterial and viral antigens remain
unimpaired.

Mechanisms responsible for suppression of immune responses of lymphocytes
in the tumor environment are numerous, and selected examples are illustrated
in Figure 1. Human tumors are known to produce a broad variety of inhibitory
factors, including small molecules such as PGE2 or COX-2, enzymes such as
arginase or IDO, immunosuppressive cytokines (IL-10 and/or TGF-�), express
immunoinhibitory ligands, release FasL+ microvesicles (MV) and attract regulatory
T cells (Treg) to the tumor site [reviewed in 16 and 17].

The cellular composition of infiltrates in human tumors varies, depending on the
histologic tumor type and/or tumor stage. In contrast to rodents, human tumors are
rarely infiltrated by granulocytes, although eosinophils and basophils tend to be
enriched in some head and neck cancers (HNC) and renal cell carcinomas (RCC)
[18]. Mononuclear cells are the major component of TIL, although some TIL
and all LN-derived cells contain variable proportions of T cells, B cells, dendritic
cells (DC) and macrophages. The intensity of cellular infiltrates into tumors and
their phenotypic characteristics have been extensively investigated, because of the
possible prognostic and survival benefits of these features reported early on for
several human tumor types [19]. However, it has been acknowledged that functional
properties of infiltrating cells rather than their phenotypic characteristics determine
their importance as anti-tumor effector cells.
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Tumor-infiltrating T Cells

T cells (CD3+TCR+) are by far the largest component of mononuclear tumor infil-
trates in all human tumors [20], although some tumors may be also highly infiltrated
by macrophages [21]. The hypothesis that TIL-T cells represent antitumor-specific
cytolytic T cells (CTL) has been promoted; however, early limiting dilution studies
performed with TIL-T from various human tumor indicated that the frequency of
such CTL was low as compared to peripheral blood T lymphocytes (PBL-T) [22].
Nevertheless, evidence exists that V�-restricted clones of T cells are present in some
freshly isolated TIL, and that TIL can selectively recognize and kill autologous
tumor cells in some cases [23]. Using tetramers and multi-parameter flow cytometry,
it has recently been possible to determine the frequency of tumor-peptide-specific
(tetramer+) T cells among TIL with greater accuracy in various human tumors
[24]. We reported, for example, that TIL obtained from patients with HNC were
significantly enriched in wild type (wt) p53 epitope-specific T cells, as compared
to autologous peripheral blood mononuclear cells (PBMC) [24]. The frequency
of the tetramer+ TIL was highly variable and ranged from 1/800 to 1/5,000 of
CD3+CD8+ TIL, which recognized the wt p53264−272 peptide, compared to the
mean frequency of 1/6,000 such cells among autologous PBMC [24]. Furthermore,
our recent analysis of TcR V� restrictions in paired TIL and PBMC of patients with
HNC indicated the presence of the same V� restrictions in both cell populations.
These oligoclonal expansions of T cells were observed in paired TIL and PBMC of
all 10 patients with HNC and in 0/10 PBMC samples obtained from normal donors
[25]. This type of evidence is also available for melanoma [23,26], and it indicates
that TIL may be enriched in TA-specific T cells.

The phenotypic analysis of T cells in human tumors shows that TIL-T are memory
lymphocytes, expressing either CD8 or CD4 markers, although the CD4/CD8 ratio
may be highly variable from one tumor to another [11]. Enrichment of TIL in
CD8+ T cells has been reported, resulting in a low CD4/CD8 ratio relative to that
seen with nonmalignant inflammatory infiltrates, which consist largely of CD4+

T cells [27, 28]. In some studies, high tumor content of CD8+ T cells has been
linked to a better prognosis [29, 30], although this is not a consistent finding, as in
cervical cancer or RCC, enrichment of TIL in CD8+ T cells seems to be associated
with disease progression and a poor prognosis [31,32]. TIL-T freshly isolated from
human tumors generally express an activated phenotype, i.e., are HLA-DR+CD25+,
which is inconsistent with their functional properties. The TIL-T have significantly
depressed proliferative and anti-tumor functions in comparison with normal T cells,
as measured in conventional ex vivo assays. Further, TIL obtained from advanced
or metastatic lesions are more functionally impaired than those from early lesions,
suggesting that large or more aggressive tumors are more immunosuppressive. The
cytokine profile of TIL-T is also different from that of normal activated T cells,
as either no or little type 1 cytokines (IL-2, IFN-�) were produced by TIL-T and,
instead, these cells preferentially secreted down-regulatory cytokines, IL-10 and
TGF-� [33]. These functional characteristics of TIL-T do not correlate with the
phenotype of activated T lymphocytes [11].
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A hypothesis has been advanced that TIL-T may be enriched in CD4+CD25+

regulatory T cells. Recent reports confirmed the accumulation of regulatory
CD4+CD25bright T cells (Treg) at the tumor site in several human malignancies
[24,34,35]. This enrichment in Treg, could provide an explanation for the observed
discrepancy between the observed “activation” phenotype of TIL-T and their
functional impairments. Treg accumulating in the tumor microenvironment could
be responsible for down-regulation of TIL functions [17]. However, until very
recently, it was not possible to make a firm distinction between activated CD4+

T cells and Treg due to the lack of specific phenotypic markers for the Treg
population.

These cells were identified based on the ability to express message for the FOXp3
gene [36] or functionally, by the ability to suppress activity of other immune cells
in ex vivo mixing experiments [37]. We have observed a significant increase in
the proportion of CD4+CD25+ T cells in TIL isolated from HNC (a mean of 30%
in TIL vs. 11% in autologous PBMC; n = 17) [17]. When the newly available
antibodies to FOXp3, a transcription factor expressed in Treg [36], and antibodies
to glucocorticoid-induced TNF receptor (GITR) or to CTLA-4 antigen [38,39] were
used for staining and flow cytometry of permeabilized TIL obtained from patients
with HNC, we observed that nearly all CD4+CD25+ TIL were positive for these
markers. In contrast, only 1–2% of CD4+CD25+ T cells in PBMC were stained with
the antibodies recognizing Treg. These preliminary data indicate that tumors indeed
“beckon regulatory T cells” [17]. However, these results have to be confirmed by
functional studies demonstrating suppressive capabilities of CD4+CD25+ T cells
isolated from TIL and PBMC of patients with HNC, similar to those recently
performed by Curiel and colleagues with TIL obtained from tumor tissues and
ascites of patients with ovarian carcinoma [40]. A tentative conclusion that can be
drawn from the data available so far is that TIL-T are often, but not always, enriched
in CD8+ T cells, some of which may be TA-specific effector cells. Functional
paralysis of TIL might, in part, be attributed to suppressive effects mediated by
Treg accumulating in the tumor microenvironment. Very recent data suggest that
CD8+CD28− T cells may also represent a subset of Treg [41]. It is equally likely,
however, that other suppressive factors present in the tumor microenvironment
(Figure 1) could also contribute to functional defects in TIL-T.

Functional impairments observed with TIL-T could be also explained by sensi-
tivity of these cells to apoptosis. Significant in situ apoptosis of TIL-T cells was
observed in human solid tumors. In our studies, the numbers of TUNEL+CD3+ T
cells in the tumor was significantly correlated to FasL expression on the tumor cells
[14]. As human tumors are known to express a variety of inhibitory ligands (FasL,
PDL-1 or 2, TRAIL) and activated T cells express complementary receptors, it is not
surprising that TIL-T are especially sensitive to tumor-induced apoptosis. A model
of T-cell demise in the tumor microenvironment mediated by FasL expressed on the
tumor cell surface is shown in Figure 2. Flow cytometry studies with TIL-T freshly
isolated from human tumors confirm that a considerable percentage of these cells



150 WHITESIDE

INHIBITORY
RECEPTORS/LIGANDS

----

TUMOR

DC

Tc

Th

TregSOLUBLE
INHIBITORY

FACTORS
------

IL-10
TGF-?
IL-10

TGF-?

TA

Cytokines

MV

Figure 1. Inhibitory pathways operating in the tumor microenvironment. Immune cells infiltrating human
tumors encounter a variety of immunosuppressive factors (e.g., cytokines such as IL-10 or TGF-�;
enzymes such as IDO or arginase; gangliosides; small molecules such as PGE2) or microvesicles (MV)
released by the tumor. Regulatory T cells (Treg) accumulate at tumor sites and may down-regulate
functions of cytotoxic (Tc) or helper (Th) T cells. Tumors express a variety of inhibitory ligands (e.g.,
FasL, TRAIL, PDL-1 or -2), and receptors for these ligands are present on activated T cells. Tumor also
shed a profusion of tumor antigens, creating an antigen excess in the tumor microenvironment

are in various stages of apoptosis, as indicated by intracellular caspase activation,
mitochondrial membrane potential (MMP) changes, or Annexin V binding [42].

In situ studies of signaling molecules in TIL-T also confirm that TIL-T are
functionally impaired. Such studies show that expression of the T-cell receptor
(TcR)-associated � chain as well as that of NF-�B, the transcription factor regulating
expression of a number of immune and inflammatory genes, is significantly
decreased in TIL-T compared to expression in T cells obtained from the peripheral
circulation of normal donors [43,44]. This is particularly evident for TIL evaluated
in situ or isolated from advanced or metastatic lesions. In a study comprising over
130 cases of human oral squamous cell carcinomas (OSCC), expression of � in
TIL-T was found to be an independent and highly statistically significant biomarker
of prognosis and survival in patients with stage III and IV disease [45]. The patients
with tumors infiltrated by T cells with low or absent � expression had signifi-
cantly shorter 5-year survival compared to the patients with tumors infiltrated by T
cells with normal � expression [45]. Stimulus-dependent activation of NF-�B was
found to be impaired in TIL-T cells of patients with RCC. In some patients, the
primary defect was the failure of the transactivating complex RelA/NF-�B1 (p50)
to accumulate in the nucleus following T-cell activation due to impaired phospho-
rylation and degradation of the inhibitor I�B� [46, 47]. In other patients, NF-�B
activation was defective despite normal stimulus-dependent degradation of I�B�
[48]. In both situations, this defective state could be induced by exposure of normal
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Figure 2. The Fas/FasL pathway and tumor escape from immune surveillance. Tumor cells use this
pathway to execute “Fas counter attack.” 1. Tumor cells express FasL, while activated T cells (presumably
responsive to TA) express Fas, providing an opportunity for a direct interaction between the membrane-
anchored receptor and the ligand. 2. Tumor cells enzymatically cleave FasL from the surface membrane
and release sFasL. 3. Tumor also releases FasL-containing microvesicles (MV). 4. MV armed with FasL
induce Fas-mediated apoptosis of TIL. 5. Apoptosis of TIL is also a result of the direct interactions
between TIL and tumor cells. 6. TIL express Fas and can release sFas (as well as sFasL: not shown).
sFasL, whether it originates from tumor cells or TIL, does not effectively cross-link its membrane-bound
receptor, but it can bind sFas, forming soluble complexes. Tumor cells use the Fas/FasL pathway to
induce TIL apoptosis in situ

T cells to supernatants of RCC, and the soluble product responsible was identified
as an RCC-derived ganglioside [48]. Impaired NF-�B activity may contribute to
reduced T-cell function seen in TIL-T present in RCC, since this transcription factor
controls expression of a number of genes encoding cytokines, their receptors and
other membrane regulatory molecules essential for T-cell activation [49, 50]. It is
important to note that defects in function of the � chain and activation of NF-�B
are observed in TIL-T as well as circulating T cells of patients with cancer [51,52].
Thus, these signaling defects in T cells are both local and systemic and seem to be
related to the tumor burden.

The data obtained from many different laboratories are consistent in demon-
strating that the majority of TIL-T obtained from a variety of human solid tumors
are functionally incompetent, despite expression of the “activation” phenotype.
A reasonable explanation for this finding is that T lymphocytes accumulating
in the tumor microenvironment are exposed to a variety of inhibitory signals
generated either by the tumor or by activated Treg. It also appears that the degree
of tumor-associated inhibition and the loss of functions in TIL-T may relate
to tumor aggressiveness, as the most aggressive tumors are characterized by an
especially immunoinhibitory microenvironment. However, not all TIL-T are equally
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immunocompromised and tumors differ in the ability to inhibit T cells, the functional
potential of TIL rather than the number or phenotype of T cells infiltrating the
tumor may be the important factor for predicting patient survival.

Macrophages in the Tumor Microenevironment

Tumor-associated macrophages (TAM) are CD45+CD14+ cells which are
commonly found in human tumors. Macrophages are phagocytic and antigen-
presenting cells, which play an important role in the control of infections and in
anti-tumor immunity. In contrast to macrophages found in normal tissues, TAM
are re-programmed to inhibit lymphocyte functions through release of inhibitory
cytokines, prostaglandins or reactive oxygen species (ROS). It is hypothesized that
re-programming of normal macrophages into TAM occurs in the tumor microenvi-
ronment as a result of tumor-driven activation [53]. Possibly, macrophages are the
main contributors to removal of dying tumor cells, and rapidly proliferating tumors,
which are also characterized by high rates of apoptosis, are especially attractive to
these scavengers. For example, invasiveness of human tumors, e.g., primary colon
carcinomas, is directly related to the number of TAM detected in the tumor [53]. An
increased TAM count is an independent predictor of reduced relapse-free survival
as well as reduced overall survival in invasive breast cancer [54]. The available
data support the active role of TAM in promoting tumor progression, possibly
by interfering with anti-tumor functions of TIL. The mechanisms that contribute
to TAM-mediated inhibition of immune cells in the tumor milieu are likely to
be driven by the tumor. Much attention has been recently devoted to the role
of NADPH-dependent ROS, such as superoxide anion or hydrogen peroxide as
potential inhibitors of TIL [55,56]. T-cell proliferation and NK-mediated anti-tumor
cytotoxicity are profoundly inhibited by macrophage-derived ROS in vitro [56]. T
and NK cells isolated from human tumors have a decreased expression of CD3�
and Fc�RIII-associated �, respectively, and this down-modulation of �, a critical
signal-transducing molecule associated with TCR, can be induced by ROS produced
by TAM [57]. The changes observed in TIL: a loss of normal � expression accom-
panied by a decreased ability to proliferate and subsequent apoptotic cell death,
correspond to similar changes induced in T and NK cells co-cultured with activated
macrophages [56]. Removal of macrophages from these cultures restores T and NK
cell functions [56].

The overall conclusion from these studies of TAM is that tumors acquire the
ability to program infiltrating macrophages so that they primarily function as a
source of suppressive factors. These immunoinhibitory activities of TAM, whether
due to oxidative stress or to release of inhibitory cytokines, such as IL-10, contribute
to making the tumor microenvironment a particularly unfriendly milieu for immune
cells. In this, TAM appear to reinforce effects mediated by tumor cells, which also
produce ROS, PGE2 and a variety of immunoinhibitory cytokines [16]. In addition
to their suppressive activities, TAM were reported to be involved in angiogenesis
and progression of breast carcinomas [58].
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Dendritic Cells in Human Tumors

Dendritic cells (DC; Lin−CD80+CD86+HLA-DR+ cells) are the most potent antigen
presenting cells (APC). They are a heterogenous population of highly motile cells
that originate from the precursors in the bone marrow and migrate through the
blood stream to peripheral non-lymphoid tissues, capturing antigens [59]. They
then travel to the lymphoid tissues, where antigen presentation to T cells takes
place. DC comprise subpopulations of morphologically and functionally distinct
cells, defined by their hematopoietic origin, maturation stage or tissue localization
[60]. The two main subpopulations are myeloid-derived DC (DC1) and lymphoid-
derived DC (DC2). While in man, this distinction is somewhat blurred, phenotypic
and functional differences exist between monocyte-drived CD11c+ DC (MDC) and
CD11c−CD123+ (IL-3R�high) lymphoid-derived DC [54, 60]. The latter subset of
DC is much smaller than that of myeloid DC, and most of these cells belong to a
relatively rare subset of plasmacytoid DC (pDC), which produce IFN-� in response
to viral antigens [54]. Human tumors are frequently infiltrated by MDC but rarely
by pDC. The presence of pDC in the tumor is associated with poor prognosis
[61]. The DC maturation stage determines their functionality: immature DC are
primarily responsible for antigen uptake, while mature CD83+ DC primarily serve
as antigen-presenting cells [54].

In tumor-bearing hosts, DC take up, process and cross-present TA to naïve or
memory T cells, thus playing a crucial role in the generation of TA-specific effector
T cells. DC presentation of TA leads to T cell proliferation, resulting in either
immunity or tolerance, depending on the stage of maturation of the presenting
DC. In human solid tumors, DC may be present in a substantial number, and they
express attributes of immature DC [62]. Because TA-specific immune responses
are inefficient in tumor-bearing individuals, it has been suggested that DC, like T
cells, are subverted by the tumor [62]. DC infiltrating human tumors as well as DC
recovered from the peripheral blood of patients with cancer exhibit phenotypic and
functional alterations relative to DC of normal donors [63, 64]. Tumor-associated
DC (TADC) lack of expression of CD80 and CD86 (are immature) and have
reduced allostimulatory activity [65]. Tumors or tumor-derived factors have been
shown to impair DC maturation or induce DC apoptosis [66, 67]. Co-culture of
murine or human DC (obtained from isolated CD34+ precursors or plastic-adherent
PBMC, respectively) with a variety of tumor cell lines for 4–48 hours resulted
in apoptotic death of DC, as verified by morphology, TUNEL assays, Annexin
binding, caspase activation and DNA laddering [68, 69]. Tumor cells induced DC
apoptosis by direct contact or through release of soluble factors, and TADC isolated
from human tumors contained elevated proportions of DC undergoing apoptosis
[69]. Tumor-induced apoptosis of DC was inhibited in the presence of IL-12 and
IL-15, and these cytokines stimulated expression of Bcl-2 and Bcl-XL in DC
[69, 70]. Tumor-derived factors, e.g., gangliosides, inhibited DC generation and
their function in vitro [70]. This suppressive effect of gangliosides on DC was
found to be mediated by tumor-derived VEGF, a known anti-dendropoietic factor
[71]. Importantly, cytokines (IL-12, IL-15 and FLT3L) were found to promote DC
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generation and their functions by exerting a protective anti-apoptotic effect, while
tumor-derived factors caused apoptosis in mature DC and inhibited differentiation
of hematopoietic precursors into DC. Very recent studies indicate that tumors and
tumor supernatants can down-regulate expression of antigen presenting machinery
(APM) components in DC, thus interfering with the capacity of these cells to process
antigens and present the processed epitopes to T cells [72,73]. Again, tumor-derived
gangliosides were identified as the factor responsible for down-modulation of APM
components in DC co-incubated with the tumor [73]. These studies underscore the
role of the microenvironment in shaping the functional potential of DC and perhaps
that of other tumor-infiltrating immune cells.

Despite the above-mentioned functional impairments of TADC, their presence
in tumors is associated with improved prognosis [74, 75]. DC infiltrations into
tumors have been correlated to significantly prolonged patient survival and reduced
incidence of recurrent or metastatic disease in patients with bladder, lung, laryngeal,
oral, gastric and nasopharyngeal carcinomas [75–80]. In contrast, patients with
lesions reported to be scarcely infiltrated with DC had a relatively poor prognosis
[81]. Fewer DC were observed in metastatic than primary tumor lesions [82]. We
demonstrated that the number of S-100+ DC present in the tumor was by far the
strongest independent predictor of overall survival as well as disease-free survival
and time to recurrence in 132 patients with OSCC, compared with such well
established prognostic factors as disease stage or lymph node involvement [75].
We also observed that the paucity of DC in the tumor was significantly related
to the loss of � expression in TIL, and these two factors had a highly significant
effect on patient overall survival. The poorest survival and the greatest risk was
observed in patients with tumors that had small number of DC and little or no �
expression in TIL (p = 2.4 x 10−8). Our data suggest that both the number of DC
and the presence of functionally unimpaired T cells in the tumor microenvironment
are important for overall survival of patients with cancer. When DC and T cells
present in the tumor are able to interact, TcR-mediated and presumably TA-specific
functions of the infiltrated T cells are amplified and sustained. It has been proposed
that DC protect T cells from tumor-induced immune suppression, although the
mechanism responsible for such protection remains unknown and is being actively
investigated.

The correlation between TADC presence in the tumor and patient overall survival
or relapse free survival has not been confirmed in other more recent studies, in
which immunostaining for MDC and pDC subsets was performed. Thus, in primary
breast cancer, a strong association of mature DC with CD3+ T cells was observed
but did not correlate with prognosis, and it was pDC infiltration that predicted
a poor survival in the same series [61]. While this and all other reports based
on immunostaining of tumor sections may suffer from a bias related to selection
of tissue sections, antibodies used for staining, methods for cell enumeration and
patient selection, these data suggest that, similar to T-cell infiltrates, TADC may
have considerable biologic significance in cancer.
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B Cell Accumulations

Anti-tumor antibodies (Abs) are frequently detected in the circulation of cancer
patients. It has been assumed that these Abs are made and secreted by plasma
cells situated in the tumor draining lymph nodes, spleen or other lymphoid
tissues. Although B lymphocytes (CD19+, CD20+) are uncommon components of
human solid tumors, plasma cells have been observed in some carcinomas and,
occasionally, represent a substantial infiltrating element [7]. More recent reports
indicate that lymphoplasmacytic infiltrates are relatively common in pre-malignant
cervical lesions as well as cervical carcinomas [83] and in medullary ductal breast
carcinomas [84]. Using antibody phage display, it was possible to show that infil-
trating B cells and plasma cells represent an antigen-induced response to human
papillomavirus (HPV) infection or transformation in cervical carcinomas [83]. In
medullary ductal breast carcinoma, the presence of B and plasma cells is associated
with improved prognosis [85]. This finding has generated considerable interest
in the role of tumor-infiltrating B cells and their products in tumor progression.
The hypothesis was that lymphoplasmacytic infiltrates represented a host humoral
response driven by tumor-derived neo-antigens [86–88]. The data based on patterns
and levels of TIL-B IgG heavy chain hypermutation suggested that tumor-infiltrating
B cells are undergoing antigen-driven proliferation and affinity maturation in situ.
Abs produced by TIL-B may be TA-specific or may specifically bind an intracel-
lular protein, such as �-actin, translocated to and presented on the cell surface upon
tumor cell apoptosis [87]. It has been suggested that Ig variable region analysis
could be used for dissection Ab responses in order to select those Abs with high
affinity to TA for the purpose of TA isolation [89]. The presence of ectopic germinal
centers in breast cancer and perhaps other solid tumors suggests that Ab production
can occur in the tumor microenvironment under certain circumstances. The biologic
significance or the prognostic importance of this phenomenon is unknown, although
it is possible that the ability to make Abs in situ might be an important aspect of
host defense.

Other Leukocytes in Human Tumors

As indicated above, human tumors are sometimes infiltrated by granulocytes, and
nests of eosinophils may be seen in association with tumor cells in various squamous
cell carcinomas, for example. By far the most frequent cell in tumors has charac-
teristics of the immature myeloid cell (iMC). The relationship of this cell type to
TAM is unclear. The iMC express CD33, a common myeloid marker, but lack
markers of mature myeloid or lymphoid cells and HLA-DR [90]. The iMC are
equivalent to murine Gr-1+CD11b+ cells, which have been shown to inhibit IFN-�
production by CD8+ T cells in response to epitopes presented by MHC class I
molecules on the surface of these cells [90]. This inhibition is apparently mediated
by ROS produced by iMC, such as H2O2, which suppress CD3� expression by
T cells [91]. Indeed, granulocyte-derived H2O2 has been shown to be involved
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in the inhibition of IFN-� production and the suppression of CD3� expression in
circulating T cells of patients with advanced malignancy [92]. In tumors, where the
hypoxic environment prevails, H2O2-generating iMC might contribute to creating
conditions which favor T-cell suppression.

INTERACTIONS BETWEEN THE TUMOR
AND INFILTRATING LEUKOCYTES

The presence in tumor and numbers of infiltrating leukocytes are determined by
signals in the tumor microenvironment. Their presence in human solid tumors is a
consistent feature. It is only reasonable to expect that the type of cellular infiltrates
recruited to the tumor is also dependent on the tumor characteristics. Hence, the
nature and cellular composition of these infiltrates vary from one tumor type to
another or even among individual tumors of the same histologic type. Importantly,
the phenotype, numbers and location of infiltrating leukocytes in the tumor (i.e.,
stroma vs. intraepithelial) have been in many instances correlated to prognosis and
patient survival [see, e.g., ref. [93]. However, no unified view on this aspect have
emerged to date, and for every report linking the extent of leukocyte infiltration to
a better prognosis, a report can be found claiming the opposite. The data available
in the literature indicate that the presence of leukocytic infiltrates in the tumor is
either good or bad but certainly not neutral. Clearly, an opportunity for a cross-talk
between infiltrating cells and the tumor exists in the tumor microenvironment, as
illustrated in Figure 3.

In one respect, leukocytic infiltrates can be considered as a component of the inflam-
matory process representing a “host reaction” to the tumor. This is in spite of the
fact that a granulocytic component is not prominent in human tumors. Today, it has
become fashionable to establish a connection between inflammation and cancer [94].
This intriguing concept is not without merit. The initial goal of the inflammatory
reaction is destruction of the invader, which in this case is the tumor. Consequently,
the “immune phase” of tumor-driven inflammation involves an influx of anti-tumor
effector cells to the tumor site and their accumulation. The strength of signals initiating
an inflammatory response is crucial. While vigorous cellular and antibody responses
are generated in tissues during the infection by exogenous pathogens, “danger signals”
generated in the tumor microenvironment are weak [95, 96]. The reason for the lack
of robust immune responses to the tumor may be that the immune system perceives
infections with bacteria or viruses as “danger” and the tumor as “self.” Results of recent
“antigen discovery” studies indicate that TA are largely self or altered self antigens.
Thus, thehost immunesystemrespondsvigorously tocontain theexternaldanger intro-
duced by pathogens and only weakly, if at all, to the tumor. It is also plausible that the
attraction of Treg to the tumor is related to an attempt by the host to ill advisedly (in this
case) regulateandsuppresshost response toself.Tolerance toselfneeds tobeovercome
before a full-scale immune response to the tumor can develop, and in the presence of
progressing tumor, this is unlikely to happen [97]. Interestingly, inflammatory infil-
trates in tumors generally contain few, if any, NK cells which mediate innate immunity
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Figure 3. Interactions between immune and tumor cells in the tumor microenvironment. Tumor exerts
profound suppressive effects on infiltrating immune cells, including death-inducing signals. At the
same time, tumor-associated macrophages (TAM) become activated and induced to secrete ROS and
inhibitory cytokines or other inhibitory molecules. DC present in the tumor microenvironment fail to
differentiate into APC and express markers associated with the immature phenotype. T lymphocytes
are dysfunctional, e.g., have signaling defects, or undergo apoptosis. The cytokine imbalance favors
Th2 responses, and the cytokine milieu is altered in favor of cytokines and factors that promote tumor
growth. Not shown are stromal cells, which provide a scaffold for tumor growth and are activated,
producing pro-inflammatory cytokines

and are rich in perforin- or granzyme-containing granules [98]. NK cells are exquisitely
attuned to distinguish self from non-self by virtue of a complex system of inhibitory
and activating receptors expressed on their surface [99]. They represent “the first line”
of defense against pathogens, and their conspicuous absence from tumor infiltrates or
even pre-cancerous lesions [99] suggests that the host’s response to the tumor is indeed
different in strength and quality from that initiated by exogenous pathogens.

The nature of the tumor microenvironment appears to be quite unique. On the
one hand, the tumor creates stress signals, which mobilize the host to initiate an
inflammatory cascade. On the other, the tumor microenvironment is characterized
by the presence of multiple suppressive factors and by the excess of antigens
produced and released from proliferating or dying tumor cells [Figure 1; 100].
Thus, inflammatory cells arrive into this environment to be faced by conflicting
signals, which orchestrate the local response. As a result, a somewhat precarious
balance is established between the host and the tumor, which clearly favors the
tumor, and which has at least two aims: a) to cripple the host immune system so
that the tumor can survive, and b) to utilize infiltrating cells and their products for
supporting tumor survival. Ample evidence exists to support the existence of both
these mechanisms [16].

While tumor escape from the host-mediated surveillance in its various forms
has been recently in the limelight [reviewed in 16], those elements of the local
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inflammatory response that mediate trophic functions and thus support tumor growth
have to be recognized as well. Thus, once recruited to the tumor microenvi-
ronment, various leukocytes are subjected to non-specific or TA-specific signals
and, in response, may produce a variety of soluble products, including cytokines
and antibodies. In theory, anti-tumor effects of these products combined with direct
cytolytic activity of infiltrating effector cells against tumor targets should result in
demise of tumor cells sensitive to immune intervention. In reality, however, the
tumor also releases soluble factors, including cytokines, gangliosides, polyamines
and other TA which suppress immune cells and at the same time stimulate tumor
growth and survival (Figures 1 and 3). The balance between these opposing forces
is likely to shift in one direction or another, depending on the nature of the tumor
microenvironment.

Inflammation in the Tumor Microenvironment

The tumor microenvironment undergoes continuous alterations in the course of
tumor progression, and the nature of inflammatory infiltrates found in the tumor
changes as well. Early on, the hypoxic environment prevails. It is created early in the
tumor development through activation of hypoxia responsive genes in tumor cells
[101]. This microenvironment obviously favors influx of those inflammatory cells
that depend on the glycolytic pathway for survival, namely, phagocytic macrophages
and granulocytes [102]. These cells can not only survive in the hypoxic environment
but actively contribute to it by the hyperproduction of ROS upon their activation,
which is supported by apoptosis of rapidly expanding and dying tumor cells
requiring phagocytosis. Activating signals delivered to phagocytes lead to massive
generation of ROS. In most inflammatory responses, activities of ROS are mediated
by the NF-�B pathway, which in turn is regulated by hypoxia and/or re-oxygenation
[103]. It has been recently proposed that NF-�B activates signaling pathways in
both cancer cells and tumor-associated inflammatory cells, thus promoting malig-
nancy [94]. If progression to malignancy is indeed regulated at the level of NF-�B
and a pro-inflammatory mediator TNF-� or other pro-inflammatory cytokines, as
some of the animal models of cancer seem to indicate, the missing link between
inflammation and cancer may have been identified [104,105]. These cancer models
also underscore the importance of the tumor microenvironment, and its interactions
with infiltrating inflammatory cells, in cancer progression. The data suggest that
the NF-�B pathway is regulated differently in normal vs. malignant tissues. NF-�B
is present as an inactive complex in the cytoplasm of many cells, including inflam-
matory and tissue cells. During inflammation, activation of NF-�B initiated by,
e.g., binding of TNF-� to its receptor (TNFR1) expressed on inflammatory cells
in the microenvironment initiates regulated expression of cytokine genes which
control cell proliferation and cell death. Tumor cells depend on these cytokines
for proliferation, and leukocytes activated in the tumor microenvironment are re-
programmed to continually release these cytokines. Responding to this cytokine
cascade, tumor and stromal cells produce a panoply of soluble factors with biologic
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effects ranging from enhancement of cell proliferation, matrix remodeling, vessel
growth, inhibition of cellular differentiation to sustained release of pro-inflammatory
mediators. Inhibition of NF-�B activation in tumor cells favors cell death and arrests
tumor progression. This model is consistent with observed correlations between
the numbers and maturation stages of inflammatory cells in the tumor, levels of
cytokines produced and tumor prognosis [106]. The role of TNF-� in driving tumor
progression has been emphasized by Balkwill and colleagues [107], and it offers
an interesting example of the efficiency of tumors in their ability to usurp normal
biologic process of inflammation to promote tumor progression.

In inflammation, the immune phase is followed by the appearance of blood
vessels and lymphatics in the repaired tissue. The process of angiogenesis is also a
prominent component of the tumor microenvironment [108]. Vascular endothelial
growth factor (VEGF) is produced by most tumors and plays a crucial role in the
development of tumor vasculature [109]. Increased levels of VEGF in the plasma of
patients with cancer were shown to correlate with a poor prognosis [110]. Evidence
also identifies VEGF as one of the factors responsible for interfering with DC
differentiation in the tumor microenvironment [109]. As TAM play an important
role in angiogenesis, it is not surprising that the tumor re-programs the myeloid
precursors to express the secretory phenotype and produce VEGF, which serves
to promote the vessel development rather than their maturation to DC capable of
priming T cells for anti-tumor responses. The appearance of blood vessels in the
tumors signals another major change in the tumor microenvironment, namely a
switch from the hypoxic to oxidative metabolism. Oxidative phosphorylation with
an increase in ATP synthesis is necessary to drive tumor cell proliferation, and it
is enabled by angiogenesis promoted by combined activities of tumor-infiltrating
leukocytes and tumor cells.

As the successful tumor progression continues, it increasingly assumes the
features of chronic inflammation. The nature and composition of the inflammatory
infiltrates change in concert with a shift from hypoxic to oxidative metabolism.
Fibroblasts continue in the activated mode and cytokine-driven tissue repair phase is
extended and subverted to provide for the synthesis of structural elements supporting
tumor expansion. The tumor stroma and fibrous septae separating nests of tumor
cells provide a scaffold for expanding tumor cells. These cells produce cytokines,
MV, TA and other factors, which down-modulate immune responses and favor
tumor progression. The tumor never “heals,” and the process continues to the
detriment of the host. The chronic, persistent nature of the tumor microenvironment
is clearly established as a result of the failure of the host’s immune system to deal
with the “danger signals” generated by the tumor.

The Role of Tumor Cells in Shaping Their Local Environment

The characteristic feature of the tumor microenvironment is that it undergoes alter-
ations in concert with tumor progression. It is for this reason that snapshots of the
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tumor microenvironment obtained by immunohistology of tumor sections or studies
of TIL isolated from tumors at one stage of their progression provide an incomplete
picture of cellular interactions in situ. Therefore, correlations of the numbers or
phenotype of inflammatory cells in the tumor with clinical data or with patient
prognosis may not be informative. Indeed, conflicting reports available in the liter-
ature regarding the significance of immune cells in the tumor microenvironment
reflect the difficulties in interpretation of events that unfold and change in the
context of host-tumor interactions. Interestingly, as tumor cells successively modify
their microenvironment, they often adopt the phenotypic characteristics of immune
cells. They co-opt signaling molecules, chemokines, selectins and their receptors
normally expressed by leukocytes to serve for tumor migration, invasion and metas-
tasis. It is likely that soluble factors produced during the immune phase, such as
colony-stimulating factor (CSF-1), could contribute to this adoption by tumor cells
of a myeloid-like phenotype. The plasticity of tumor cells allows them to express
chemokines and chemokine receptors, which usually function as chemoattractants
and activating factors in leukocytes. Functions associated with neutrophils, such
as the production of extracellular proteases, including matrix metalloproteinases
(MMPs) that modify the extracellular matrix and fit it into the tumor scaffolding,
are also adopted by tumor cells [111]. The use of a leukocyte-like metabolism
by tumor cells, i.e., their ability to metabolize glucose via the glycolytic pathway
and to synthesize ROS, is another example of how the properties of leukocytes
are co-opted to maintain the hypoxic state in the tumor microenvironment [112].
Masquerading as inflammatory cells, tumor cells acquire the ability to further alter
the microenvironment, migrate by responding to signals and pathways normally
reserved for the cells of the immune system and establish metastases to organs
rich in resident macrophages, where conditions are favorable for proliferation (i.e.,
lung, liver and bone). Thus, the leukocytes infiltrating the tumor contribute to the
maintenance of the cytokine-rich microenvironment, which facilitates adoption of
the leukocyte-like phenotype by tumor cells.

Once established, the tumor microenvironment is not a friendly place for infil-
trating leukocytes. While they are clearly conscripted by the host to interfere with
abnormal tissue growth, once in the tumor, they come in contact with a variety
of soluble factors that impede their maturation, inhibit their functions or simply
induce their apoptosis [reviewed in 16]. Cytokines are known to be present in
tumors and are known to affect maturation, differentiation or functions and survival
of immune cells [113]. They include M-CSF, GM-CSF, IL-6, IL-10, TGF� and
other tumor-derived soluble factors [16]. The degree of impairment of immune
cells in the tumor microenvironment differs widely in individual tumors. While
the inhibitory effects are the strongest in the tumor, they are not confined locally
but are systemic, especially in patients with advanced disease [114]. Functional
abnormalities and apoptosis of T lymphocytes are seen not only at the tumor site
but are common in the circulation of patients with cancer [108]. The mechanisms
involved in selective and persistent inhibition of anti-tumor immune responses
in patients with cancer are numerous and have been reviewed elsewhere [16].
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Tumors grow progressively and metastasize despite prominent leukocyte infiltra-
tions, largely because it evolves strategies for escape from immune intervention
[16]. Consequently, the fate of immune cells infiltrating the tumor is to be corrupted
by the tumor into helping its progression, to lose their functional attributes or
to die. Tumor aggressiveness depends on the efficiency with which this can be
accomplished.

CONCLUSIONS

Our perception of in situ interactions between infiltrating leukocytes and tumor
cells has undergone a considerable revision in recent years, primarily as a result
of new insights into molecular immunology in conjunction with newly developed
animal models, as discussed above. Current evidence favors the view of the devel-
oping tumor as a site of chronic inflammatory reaction that is orchestrated by
the tumor. Its success in co-opting functions of leukocytes toward promoting
tumor survival depends on a variety of molecular mechanisms, and these are
beginning to be elucidated. At least one link between inflammation and cancer
has been identified: the NF-�B pathway can either promote survival of cells
with the malignant phenotype or sustain the production of pro-inflammatory
cytokines by inflammatory cells within the tumor. Thus, the same molecular
pathway can be harnessed to mediate opposite effects, depending on the context
of signals available in the tumor microenvironment. Dysregulated production of
pro-inflammatory cytokines and chemokines, such as exists in the tumor microen-
vironment, can lead to tissue pathology. The challenge facing oncologists is to
understand the complex role of inflammatory infiltrates in the tumor progression
and to learn to disrupt the vicious cycle of chronic inflammation. Protection of
immune anti-tumor effector cells in the tumor microenvironment and their survival
may be the key to designing novel and more effective anti-cancer therapies of the
future.
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CHAPTER 8

PEPTIDE AND PROTEIN VACCINES FOR CANCER

RAYMOND M. WONG AND JEFFREY S. WEBER
Departments of Molecular Microbiology and Immunology and Medicine, Keck School of Medicine,
University of Southern California, Los Angeles, CA

IMMUNE SURVEILLANCE: WHAT IS THE EVIDENCE
THAT THE IMMUNE SYSTEM CONTROLS CANCER?

The immune surveillance theory, first proposed by Frank Burnet and Lewis Thomas
in the 1950s, hypothesizes that the immune system specifically recognizes and
destroys transformed cells [1]. Although debate regarding the relevance of immunity
in cancer has persisted over the last half century, the discovery of tumor antigens
recognized by T cells provides clear evidence that cellular and serologic immune
responses against tumors do exist. Studies in animals have established an important
role for both innate and adaptive immunity in tumor rejection and modulation of
tumor growth. T cells appear to be critical mediators of adaptive immunity against
antigen-expressing tumor cells. Tumor-infiltrating lymphocytes (TILs) isolated from
melanoma lesions can recognize autologous and human leukocyte antigen (HLA)-
matched tumor cells in vitro [2, 3]. Furthermore, T cell reactivity against tumor
antigens can often be identified in the peripheral blood of cancer patients and healthy
donors. Advances in our understanding of antigen presentation and T cell activation
have provided the foundation for rationally-designed immunotherapy strategies that
induce anti-tumor immune responses in cancer patients while limiting toxicity. Many
of these have shown efficacy in animal models. However, peptide- and protein-
based vaccine clinical trials, and clinical trials of adoptive T cell transfer, have
thus far been promising but have not demonstrated consistent clinical benefit.

ANTIGEN-PRESENTING CELLS AND T CELL ACTIVATION

Dendritic cells (DCs) are derived from myeloid progenitors within the bone marrow
and are involved in initiating immune responses [4]. DCs initially have an immature
phenotype characterized by low surface expression of both major histocompatibility
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complex (MHC) and B7 co-stimulatory molecules [5]. Immature DCs are not potent
stimulators of naïve T cells, but are very active in capturing antigens by phagocytosis
and macropinocytosis. After persisting at sites of infection for a variable length of
time, immature DCs migrate via the lymphatics to the secondary lymphoid tissues
where they attain a mature phenotype during interaction with T cells. Mature DCs
no longer take up antigen efficiently but express high levels of MHC class I and
class II proteins for a prolonged time. They also express high levels of B7, other
co-stimulatory and adhesion molecules, and secrete chemokines that specifically
attract T cells. These properties help explain their ability to prime naïve T cells
and stimulate robust T cell clonal expansion – properties important for generating
effective immune responses to tumor antigens.

Specific rejection of tumor tissue requires that transformed cells be distinguished
immunologically from their normal counterparts. Peptide fragments presented on the
cell surface by MHC molecules provide the basis for specific recognition by T cells.
Tumor cells present peptides derived from endogenous and foreign proteins, such as
those encoded by viruses. However, tumor cells are not intrinsically immunogenic due
to associated immunosuppressive characteristics, such as secretion of cytokines (e.g.
TGF-�, IL-10) that down-regulate cellular immunity, antigenic down-modulation, and
lack of B7 co-stimulatory molecules and adhesion molecules necessary to interact
with and activate naïve T cells. T cell receptor (TCR) signaling in the absence of co-
stimulation not only fails to activate naïve T cells, but also leads to anergy (peripheral
tolerance). Such self-tolerance can be broken by an intermediary process of immune
stimulation initiated by professional APCs such as DCs. DCs presenting “self ”
peptides and expressing sufficient levels of co-stimulatory molecules can activate self-
reactive naïve T cells at the tumor site or distantly in secondary lymphoid organs.
Cancer vaccine strategies must exploit this process directly or indirectly in order to
break tolerance and generate immune responses against tumor antigens, many of which
are “self ” antigens as discussed below.

T CELLS RECOGNIZE PEPTIDES DERIVED FROM TUMOR
ANTIGENS

The molecular definition of tumor antigens recognized by T cells has provided
exciting new possibilities for the development of effective immunotherapy for
cancer. In 1991, Boon and colleagues identified the first tumor-associated antigen
recognized by T cells [6]. This protein, termed “melanoma-antigen E-1” (MAGE-1),
was found in a variety of tumor types as well as normal testis and placental tissue,
but no other normal tissue. Other tumor antigens have since been identified using a
variety of techniques including (1) “reverse immunology,” whereby specific T cells
are generated in vitro against peptide sequences derived from serologically defined
tumor antigens, (2) acid stripping of peptides from tumor cells followed by mass
spectroscopy, (3) serological analysis of cDNA expression libraries (SEREX), (4)
molecular cloning (5) proteomics, and (6) DNA microarray analysis. To date, over
70 tumor antigens have been identified for a multitude of cancers. Collectively, these
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studies have demonstrated that true tumor regression antigens exist, and provided
additional rationale for their use in treating cancer.

Tumor antigens are broadly classified into two categories: (1) tumor-specific and
(2) tumor-associated. They can be thought of as comprising five specific groups
(Table 1). Tumor-specific antigens include the E6 and E7 oncoproteins of Human

Table 1. Tumor Antigens Recognized by T Cells

Class Antigen Tumor

Viral HPV E6, E7 Cervical
EBV LMP1, 2 lymphoma, nasopharyngeal, gastric
HTLV Env lymphoma, leukemia

Cancer-Testis MAGE melanoma, breast, lung, colon,
bladder,head/neck, sarcomas, esophageal,
laryngeal, leukemia, thyroid, prostate

BAGE melanoma, breast, bladder, head/neck,
lung, sarcomas

RAGE melanoma, breast, colon, bladder, renal,
sarcomas, head/neck

GAGE melanoma, breast, lung, esophageal,
leukemia, sarcomas, seminoma,
head/neck, prostate

LAGE lung
SAGE lung, sarcomas
NY-ESO-1 melanoma, breast, lymphoma, bladder,

lung, prostate, ovarian, thyroid,
head/neck, sarcomas, liver

SSX melanoma

Differentiation Melan A/MART-1 melanoma
pMel17/gp100 melanoma
SART-1, 2, 3 lung, esophageal, head/neck,

adenocarcinomas, uterine, leukemia,
renal, brain

Tyrosinase melanoma
PSA prostate
CEA melanoma, breast, lung, pancreatic,

gastric, rectal, colon
TRP-1, 2 melanoma
HER-2/Neu melanoma, breast, ovarian, gastric,

pancreatic

Mutations MUM-1, 2, 3 melanoma
�-catenin melanoma
p14 melanoma
p16 melanoma
ras melanoma
HLA-A2 renal
HLA-A11 melanoma

Carbohydrate MUC-1, 2 breast, colon, ovarian, lymphoma,
myeloma, pancreas
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Papilloma Virus (HPV), a transforming virus associated with human cervical carci-
nomas [7]. Cells that are transformed by the same virus, such as HPV, express
antigens that are distinguished as “non-self” since they are not present in normal
tissue. Mutagenic events in tumors can give rise to novel epitopes that are, in turn,
also recognized as “non-self” within the context of MHC. For example, TILs from
cancer patients have been shown to recognize mutated forms of growth arrest-
specific protein 7 (GAS7), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
p14ARF, p16INK4A, and HLA-A11 [8,9]. Tumors bearing such mutations are antigeni-
cally unique, and immune recognition is individually tumor-specific since the
likelihood of the same mutation occurring independently in tumors from different
patients is low.

Abnormal post-translational modifications of normal cellular proteins can also
result in antigenic differences between normal and tumor cells. Mucin 1 (MUC-1),
for example, is a transmembrane protein on ductal epithelial cells that is normally
heavily glycosylated. Loss of the glycosylation pattern exposes the mucin peptide
backbone to T cell recognition, which involves MHC-independent interaction with
the �� TCR in a manner analogous to TCR interaction with bacterial superantigens
[10]. MUC-1 can also be a source of peptides presented in association with MHC
class I [11].

Most tumor-associated antigens examined thus far result from de novo or over-
expressed normal cellular proteins. They are present on both transformed and
normal tissue, but their appearance on the latter are under conditions (such as lack
of MHC expression or low MHC:peptide concentration) that result in tolerance.
Cancer-testis antigens (such as the MAGE family, SSX-2, TRP-2, SOX10, and
NY-ESO-1) are normally found only in specialized tissues such as the testes and
placenta, but are often aberrantly expressed in a variety of different tumor types
[12,13]. Differentiation antigens are expressed only during a certain stage of tissue

�

Figure 1. Scheme of HLA-restricted immune response against cancer. Peptide-loaded mature dendritic
cells can prime naïve T cells, which become activated effector cells able to recognize and kill tumor
cells expressing the peptide/MHC complex. Tumor cells and regulatory T cells (the latter characterized
by the co-expression of CD25 and CD4) can produce immunosuppressive factors that may inhibit both
the maturation of dendritic cells, and the activation of T cells. Abbreviations: TAA, tumor associated
antigen; PS, proteasome; PP, peptides; DC, dendritic cell; CTL, cytotoxic T lymphocyte; HTL, helper T
lymphocyte; IL-2, interleukin-2; IL-4, interleukin-4; IL-10, interleukin-10; IL-13, interleukin-13; IFN�,
interferon-gamma; TGF�, transforming growth factor-beta; GM-CSF, granulocyte-macrophage colony
stimulating factor; TCR, T cell receptor; FAS-L, FAS ligand; TIA-1, cytotoxic granule associated
protein; CD40, receptor for CD40L (activation of dendritic cells); CD40L, CD40 ligand; CD83, cell
surface antigen expressed by mature dendritic cells; CD80/CD86 (also known as B7.1/B7.2), ligands
for CD28 and CTLA-4; CD28, T cell stimulatory receptor (co-stimulatory signal); CTLA-4, T cell
inhibitory receptor; CD25, IL-2 receptor; CD45RA and CD45RO, isoforms of CD45 (transmembrane
protein tyrosine phosphatase involved in TCR signal transduction) expressed by naïve and effector
T cells, respectively. Reprinted from Biochim Biophys Acta, Volume 1653(2) Mocellin S, Rossi CR,
Nitti D, Lise M, Marincola FM, Dissecting tumor responsiveness to immunotherapy: the experience of
peptide-based melanoma vaccines, Pages 61–71, Copyright 2003, with permission from Elsevier
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development, probably early in embryonic life. Tumors arising from a particular
tissue type will often express differentiation antigens characteristic of that tissue.
For example, Melan A/MART-1 and pMel17/gp100 are melanosome-related differ-
entiation antigens commonly over-expressed in melanoma cells [14]. These antigens
may be uniquely expressed by an individual tumor, although some appear to be
shared among tumors of varying origins.

CELLULAR IMMUNOTHERAPY FOR CANCER: T CELL
RECOGNITION OF PEPTIDES

Pre-clinical human studies conducted at the National Cancer Institute in the
1980s demonstrated that CD3+/CD8+/CD4− and CD3+/CD8−/CD4+ TILs could
be isolated from melanoma lesions and expanded in-vitro with interleukin(IL)-2
(2). The expanded CD3+/CD8+/CD4− TIL populations lysed autologous and HLA-
matched – but not allogeneic – melanoma cells in culture. These findings helped
establish the foundation for T cell-based cancer immunotherapy.

In one trial of adoptive T cell transfer in cancer patients, TILs were isolated
from melanoma excisional biopsies and rapidly expanded with IL-2, an anti-CD3
antibody, and allogeneic peripheral blood mononuclear feeder cells [15]. Thirty-five
patients with metastatic melanoma underwent nonmyeloablative lymphodepleting
chemotherapy using cyclophosphamide (60 mg/kg) and fludarabine (25 mg/m2),
followed by intravenous infusion of autologous TILs and high-dose IL-2 (720,000
IU/kg). Partial or complete tumor regression was observed in 18 of the 35 patients.
Objective clinical improvements correlated with the in vivo persistence of the
transferred lymphocyte clonotypes [16].

Biochemical characterizations of TCR and MHC: peptide interactions have
furthered our understanding of how T cells are capable of specifically recog-
nizing tumors. CD8+ cytotoxic T lymphocytes (CTLs) recognize short peptides
(∼8-12 amino acids), derived from intracellular cytoplasmic proteins, that are
presented by MHC class I molecules. Upon activation, CTLs are capable of
secreting cytokines and directly killing tumor cells that express sufficient levels of
the appropriate MHC class I-restricted peptide epitopes. The anti-tumor cytotoxic
function of CTLs is primarily mediated by apoptotic signaling via lytic granule
(containing perforin and granzymes) secretion and Fas/Fas Ligand engagement.
CD4+ Helper T lymphocytes (HTLs) typically recognize longer peptides (13 amino
acids or more) generated in acidified vesicular compartments and subsequently
presented within the context of MHC class II. MHC class II molecules are
generally loaded with peptides derived from extracellular sources, although it is now
evident that they also bind peptides from intracellular-derived proteins. The primary
functions of HTLs involve promotion of B cell activation and generation of CTLs.
However, a subtype of HTLs reactive to melanoma and lymphomas were shown to
have MHC class II-restricted cytotoxic capability against antigen-expressing cells
[17–19].
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CLINICAL EXPERIENCES WITH PEPTIDE VACCINES:
ADJUVANTS, CYTOKINES, AND DENDRITIC CELLS

The largest clinical experience in cancer immunotherapy has been attained with
melanoma patients. Melanoma has been considered an immunogenic tumor for
a number of reasons: (1) spontaneous regression of the primary lesion is often
observed, (2) the clinical prognosis in melanoma is correlated with the lymphocytic
infiltrate within the primary lesion, (3) tumor regression can be achieved with
immune therapies such as IL-2 and interferon (IFN)-� administration, adoptive
transfer of T cells, and vaccine manipulations. Spurred by early findings that CD8+

T cells propagated from patient TIL populations and peripheral blood could lyse
melanoma cells in vitro, much work has been done to identify MHC class I-restricted
peptides capable of inducing anti-tumor CTL responses. With increased focus on
the role of HTLs in anti-tumor immunity, identification of immunogenic MHC
class II-restricted peptides derived from tumor antigens is progressing rapidly.

Numerous vaccine trials using synthetic peptides derived from some of the
tumor antigens listed in Table 1 have been initiated in patients with various
types of cancers. Peptides have been administered in aqueous solution or with
immune adjuvants including (1) Montanide ISA 51/Incomplete Freund’s Adjuvant
(2) aluminum hydroxide (3) QS-21 (a natural saponin), and (4) AS02B, which
contains QS-21 and monophosphoryl lipid A. In order to maximize T cell generation
against tumor antigens, many of which are normal cellular proteins and therefore
intrinsically weak immunogens, cancer vaccine regimens often involve repetitive
booster immunizations over a period of weeks to months. Induction of T cells
against immunizing peptides can be quantified directly from the peripheral blood
by MHC:peptide tetramer staining, an assay that utilizes soluble MHC molecules
loaded with a peptide of interest. Functional immune responses are often measured
in vitro by the enzyme-linked immunosorbant assay (ELISA), the enzyme-linked
immunospot (ELISpot) assay, cytokine flow cytometry, proliferation assays, and
cytotoxicity (lysis) assays.

Spontaneous humoral and CTL immune responses to cancer-testis antigen NY-
ESO-1 have been detected in 40–50% of patients with advanced NY-ESO-1-
expressing tumors, including melanoma. In one trial, 12 patients with metastatic
NY-ESO-1-expressing cancers were vaccinated intradermally with three HLA-A2-
binding NY-ESO-1 peptides mixed in a saline solution [20]. Seven patients were
NY-ESO-1 serum antibody-negative, and five patients were NY-ESO-1 serum
antibody-positive prior to the study. Peptide-specific CTL responses and delayed-
type hypersensitivity (DTH) reactivity were generated in 4 of 7 NY-ESO-1 antibody-
negative patients. Induction of a specific CTL response to NY-ESO-1 in immunized
antibody-negative patients was associated with stabilization of disease and objective
regression of individual tumors. Stabilization of disease and regression of individual
metastases were observed in 3 of 5 immunized NY-ESO-1 antibody-positive
patients, despite the lack of detectable immune responses against the immunizing
NY-ESO-1 peptides. This study demonstrated that NY-ESO-1-specific CTLs can
be induced by intradermal immunization with NY-ESO-1 peptides.
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Exogenous cytokines and other immune stimulants have been included in
some cancer vaccine regimens to induce local generation of DCs and/or enhance
T cell proliferation. Granulocyte-macrophage colony-stimulating factor (GM-CSF)
induces the differentiation of DCs from bone marrow precursors. GM-CSF-
transfected cell vaccines can induce specific, long-lasting anti-tumor immunity in
mice [21]. In a study comparing adjuvants and differing ways of delivering peptides,
melanoma patients were vaccinated with peptides in Montanide ISA 51 + GM-CSF
(group 1) or with peptide-loaded DCs (group 2) [22]. In group 1, CTL responses
to the immunizing melanoma peptides were observed in 42% of patient peripheral
blood lymphocyte (PBL) samples and 80% of patient sentinel immunized nodes
(SINs, the node draining a vaccine site). In group 2, they were observed in only
11% and 13%, respectively. The overall immune response was also greater in group
1 (p <. 02). Furthermore, two objective clinical responses (assessed by measurement
of metastatic deposits via computed tomography scan) were observed in group 1,
compared to only one in group 2. In a separate study, the same authors combined
twelve peptides derived from melanocyte differentiation and cancer-testis antigens
in a single mixture and vaccinated patients with resected stage IIB, III, or IV
melanoma [23]. Five of the twelve peptides included in this mixture had not previ-
ously been evaluated for their in vivo immunogenicity. Three of these five peptides
(MAGE-A196−104, MAGE-A10254−262, and gp100614−622)were immunogenic when
administered in Montanide ISA 51 with GM-CSF. T cell IFN�secretion in response
to peptide-loaded target cells was detected in the peripheral blood and in the SIN
after three weekly injections. However, immune responses generally diminished
quickly over time following the third injection.

Keyhole limpet hemocyanin (KLH), a copper-containing protein found in
arthropods and mollusca, is a protein that primes potent HTL responses in humans
[24]. The combination of GM-CSF and KLH has been tested to assess if it would
enhance CTL responses to a tyrosinase peptide vaccine [25]. Forty-three disease-
free, high-risk melanoma patients received six vaccinations with tyrosinase peptides
alone, with either GM-CSF or KLH, or with a combination of both adjuvants. The
primary end point was the induction of tyrosinase-specific CTLs in the peripheral
blood after vaccination. Tyrosinase-specific, IFN�-secreting CTLs were detected
as early as two weeks after the second vaccination in 5 of 9 patients who received
the tyrosinase peptides with GM-CSF and KLH, but not in any patient vaccinated
without adjuvants or with either adjuvant alone. The combined application of GM-
CSF and KLH was associated with early induction of T cell responses and appeared
to be an effective adjuvant combination.

Flt3 ligand (FL) is a hematopoietic growth factor shown to increase the number of
immature DCs in the blood and other tissues. Subcutaneous injection of FL daily for
14 of every 28 days has been reported to increase immature CD11c+ and CD123+

peripheral blood DCs in melanoma vaccine patients [26]. Monocytosis, granulo-
cytosis, and thrombocytosis were also observed. Additional topical application of
imiquimod, a Toll-like receptor-7 ligand that induces DC maturation, at peptide
vaccination sites induced DTH skin reactions to peptide vaccination (influenza,
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tyrosinase, MART-1, and NY-ESO-1) and enhanced the induction of circulating
peptide-specific CTLs, compared to patients not treated with imiquimod. In vivo
maturation of FL-generated DCs using imiquimod appeared to increase immune
responses to tumor antigens after vaccination.

DCs can be cultured ex vivo from peripheral blood monocyte precursors using
GM-CSF and IL-4. They can be matured using various activating agents including
tumor necrosis factor (TNF)-�, IL-1�, IL-6, and prostaglandin-E2. Infusions of
peptide-loaded autologous DCs can induce CTL and HTL responses detected in the
peripheral blood of patients with various cancer types [27–35]. Despite promising
results from early phase clinical trials for a number of different cancers, this strategy
is technically complex due to the necessity of obtaining and culturing DC precursors
from large leukapheresis specimens.

IL-2 is a lymphoproliferative cytokine that enhances T cell-mediated anti-tumor
immunity in mice [36]. TCR stimulation can enhance the responsiveness of T cells
to IL-2 by triggering rapid up-regulation of the high-affinity IL-2 receptor. Admin-
istration of varying levels of IL-2, either concurrently or on a delayed schedule,
with peptide-based melanoma vaccines have been evaluated by a number of inves-
tigators. Improved induction of CTLs has generally not been observed with IL-
2 administration, and in some cases a surprising reduction in reactivity against
immunizing peptides has been observed. In a study assessing the value of low-dose
IL-2 as a systemic adjuvant to a peptide vaccine for melanoma, T cell responses
to melanoma peptides were observed in 37% of PBLs and 38% of SINs from
patients receiving IL-2 with concurrent vaccination [37]. This was compared to
53% of PBLs and 83% of SINs from those receiving IL-2 twenty-eight days after
vaccination. The magnitude of T cell responses was higher in the group receiving
IL-2 on a delayed schedule. However, clinical benefit (measured by disease-free
survival estimates) was noted in the patients receiving IL-2 with concurrent peptide
vaccination. This may have been the result of augmented endogenous anti-tumor
activity by IL-2, independent of vaccine-induced immunity. The systemic toxicities
attributable to IL-2 administration include increased capillary permeability resulting
in cardiac depression, pulmonary edema and generalized body edema. However,
toxicities associated with low-dose IL-2 regimens have generally been minor, such
as low-grade fevers, clinically insignificant hepatic toxicity, mild anemia, and mild
thrombocytosis.

IL-12 is involved in the generation of CTLs, natural killer (NK) cells, NK-T
cells and the differentiation of CD4+ T helper 1 (Th1) cells [38]. Immunization
studies in mice have demonstrated increases in peptide-specific CTL responses with
concurrent IL-12 administration, suggesting that the cytokine may be useful for the
treatment of a number of diseases including cancer [39, 40]. IL-12 administration
with the adjuvants Montanide ISA 51 or aluminum hydroxide in melanoma vaccine
patients enhances the induction of CTLs against immunizing peptides, compared
to patients receiving only adjuvant and peptides. In one study, patients with high-
risk resected melanoma received multiple melanoma peptides in Montanide ISA 51
adjuvant, with or without IL-12 (30 ng/kg) [41]. Transient vaccine-related grade-3,
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but no grade-4, toxicity was observed and no differences in side effects between
the two groups were seen. Eighty-five percent of patients demonstrated an immune
response by DTH skin test, ELISA after in vitro peptide re-stimulation of PBLs,
or MHC:peptide tetramer assays of fresh blood after vaccination. The immune
responses in the IL-12 group were greater than without IL-12 (p < 0.05). These
data suggest that IL-12 may increase the immune response to a peptide vaccine.
Further evidence supporting the use of IL-12 as a vaccine adjuvant came in two
studies of patients with stage III or IV melanoma expressing MART-1 [42]. IL-
12 was administered at doses of 0, 10, 30 and 100 ng/kg, subcutaneously in one
study and intravenously in another. The MART-126−35 peptide and the influenza
matrix58−66 control peptide were administered intradermally on weeks 1, 2, 3, 4
and 9. There was a complete response in a patient with subcutaneous disease, a
partial response in a patient with hepatic metastases, and mixed responses in the
patients with pulmonary, pleural and nodal disease. Biopsies of accessible tumors
showed infiltration with CD4+ and CD8+ lymphocytes capable of lysing MART-1
peptide-loaded targets in vitro.

Deoxycytidyl-deoxyguanosin oligodeoxynucleotides (CpG ODNs) trigger
signaling through Toll-like receptor 9 expressed on certain DC subsets, resulting in
maturation and IL-12 secretion that may enhance the immunogencity of peptide
vaccines. The dinucleotide cytosine-guanine occurs at a higher frequency (approx-
imately 1:16 base pairs) in prokaryotic DNA than in eukaryotic DNA (1:50-1:100
base pairs) [43]. Furthermore, eukaryotic DNA is often methylated at CpG residues
[44]. These differences appear to account for the immunogenicity of certain
prokaryotic DNA sequences containing un-methylated CpG dinucleotides. Studies
utilizing CpG ODNs in mice have shown increases in CTL induction and antibody
titers against various antigens including those derived from influenza, tetanus, and
hepatitis B [45,46]. In a recent study, eight HLA-A2+ melanoma patients received
four vaccinations with CpG 7909 mixed with a MART-1 amino-acid altered
peptide and Montanide ISA 51 adjuvant [47]. All patients exhibited rapid and
strong antigen-specific T cell responses, with the frequency of MART-1-specific
T cells reaching over 3% of circulating CD8+ T cells. This was one order
of magnitude higher than the frequency seen in eight control patients treated
similarly but without the CpG ODN, and several orders of magnitude higher
than that seen in previous studies with MART-1 peptide vaccines at the authors’
institution. The MART-1-specific T cell populations consisted of effector-memory
cells, which in part secreted IFN� and expressed granzyme B and perforin
ex vivo.

ALTERED PEPTIDES CAN ENHANCE T CELL INDUCTION

Thymic selection (central tolerance) removes virtually all T cells that have high
affinity for self antigens. Furthermore, synthetic peptides derived from tumor-
associated antigens generally bind MHC molecules with medium to low affinity
[48]. Taken together, these properties may explain the apparent weak in vivo
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immunogenicity of many tumor antigen-derived peptide epitopes selected for use
in cancer vaccines. Creation of modified peptide analogs is a strategy to improve
immune responses generated by these peptides. There is an established corre-
lation between the MHC class I-binding affinity and immunogenicity of viral
antigen-derived peptides [49]. It is therefore plausible that modification of native
tumor antigen peptide sequences could be made to increase their affinity for MHC
molecules, resulting in increased immunogenicity.

Amino acid substitutions introduced at the MHC class I-binding anchor positions
of peptides derived from melanoma-associated antigens MART-1, gp100, and
tyrosinase have been achieved. These altered peptides have demonstrated markedly
improved in vitro immunogenicity in pre-clinical studies, and are also recognized
by T cells specific for the native sequence. Altered peptide epitopes have demon-
strated usefulness in vaccine strategies. Three melanoma patients were immunized
with a MART-1 peptide analog, MART-126−35 (27L), that binds more strongly to
HLA-A*0201 and is more immunogenic than the native sequence [50]. This peptide
was injected together with a saponin-based adjuvant followed by surgical removal
of SINs. Ex vivo analysis of SINs revealed differentiated antigen-specific memory
CD8+ T cells. In vitro, these cells proliferated upon stimulation with the analog
peptide, and nearly all (16 of 17) MART-1-specific CD8+ T cell clones generated
from these lymph nodes efficiently lysed native melanoma cells in vitro. These
results demonstrated that the TCR repertoire recruited by the analog peptide is
highly specific for the naturally processed MART-1 antigen.

Another amino acid-modified peptide, gp100209−217 (210M), and a control
peptide, HPV16 E712−20, were mixed in Montanide ISA 51 adjuvant and injected
into 30 HLA-A2+ patients with resected melanoma [51]. Patients were randomly
assigned to receive vaccinations every two weeks (thirteen vaccinations total)
or every three weeks (nine vaccinations total) for six months. An increase of
peptide-specific CD8+ T cells in circulating peripheral blood was observed in 28
of 29 examined patients. The median frequency of CD8+ T cells specific for the
altered gp100 peptide increased from 0.02% before to 0.34% after vaccination
(p <.0001), with no significant difference observed between the alternative vacci-
nation schedules. In a subsequent trial from the same group, 35 HLA-A2+ patients
with resected melanoma were vaccinated multiple times over six months with
the same modified melanoma peptide emulsified in Montanide ISA 51 adjuvant
[52]. Ex vivo cytokine flow cytometry analysis of post-vaccine PBLs after in
vitro peptide sensitization showed that, for all of the patients studied, tetramer-
positive CD8+ T cells produced IFN�. Some patients had significant numbers
of tetramer-positive, IFN�-negative CD8+T cells, suggesting that many were
functionally anergic. Analysis of cells collected 12–24 months after vaccine therapy
demonstrated the durable presence of gp100-specific memory CD8+ T cells with
high in vitro proliferation potential. These data demonstrate that some melanoma
patients can mount a significant antigen-specific CD8+ T cell immune response,
with a functionally intact memory component, after receiving a peptide analog
vaccine.
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CD4+ HELPER T CELLS AND ANTI-TUMOR IMMUNITY

The induction of CTLs against immunizing peptides is often achieved in cancer
patients, with some patients showing evidence of long-lasting, measurable immunity
years after vaccination. In many cases, however, the magnitude of immune responses
is low and/or short-lived. Recent studies in mice have provided important insights on
the role of HTLs in the generation of memory CTLs. HTL-mediated enhancement
of CTL immunity can result from (1) maturation of DCs via CD40 ligation and
IFN� secretion, (2) local secretion of IL-2, and (3) direct cell-to-cell co-stimulation
through CD27, CD134, and MHC class II [53]. HTLs may also recruit effector
cells of the innate immune system – such as macrophages and eosinophils – into
the tumor microenvironment [54]. There is also evidence that HTLs can directly
lyse MHC class II-expressing tumors via mechanisms analogous to those used by
CTLs, such as perforin/granzyme secretion and Fas/Fas Ligand interaction (17–19).
Hence, tumor-specific HTLs can mediate anti-tumor effects through a variety of
mechanisms. Induction of tumor antigen-specific HTLs in cancer patients may
therefore be a rational mean to generate sustained immunity against tumors.

MHC class II-restricted helper peptide epitopes derived from tumor antigens have
been used in some early clinical trials in attempts to boost CTL induction against
MHC class I-restricted peptides included in the same vaccine. Despite inconsistent
results towards demonstrating enhanced CTL induction by vaccination with T helper
peptides, HTL induction against tumor antigens HER-2/neu and MART-1 have
been reported in some cancer vaccine patients. In one trial, three resected high-
risk metastatic melanoma patients were vaccinated with an HLA-DR4-restricted T
helper epitope, MART-151−73 [19]. Immune reactivity to that epitope was detected
by HLA-DR4-peptide tetramer staining and ELISpot assay of fresh and in vitro
re-stimulated CD4+ T cells from the patients over the course of a 12-month vaccine
regimen. The post-vaccine CD4+ T cells exhibited a mixed Th1/ T helper 2 (Th2)
phenotype, proliferated in response to the antigen, and promiscuously recognized the
peptide epitope bound to different HLA-DR� alleles. For one HLA-DR�1*0401+

patient, antigen-specific CD4+ T cells recognized HLA-matched antigen-expressing
melanoma cells, secreted granzyme B, and also lysed antigen-expressing targets
in an MHC class II-restricted manner. These data showed that a class II peptide
epitope derived from a melanoma-associated antigen was immunogenic in vivo.

Currently, there are efforts underway to identify T helper peptide epitopes that
contain, within the natural sequence, embedded MHC class I-binding motifs. These
peptides have the potential to activate both HTLs and CTLs. A T helper peptide,
derived from HER-2/neu, has been reported to induce long-lasting antigen-specific
CTLs in patients with HER-2/neu over-expressing cancers [55]. Larger, randomized
trials comparing MHC class I vs. MHC class I + II peptide vaccine regimens are
needed to further assess the immunological and clinical benefit of HTL induction
in cancer patients.

The generation of tumor antigen-specific HTL responses by vaccination, even
without concomitant CTL induction, may still provide protective anti-tumor effects.
Homing of HTLs to tumor sites may result in a cytokine environment capable of
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supporting endogenous anti-tumor immune responses. Studies in mice have impli-
cated important roles for both Th1 and Th2 cells in anti-tumor immunity. Th1 cells
secrete IFN�, which activates tumoricidal macrophages that secrete nitric oxide and
superoxide [54]. Th1 cells can also modulate antigen expression by local secretion
of IFN� in the tumor bed, which enhances MHC expression in IFN-responsive
tumor cells [56]. In studies of melanoma and renal cell carcinoma patients, the
presence of tumor antigen-specific Th1 cells in the peripheral blood and TIL popula-
tions are associated with spontaneously regressing lesions and remission of disease
after therapy [57–59]. Th2 cells may also be important in anti-tumor immune
responses through secretion of IL-4 and IL-5, which are critical to the differen-
tiation and recruitment of eosinophils into tumor sites. Eosinophils can mediate
tumor destruction by secreting cytotoxic factors, such as major basic protein, and
also by modulating macrophage function via secretion of eosinophil peroxidase and
macrophage inflammatory protein 1 [54].

BREAKING OF PERIPHERAL TOLERANCE BY CYTOTOXIC
T LYMPHOCYTE ANTIGEN-4 (CTLA-4) BLOCKADE

The evolution and function of the immune system has been driven by the absolute
need for host defense against pathogenic agents – the “self” vs. “non-self” model.
Immunity against cancer represents a paradox in that tumor cells, while expressing
specific antigens, often do not fall into the conventional “non-self” category in the
same way that microorganisms do. Rather, tumor immunity appears to follow a
slightly different model of “self” vs. “altered self.” This concept of an “altered
self” has important clinical implications for the immunotherapy of some cancers,
whereby immune responses are induced against cellular proteins present in both
transformed and normal cells.

CTLA-4 is a regulatory molecule expressed on activated T cells and certain
subsets of T-regulatory cells. It binds the B7.1 and B7.2 co-stimulatory molecules
with higher affinity than the T cell co-stimulatory receptor CD28 [60]. This effec-
tively down-regulates APC-T cell interactions and therefore negatively influences
T cell activation. CTLA-4 knock-out mice have a limited lifespan and exhibit
profound, uncontrolled lymphoid proliferation and autoimmune phenomena, dying
of myocarditis. In animal models, a cell-based vaccine administered with an
abrogating antibody against CTLA-4 resulted in cures of established tumors not seen
with either component alone [61]. In recent vaccine trials of melanoma patients,
a CTLA-4-abrogating antibody (MDX-010) administered with peptide vaccination
induced grade III/IV autoimmune manifestations including dermatitis, enterocolitis,
hepatitis, and hypophysitis [62, 63]. These observations appeared to correlate with
tumor regression in those with metastatic disease, and prolonged time to recur-
rence in patients with high-risk resected melanoma. It remains to be seen from
additional studies if treatment of peptide vaccine patients with a CTLA-4-abrogating
antibody correlates with enhanced T cell induction specific for the immunizing
peptides. Nonetheless, these results provide evidence for breaking of tolerance to
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self antigens, and that strategies to augment recognition of “altered self” might be
effective for the treatment of cancer.

PROTEIN VACCINES

Random mutations in tumor cells generate unique antigens in each individual,
providing a rationale for customized immunotherapy approaches. Srivastava and
Amato first proposed that certain heat shock proteins (HSPs) purified from a
particular tumor can elicit specific immune responses against that tumor [64, 65].
HSPs are well-conserved, abundant proteins involved in a multitude of cellular
processes. Some are induced when a cell is exposed to environmental stress such
as temperature fluctuation and oxygen deprivation. Other HSPs are present under
normal conditions, many of which are chaperones that aid protein folding and intra-
cellular transport of peptides. Biochemical studies confirmed that low molecular
weight peptides are associated with HSP preparations from cells [66, 67]. The
peptide-binding pocket of certain HSPs display structural properties similar to
that of MHC class I proteins, suggesting that the two have overlapping peptide-
binding specificities [68]. Immunological studies have demonstrated that some of
the peptides isolated from HSPs of tumor and virus-infected cells are recognized
by T cells [69]. The unique repertoire of HSP-associated peptides from tumors
includes those resulting from somatic mutations, which create the potential for
customized approaches to cellular immunotherapy. Furthermore, autologous HSP
preparations circumvent the need to identify individual T cell epitopes and the
technical challenges associated with that process. The sheer variety of endogenous
HSP-associated peptides may also be effective in maintaining in vivo anti-tumor
immune responses in the setting of antigen-loss tumor cell variants.

APCs can acquire HSPs through specialized receptors, such as CD91, that mediate
their uptake from the extracellular milieu [70]. Once internalized, HSPs traffic to
different cellular compartments where chaperoned peptides are released, processed,
and assembled onto MHC molecules [71,72]. In a variety of mouse cancer models,
vaccination with certain HSPs (hsp70, hsp90, hsp110, Grp94/gp96, grp170) induces
anti-tumor activity via generation of tumor-reactive CTLs and HTLs [73, 74]. In
mice with bulky metastatic lesions, slowing of tumor growth is observed and
complete tumor regression can be achieved with smaller tumor burdens [75]. HSP
treatment in mice after primary tumor resection confers long-lasting immunity
against tumor recurrence, with most of the animals achieving a normal lifespan.
Recent work has also focused on non-covalent attachment of large protein substrates
(e.g. recombinant tumor antigens) to certain HSPs for use in animal vaccination
models [76].

Early phase clinical trials using heat shock protein peptide complex 96
(HSPPC96) have been conducted in a number of different cancers including
melanoma, pancreatic cancer, gastric cancer, colorectal cancer, renal cell carcinoma,
chronic myelogenous leukemia, and non-Hodgkin’s lymphoma [77]. Measurable
CTL responses against autologous fresh tumor cell preparations and cell lines
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established from original primary tumors have been achieved in some patients,
with immune reactivity correlating with improved clinical outcome and survival
time [78–80]. Large, randomized phase III trials using HSPPC96 are currently
underway for renal cell carcinoma and metastatic melanoma. Pre-clinical data has
also demonstrated that hsp70-associated peptides including those derived from
melanoma-associated antigens can activate T cells in an MHC-dependent manner
[81, 82].

Recombinant protein vaccines have been reported to induce tumor antigen-
specific cellular and humoral immune responses in patients with different cancers.
Like HSPs, the use of whole tumor antigen bypasses the need to identify individual
peptide epitopes corresponding to different HLA restriction elements, thereby
allowing for increased patient inclusion. Pre-clinical studies have demonstrated that
MAGE and gp100 recombinant proteins are able to stimulate antigen-reactive T
cells in vitro [83, 84]. Fusion of MAGE-A3 to immunogens such as the Protein D
antigen of Haemophilus influenzae has been shown to induce MAGE-A3-specific
CTL, HTL, and antibody responses in some metastatic melanoma patients [85].

CONCLUDING REMARKS

Tumor antigen-based peptide and protein vaccines have demonstrated excellent
safety profiles characterized primarily by mild, transient side effects such as flu-
like symptoms, injection site reactions, and low-grade fevers. Immune responses
to tumor antigens have been demonstrated in patients with a variety of different
cancers. The accumulated data suggest that peptide and protein vaccines are
immunogenic and can generate significant levels of CD8+and CD4+ T cells in the
peripheral blood, draining lymph nodes and tumors of cancer patients. Long-lived
memory responses can even be seen in some cases. However, these findings have
not yet been translated into clinical benefit in randomized clinical trials. Under-
standing the interaction between tumor cells and the immune system represents a
rapidly evolving field. While important advances have been made in understanding
the components of effective anti-tumor immune responses, including dendritic cell
activation, modulation of tumor antigen expression, control of peripheral tolerance,
and the generation of long-lasting T cell memory, that knowledge has not yet been
properly applied to cancer vaccine strategies.

The clinical setting for which peptide and protein vaccines are applied is also
an important determining factor in the outcomes of cancer immunotherapies.
Early trials often focused on treating advanced disease characterized by aggressive
and established tumors. With increasing basic knowledge of how tumors induce
immunosuppression, it is now evident that the immune system may not effectively
induce regression of large tumor burdens. The focus in cancer vaccine studies
has therefore shifted towards reduced disease states – including patients with no
evidence of disease achieved by appropriate surgery and/or chemotherapy – as
more favorable settings to achieve a consistent, positive impact on patient quality
of life and survival. Therefore, immunotherapy may be most effective in preventing



186 WONG AND WEBER

disease recurrence, as opposed to treating active disease. The ideal vaccine strategy
would utilize a potent local or systemic adjuvant, induce both innate and adaptive
immunity, incorporate multiple antigenic epitopes, and utilize means of breaking
immunological tolerance by provision of some sort of “danger” signal, such as
CTLA-4 abrogation.
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ARF alternative reading frame
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CTL cytotoxic T lymphocyte
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DTH delayed-type hypersensitivity
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INTRODUCTION

For over a century, dating back to William Coley’s initial experiments with
bacterial toxins in cancer patients [1], investigators have been trying to harness
the power of the immune system as a means of fighting cancer. The rationale for
cancer immunotherapy derives from a number of pre-clinical and clinical obser-
vations, including but not limited to: 1) the ability of the immune system to
recognize and eliminate tumors of diverse histological types in animal models; 2)
the increased incidence of tumor formation in immunodeficient mice; 3) the modest
but reproducible response rates seen in melanoma and renal cell carcinoma for
cytokine immunostimulants such as interleukin 2 and interferon-alpha; and 4) the
identification and isolation of antibodies and tumor-infiltrating lymphocytes from
cancer patients which recognize a host of tumor antigens. This rationale has been
bolstered further by the success, particularly in patients with hematologic malig-
nancies, of passive immunotherapies such as donor leukocyte infusion following
allogeneic stem cell transplantation and monoclonal antibodies such as rituximab.
Less successful clinically to date have been attempts at active immunotherapy,
despite a number of different immunization strategies designed to induce anti-
tumor immunity in recipients (reviewed recently in ref. [2]). DNA vaccination, in
which recipients are immunized with bacterially-derived plasmids encoding one
or more antigens of interest, represents a relatively novel approach to the active
immunotherapy of cancer, and will be reviewed in detail here.
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DNA VACCINES: HISTORY, MECHANISM, AND COMPARISON
TO OTHER VACCINE STRATEGIES

The first demonstration that plasmid-based immunization could elicit immune
responses in animals was reported by Tang and colleagues in 1992. Plasmid DNA
encoding human growth hormone or human �1-antitrypsin under the control of a
constitutively active promoter was coated onto gold microprojectiles and injected into
mouse skin using a “gene gun,” and antibodies specific for the encoded proteins were
subsequently isolated from the serum of vaccinated recipients [3]. Subsequent studies
of DNA vaccines encoding influenza [4, 5], HIV-1 [6], and hepatitis B [7] antigens
showed that this approach could generate antibody, CD4 and CD8 T cell responses,
as well as protection from pathogenic microbial challenge, and led to its application
in a number of infectious disease models. The safety and immunogenicity of DNA
vaccines against HIV, malaria, and hepatitis B virus have since been demonstrated in
non-human primates, as well as in human clinical trials [8–10].

The mechanism by which DNA vaccines generate immune responses has not
been completely elucidated, though two complementary models of immunological
priming have been demonstrated in mouse studies, both highlighting the impor-
tance of bone-marrow derived antigen-presenting cells (APCs) (Figure 1). The first
involves “cross-priming,” in which the encoded gene product, having been secreted
or released from transfected myocytes or keratinocytes, is taken up by APCs such
as dendritic cells which process the antigen and migrate to regional lymph nodes
where they can prime naïve T cells [11, 12]. In addition, there is evidence that
resident APCs at the site of immunization can be directly transfected by plasmid,
leading to endogenous transcription, translation, and antigenic processing of the
encoded protein [13, 14].

DNA vaccination offers a number of potential advantages over other vacci-
nation strategies against cancer (Table 1). DNA vaccines are simple and relatively
inexpensive to prepare in large quantities, and have a long shelf life compared with
traditional protein or peptide vaccines. Because they encode the entire sequence of a
tumor antigen, they provide multiple potential epitopes for binding to MHC Class I
and Class II molecules as well as to antibodies, and do not require an HLA-restricted
patient population, unlike peptide vaccines. Unlike autologous tumor cell or dendritic
cell vaccines, they do not require extensive ex vivo preparation of patient samples,
and unlike live, modified viral vaccines they do not induce potentially neutralizing
immunity against immunodominant viral antigens and engender no concerns about
virulence in a possibly immunosuppressed patient population. Finally, the bacterial
plasmid backbone of a DNA vaccine contains immunostimulatory sequences (ISS)
consisting of an unmethylated cytosine-guanine (CpG) dinucleotide flanked by two
5’ purines and two 3’ pyrimidines (known as a “CpG motif”). These CpG motifs
bind to Toll-like receptor 9 (TLR9) on B cells and dendritic cells, promoting B cell
activation and leading to NK and T cell activity through activation of dendritic cells
and production of interferons and IL-12 [15–17]. These ISS thus provide a natural,
inflammatory “danger signal” which bridges both innate and acquired immunity and
obviates the need to administer the DNA in a typical vaccine adjuvant.
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Figure 1. Mechanism of DNA vaccination Antigen-encoding plasmids administered into muscle or skin
can be either taken up directly by resident antigen-presenting cells (APCs) (e.g. dendritic cells) or by
myocytes/keratinocytes. In the first situation, the encoded protein is translated, processed, and presented
as peptide-MHC complexes by the APC to T cells. In the second situation, known as “cross-priming,”
the encoded antigen is secreted or released by transfected myocytes/keratinocytes, taken up by APC,
and subsequently processed and presented to T cells

Source: Reprinted from Cancer Chemotherapy and Biological Response Modifiers: Annual 22, Cohen &
Wolchok, “Chapter 35: DNA vaccines for melanoma”, p. 762, © 2005, with permission from Elsevier.

DNA vaccines have typically been administered by needle injection or by
gene gun, and are most commonly given intramuscularly or intradermally, though
mucosal (e.g. oral, intravaginal) and intranodal administrations have been described.
Early studies suggested that the site and method of immunization could bias the
induced immune response toward a particular T helper cell subtype (i.e. Th1
vs. Th2), with intramuscular and needle-based immunizations leading to Th1 and
predominantly cellular immunity, and intradermal and gene gun immunizations
leading primarily to Th2 and humoral immunity [18, 19]. The literature on this
is inconsistent, however, and we have found that the type of immunity induced
depends primarily on the antigen used rather than on the route of immunization
[20]. What is clear is that gene gun-based immunization can generate immune
responses of similar magnitude to needle injection while using up to 100-fold less
DNA, perhaps as a result of greater transfection of resident dendritic cells as the
DNA-coated gold particles spread through the epidermis and dermis. However,
whether this advantage will translate into greater immune responses clinically has
not been tested, and the optimal site and method of DNA immunization therefore
remains to be determined.
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Table 1. Vaccine strategies for cancer

Type of vaccine Relative advantages Relative disadvantages

Autologous tumor cell Patient-specific, provides multiple
tumor antigens

Labor intensive, requires available
tumor tissue and extensive ex vivo
preparation

Allogeneic tumor cell “Off the shelf” product, provides
multiple tumor antigens

Irrelevant “allo” antigens, difficult
to characterize induced immune
responses

Peptide “Off the shelf” product, easy to
prepare, easy to quantify immune
responses

Limited epitopes, requires HLA
restriction, requires adjuvant,
minimal antibody responses

Purified protein or
carbohydrate

“Off the shelf” product, safety and
immunogenicity established in
clinical trials, provides multiple
epitopes

Purification expensive, requires
adjuvant, limited CTL responses

Recombinant viral
vector

Stimulates innate immunity,
provides multiple epitopes

Safety issues (especially in
immunosuppressed), irrelevant viral
antigens, neutralizing immunity to
vector

Dendritic cell Potent immunogenicity, can provide
multiple epitopes

Labor intensive, requires extensive
ex vivo preparation, optimal
maturation status unknown

DNA “Off the shelf” product, easy to
prepare and stabilize, provides
multiple epitopes, intrinsic
immunostimulatory CpG motifs

Little clinical experience to date,
optimal delivery method unknown

DNA VACCINES AGAINST CANCER: THE PROBLEM OF “SELF”

A number of tumor antigens (TAs) have been identified in recent years as
potential targets for active immunization (Table 2). Some of these TAs, such
as viral antigens (e.g. human papillomavirus 16 E6) [21], mutated oncogenes
(e.g. CDK4, �-catenin) [22,23], products of translocation events (e.g. bcr-abl) [24],
and cancer-testis antigens (e.g. MAGE-A1, NY-ESO-1) [25], represent attractive
targets because they contain novel epitopes or were previously sequestered in an
immune-privileged site. The most prevalent TAs, however, are true “self” antigens,
either widely expressed molecules which are overexpressed on cancer cells (e.g.
CEA, MUC1, her2/neu) or differentiation antigens (e.g. gp100, tyrosinase, PSMA)
which are expressed only on particular tumors and their normal cell counterparts.
Because these TAs are indistinguishable from self, most high-avidity T and B
lymphocytes specific for them have already been deleted from the immune reper-
toire during development, a process known as central tolerance. Furthermore, those
self-reactive lymphocytes which manage to escape central tolerance are typically
of low avidity and are maintained in an anergic state through the absence of proper
co-stimulation and the presence of regulatory T cells, a process known as peripheral
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Table 2. Tumor antigens targeted by DNA vaccines

Antigen Potential applications References

tyrosinase melanoma [39, 64]
gp75/TRP-1 melanoma [33, 120]
DCT/TRP-2 melanoma [34, 36]
gp100 melanoma [35, 37, 38, 40, 63]
melanA/MART-1 melanoma [65]
CEA epithelial cancers, including colorectal, lung, breast, head

and neck, pancreas, gastric
[42–44, 70]

PSA prostate carcinoma [67, 89]
PSMA prostate, renal cell carcinoma [66, 129]
her2/neu (erbB2) epithelial cancers, especially breast, ovarian, pancreas,

lung
[49–54]

MUC1 epithelial cancers, especially breast, colorectal, ovarian,
pancreas

[61, 62]

Ig idiotype B-cell NHL, myeloma [55–57]
TCR idiotype T cell NHL [58]
CD20 B-cell NHL [59]
PML/RAR� APL [60]
bcr-abl CML, Ph+ ALL [135]
HPV E6, E7 cervical carcinoma [21, 96, 117]
MAGE-1, mage-b melanoma; myeloma; renal cell, lung, breast, colon,

bladder, ovarian carcinomas
[136, 137]

AFP hepatocellular carcinoma, cholangiocarcinoma, germ cell
tumors, ovarian

[138, 139]

WT1 acute leukemias, [140]
survivin Most carcinomas; melanoma; neuroblastoma; CLL; NHL [107]
p53 multiple carcinomas, including gastric, colorectal,

pancreas, esophageal, cholangiocarcinoma
[141, 142]

mutant ras melanoma, pancreas, colorectal, thyroid, lung,
cholangiocarcinoma

[143, 144]

Abbreviations: AFP=alpha fetoprotein; APL=acute promyelocytic leukemia; CEA=carcinoembryonic
antigen; CLL=chronic lymphocytic leukemia; CML=chronic myelogenous leukemia; DCT=dopachrome
tautomerase; HPV=human papillomavirus; Ig=immunoglobulin; MAGE=melanoma antigen; MART-
1=melanoma antigen recognized by T cells 1; MUC1=mucin 1; NHL=non-Hodgkins lymphoma; Ph+
ALL=Philadelphia chromosome-positive acute lymphoblastic leukemia; PSA=prostate-specific antigen;
PSMA=prostate-specific membrane antigen; TCR=T cell receptor; TRP-1=tyrosinase-related protein 1;
TRP-2=tyrosinase-related protein 2; WT1=Wilms tumor 1

tolerance (reviewed in [26]). Overcoming this tolerance is thus one of the central
challenges of active immunization against cancer.

DNA Vaccines Against Melanoma Antigens

Among the most extensively-studied TAs are the melanoma differentiation antigens,
which are expressed only in melanomas and normal melanocytes, and include
tyrosinase, tyrosinase-related protein 1 (TRP-1)/gp75, TRP-2/DCT (dopachrome
tautomerase), gp100, and melanA/MART-1. All of these antigens are highly
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expressed on both melanoma cell lines and primary melanoma patient samples,
and have been shown to be recognized by T cells and/or antibodies derived
from melanoma patients [27–31]. They therefore are very attractive targets for
cancer vaccination strategies. Initial murine studies of active immunization against
TRP-1/gp75 demonstrated that immune responses could not be generated by
immunizing with an unaltered, syngeneic (i.e. mouse) form of the antigen. However,
when mice were immunized with xenogeneic (i.e. human) TRP-1/gp75 protein,
which shares 87 % homology with the mouse protein [31], they developed antibodies
which recognized both human and mouse TRP-1/gp75 and were protected from
an otherwise lethal tumor challenge with the poorly immunogenic, syngeneic B16
melanoma cell line [32]. The human TRP-1/gp75-immunized mice, but not the
mouse TRP-1/gp75-immunized mice, also developed autoimmune coat depigmen-
tation, further demonstrating that tolerance to this self melanosomal protein had
been broken.

Following this initial study, we [33–35] and others [36–38] demonstrated that
DNA vaccines encoding xenogeneic orthologues of these melanoma differenti-
ation antigens were an effective way to break tolerance and induce protective
tumor immunity. Immunization of mice with a plasmid encoding human TRP-
1/gp75 led to antigen-specific autoantibodies and an 85% decrease in the number
of B16 lung metastases compared with unimmunized mice or mice immunized
with a mouse TRP-1/gp75 vaccine [33]. Similar protective immunity was seen
using DNA vaccines encoding human TRP-2 or gp100, though with these antigens
tumor immunity was mediated primarily by CD8+ T cells. Immunization with the
human TRP-2 plasmid led to a significant decrease in lung metastases even when
started 4 or 10 days after tumor challenge, when metastases were already estab-
lished, and could also induce protection in an intradermal tumor model [34, 35].
In addition, xenogeneic melanoma DNA vaccines have been studied pre-clinically
in an outbred dog population with spontaneously arising melanoma, and have led
to documented tumor regressions and prolonged survival compared with historical
controls [39]. Thus, xenogeneic DNA immunization can generate both antibody and
T cell responses to melanosomal self antigens leading to protective tumor immunity
and autoimmunity.

One mechanism by which xenogeneic immunization may break tolerance to self
is through key amino acid differences in MHC Class I or Class II epitopes which
lead to higher affinity for native MHC molecules than the syngeneic peptide. Such
epitopes are known as heteroclitic epitopes, and they represent another strategy
by which poorly-recognized self antigens can be altered to become immunogenic.
For example, the human form of the MHC class I- restricted gp10025−33 epitope,
KVPRNQDWL, binds more strongly to the mouse Db MHC class I molecule than
the native mouse peptide, EGSRNQDWL. A DNA vaccine encoding a site-specific
mutant of human gp100, in which amino acids 25-27 (KVP) were changed to
those seen at positions 25-27 in the mouse (EGS), lost its ability to induce tumor
protection. As well, a “minigene” construct encoding just the human gp10025−33

epitope was sufficient to induce CTL responses and protect from tumor challenge,
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while the mouse gp10025−33 minigene had no effect [40]. In this system a single
heteroclitic epitope is therefore both necessary and sufficient to break tolerance and
induce tumor immunity. These results suggest that using site-specific mutagenesis
to alter known and potential MHC Class I epitopes in order to enhance binding
may be a promising strategy to optimize DNA vaccines against cancer antigens.

DNA Vaccines Against Other Tumor Antigens

Carcinoembryonic antigen (CEA) is a 200-kDa protein expressed in normal fetal
and adult gastrointestinal tissue and overexpressed in numerous epithelial malig-
nancies, including colorectal, pancreas, gastric, breast, non-small cell lung, and head
and neck carcinomas [41]. Conry et al first showed that DNA vaccination against
human CEA could elicit humoral and cellular immune responses and protective
immunity against a human CEA-transduced mouse colon cancer cell line [42].
More recent studies have used a more relevant CEA-transgenic mouse model,
in which widespread expression of the human CEA protein leads to a state of
peripheral tolerance similar to that induced by a self antigen. In this model, a
CEA-encoding DNA vaccine could break tolerance and lead to protective immunity
against CEA-expressing MC38 colon or Lewis lung carcinomas when the plasmid
was administered orally via a bacterial carrier system consisting of an attenuated
strain of Salmonella typhimurium [43, 44]. The bacterial carrier likely provides
natural “danger” signals such as LPS and CpG oligonucleotides, which stimulate
innate immunity and provide the inflammatory signals necessary to overcome
tolerance, and represents another approach to inducing immunity against self tumor
antigens.

Another well-studied antigen used for DNA vaccination is the product of the
her-2/neu (erbB-2) oncogene. This 185 kDa member of the epidermal growth
factor receptor-tyrosine kinase family is overexpressed in a number of epithelial
cancers, including breast, ovarian, lung, and pancreatic cancer, and has been shown
to be recognized by naturally-arising antibodies and T cells in cancer patients
[45, 46]. The importance of this antigen as a target of immunotherapy has been
demonstrated by the success of trastuzumab, a humanized monoclonal antibody
specific for the her-2/neu protein, both alone and together with chemotherapy, in
improving response rates and survival of women with her-2/neu-overexpressing
breast carcinoma [47, 48]. Several investigators have now been able to actively
generate immunity against her-2/neu in mice using DNA vaccines encoding human
or rat her-2/neu, leading to protection from subsequent challenge with a her-2/neu
expressing tumor [49–51]. In addition, her-2/neu DNA vaccination can slow or
even reverse the growth of spontaneously arising mammary carcinomas in rat
neu transgenic mouse models [52–54]. Protective immunity is mediated by both
antibodies and T cells, and can be induced by plasmids encoding truncated her-
2/neu proteins lacking the cytoplasmic tyrosine kinase domain, lessening concern
about transfecting host cells, even transiently, with a potential oncogene [49–51,53].
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These studies and others demonstrate the potential of her-2/neu-targeted active
immunotherapy in patients with cancers overexpressing her-2/neu.

While most investigations of DNA immunization to date have focused on
antigens expressed by solid tumors such as melanoma or various adenocarci-
nomas, several DNA vaccines targeting hematologic malignancies are also being
developed. The most heavily studied to date are plasmids encoding a unique
portion of light and heavy chain variable region sequences derived from the clone-
specific immunoglobulin (Ig) expressed by Ig-producing malignancies (i.e. B-cell
lymphomas and multiple myeloma). This unique Ig fragment, termed the idiotype
(Id), is expressed only by the clonally rearranged neoplastic cell and is a true
tumor-specific antigen. It represents a patient-specific antigen as well, as each
lymphoma or myeloma patient’s neoplastic cells express a unique idiotype. Levy
and colleagues first demonstrated that a DNA vaccine encoding a murine B-cell
lymphoma idiotype could induce anti-Id antibodies and protection from tumor
challenge [55]. Stevenson’s group has confirmed and extended these findings in
other murine lymphoma and myeloma models using plasmids encoding single chain
variable region fragments (scFv) fused to fragment C of tetanus toxin, leading
to strong anti-Id antibodies and tumor rejection [56, 57]. This approach can also
be used to target T-cell lymphomas, as a DNA vaccine encoding the clonotypic
T-cell receptor V� and V� sequences from a murine T-cell lymphoma, again
fused to fragment C of tetanus toxin, induced antibody-mediated immunity from
in vivo tumor challenge [58]. Finally, Palomba and colleagues have used plasmids
encoding all or part of CD20, a surface molecule expressed by the majority of
B-cell lymphomas and the target of monoclonal antibody Rituximab, to generate
CD20-specific cytotoxic CD8+ T cells and modest tumor protection in the A20
murine B-cell lymphoma model [59].

DNA vaccines encoding a host of additional tumor antigens are currently in
various stages of development (Table 2), with potential targets ranging from
extremely tumor-specific (e.g. the PML/RAR� translocation product in acute
promyelocytic leukemia [60]) to extremely broad (e.g. the MUC1 glycoprotein
overexpressed in the majority of adenocarcinomas [61, 62]). The extent of this list
in Table 2 demonstrates the relative ease of generation of DNA vaccines and their
potentially widespread application to cancer therapy.

CLINICAL STUDIES OF DNA VACCINES AGAINST CANCER

Although DNA vaccines have been extensively studied in the pre-clinical setting,
there are only scarce data published about DNA vaccine trials in patients with
cancer [63–71]. The National Cancer Institute carried out a phase I study of
DNA immunization with a plasmid encoding a mutated human gp100 protein in
patients with metastatic melanoma [63]. The gene was modified to contain two
amino acid substitutions (at positions 210 and 288, respectively) that produced
heteroclitic epitopes with increased binding affinity for the HLA-A*0201 class
I molecule. The vaccine was administered to 22 HLA-A*0201-positive patients
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either intramuscularly (n=10) or intradermally (n=12), every month for 4 months.
None of the 13 patients evaluable for the induction of T-cell responses after
the second vaccination had developed CD8+ responses to the immunodominant
gp100209−217 or gp100280−288 peptides, as measured by an in vitro restimulation
assay. Only five patients received all four immunizations, with 3 evaluable, and
none showed gp100-specific CD8+ T-cell responses. There was one partial clinical
response.

Another phase I trial evaluated the safety and immunogenicity of a DNA vaccine
encoding 2 human tyrosinase peptides. The vaccine was administered to 26 patients
with stage IV melanoma as a continuous 4-day infusion into an inguinal lymph node,
repeated every 2 weeks for 4 treatments. The vaccine was well-tolerated. Although
no objective tumor responses were observed, 11 of 24 (46%) evaluable patients had
increased peptide-specific T-cell responses, as measured by tetramer assay [64].
A third phase I DNA vaccine trial in melanoma patients, testing escalating doses
(100,300, and 1000�g) of a MART-1 plasmid vaccine in 12 patients with resected
high-risk melanoma, has recently been reported. The vaccine was injected intramus-
cularly every 6 weeks for four immunizations, and was well-tolerated. No significant
T cell or antibody responses were noted to MART-1 or to a control hepatitis B
surface antigen (HBsAg) DNA vaccine that was administered concurrently [65].

A phase I/II study in patients with advanced prostate cancer evaluated the safety
of immunization with DNA constructs encoding the extracellular domain of human
prostate-specific membrane antigen (PSMA) or PSMA plus the co-stimulatory
molecule CD86. Although vaccination with either of these DNA constructs
could induce delayed-type hypersensitivity (DTH) responses, the plasmids were
less effective than a replication-deficient adenovirus vector expressing PSMA
[66]. A separate phase I clinical trial of DNA vaccination with a plasmid
expressing prostate-specific antigen (PSA) administered together with the cytokines
granulocyte/macrophage-colony stimulating factor (GM-CSF) and IL-2 as vaccine
adjuvants was carried out in patients with hormone-refractory prostate cancer. The
vaccine was administered to nine patients five times at monthly intervals, and the
adjuvants were given concomitantly with the vaccine. The study showed that of
the eight evaluable patients, a PSA-specific cellular immune response, measured
by IFN-� production by activated T cells, was detected in 3 patients, and a
rise in anti-PSA IgG in two patients treated in the highest dose group (900 �g
DNA). One of these patients had a decline in serum PSA levels, though clinical
responses were not described [67,68]. Nonetheless, humoral and cellular responses
could be induced against PSA in patients vaccinated with PSA DNA and cytokine
adjuvants.

A phase I/II clinical trial evaluated safety and immunogenicity of a DNA
vaccine encoding a chimeric idiotype protein consisting of the variable heavy
and light chains from each patient’s tumor linked to a mouse heavy and light
chain constant region [69]. Nine of the 12 patients with B-cell lymphoma enrolled
in the trial developed anti-mouse immunoglobulin responses, whereas 6 patients
(50%) developed modest anti-idiotype humoral or T-cell responses; these responses
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were usually not solely specific for the patients’ own idiotype. DNA vacci-
nation was well-tolerated in all patients evaluated, with mild-moderate injection
reactions being the only adverse effect. Finally, in a phase I study for metastatic
colon cancer patients, a dual-expression plasmid encoding CEA and hepatitis
B surface antigen (HBsAg) induced T-cell proliferative responses to CEA in 4
of 17 patients, but no anti-CEA antibodies or objective clinical responses were
reported [70].

Currently, several clinical trials using xenogeneic DNA vaccines are under way
at Memorial Sloan-Kettering Cancer Center. We have recently completed accrual
of two studies in patients with melanoma who received DNA vaccines encoding the
melanosomal differentiation antigens tyrosinase or TRP-1/gp75. Three other studies
are under way: one with gp100 DNA for patients with melanoma, one with PSMA
DNA for patients with prostate cancer, and one with PSMA DNA for patients with
renal cell cancer. These studies should provide important information regarding the
immunogenicity of the xenogeneic approach in humans.

While these initial clinical trials have shown DNA vaccines to be safe and well-
tolerated in cancer patients, the overall immune and clinical responses generated
have been disappointing to date. There are several potential explanations for
these observations. First, because most patients in these trials have had advanced
metastatic disease and/or have been heavily pre-treated with chemotherapy or
immunotherapy, they may not be the optimal population in which to evaluate
immune responses to DNA vaccines. More trials testing these vaccines in patients
without active disease but at high risk for relapse, as in the MART-1 trial [65],
may be necessary to observe evidence of immunity. In addition, it is also possible
that the DTH and lymphoproliferation assays commonly used in these initial trials
may not have the sensitivity required to detect vaccine-induced immune responses.
Newer techniques to measure changes in antigen-specific T cell frequency, including
ELISPOT, intracellular cytokine assays, or tetramer assays, may better assess
immunogenicity. Third, the optimal schedule, administration site (intramuscular,
intradermal or subcutaneous), and administration method (needle and syringe,
particle bombardment, or needle-free injection) for DNA vaccines have not been
extensively studied in humans, and may markedly influence outcomes. Furthermore,
the vaccines’ immunogenicity may be dose-dependent, and the doses used to date
(100 – 1800 �g) are still 1–2 orders of magnitude lower (on a per-weight basis)
than those commonly used in mice.

It is possible, however, that these first-generation DNA vaccines, despite their
efficacy in murine tumor models, may simply not be potent enough to induce
immune responses in patients with cancer. This may partly be due to differential
expression of TLR9, the receptor for immunostimulatory CpG motifs expressed
by plasmid vectors, on mouse and human dendritic cell subsets [72, 73], or may
reflect the many immunosuppressive and immune-escape mechanisms utilized by
tumors in vivo (recently reviewed in [74]). Optimizing the immunogenicity of these
vaccines, through many of the strategies described in the next section, may be
necessary to generate effective anti-tumor immunity in cancer patients.
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MODULATING IMMUNITY TO DNA VACCINES

A well-described feature of DNA vaccination is that the immunization process can
be manipulated so that the magnitude of the induced immune response, as well as its
bias (e.g. toward cellular vs. humoral immunity, or a Th1 vs. Th2-type response) is
altered. This ability to modulate DNA-vaccine induced immunity has been demon-
strated using a number of different approaches, including co-immunization with
plasmids encoding cytokine or co-stimulatory molecules; fusion of antigens to
bacterial or viral products which provide T helper epitopes, alter antigen trafficking,
and/or stimulate innate immunity; and blocking inhibitory T cell signaling using
monoclonal antibodies, among others (Table 3). Several of these approaches are
described briefly below, and in more detail elsewhere in this volume.

Table 3. Modulating immunity to DNA vaccines

Approach Rationale/Comment References

Cytokine/chemokine genetic
adjuvants

IL-2 T cell activation and proliferation [79-81, 84, 85, 88–90]
IL-4 Th2 bias. B cell activation [84, 90]
IL-12 Th1 bias. Enhances NK and CTL activity. [80, 84, 87–89, 91]
IL-15 Stimulates effector and memory CD8+ T

cells
[80, 88, 93]

IL-18 CD4+ T cell proliferation and IFN-�
production

[80, 89, 91, 94, 95]

GM-CSF Recruits and activates monocytes and
DC’s

[83, 84, 86, 88, 92]

IFN-� Macrophage activation. Upregulation of
MHC complexes

[84, 91]

Flt3L Expands and matures DC’s [88, 96-99]
MIP-1� Recruits monocytes and DC’s. Synergistic

with Flt3L plasmid [97]
[99, 101, 102, 105]

RANTES Recruits monocytes, T cells [101, 103, 104]
MCP-1 Recruits monocytes [101, 103, 105]
SLC/CCL21 CCR7 ligand. Recruits and activates DC’s [80, 106, 107]
Co-stimulatory/adhesion

molecule genes
B7.1/B7.2 (CD80/CD86) Co-stimulates T cell activation [92, 109, 110]
CD40 ligand Activates/matures APCs [114–116]
ICAM-1 or LFA-3 Facilitate T cell-APC interactions [145]
Bacterial/viral products (All enhance innate immunity)
Tetanus toxoid FrC Additional T helper epitopes [56–58]
HSV VP22 Intercellular spread of antigen [117]
Pseudomonas exotoxin Alters endosomal trafficking to enhance

cross-presentation of antigen
[118, 119]

Alphaviral replicase Augments antigen expression. Creates
dsRNA (TLR3 agonist)

[120]

(Continued)



204 COHEN AND WOLCHOK

Table 3. (Continued)

Approach Rationale/Comment References

Klebsiella OmpA Induces DC maturation and IL-12
production

[146]

Attenuated Salmonella
typhimurium

Oral delivery vehicle. Mucosal and
systemic immunity

[43, 44, 122, 123]

Mycobacterial HSP70 Enhances MHC Class I presentation of
antigen

[147]

Block negative T cell
signaling

Anti-CTLA4 mAb Blocks B7-CTLA4 interaction.↑
expansion of activated T cells

[129]

Anti-GITR mAb Inhibits Tregs, co-stimulates activated
effector T cells

[133, 134]

Other strategies
Imiquimod/resiquimod TLR7 agonist. DC maturation [148–150]
VEGFR2-, Fra-1-, or

PDGF-B-expressing
plasmids

Target endothelial cells.
Anti-angiogenesis

[151–153]

BCL-xL plasmid Inhibits apoptosis and prolongs DC
survival

[154]

Electroporation Enhances plasmid delivery/expression [53, 155]
Low dose cyclophosphamide Inhibits Tregs or boosts T cell

homeostatic proliferation
[153, 156]

Abbreviations: APC=antigen-presenting cell; CTL=cytotoxic T lymphocyte; CTLA4=cytotoxic T
lymphocyte antigen 4; DC=dendritic cell; Flt3L=fms-like tyrosine kinase 3 ligand; Fra-1=fos-
related antigen 1; FrC=fragment C; GITR=glucocorticoid-induced tumor necrosis factor receptor;
GMCSF= granulocyte/monocyte-colony stimulating factor; HSP70=heat shock protein 70; HSV=herpes
simplex virus; ICAM-1=intracellular adhesion molecule 1; IFN=interferon; LFA-3=lymphocyte function
associated 3; mAb=monoclonal antibody; MHC=major histocompatibility complex; MIP=macrophage
inflammatory protein; MCP-1=monocyte chemoattractant protein 1; NK=natural killer; OmpA=outer
membrane protein A; PDGF-B=platelet-derived growth factor B; RANTES=regulated upon activation,
normal T-cell expressed, and presumably secreted; SLC=secondary lymphoid tissue cytokine;
TLR=tolllike receptor; Tregs=CD4+CD25+ regulatory T cells; VEGFR2=vascular endothelial growth
factor receptor 2;

Cytokines, Chemokines, and Co-stimulatory Molecules

A multitude of cytokine- and chemokine-expressing plasmids have been tested as
“genetic” or “molecular” adjuvants designed to augment DNA-vaccine induced
immunity (Table 3) (see references [75–78] for detailed reviews). These are typically
administered at the same time or shortly after antigen immunization, and can be
effective either as a separate plasmid vector or when co-expressed with antigen in
a bi-cistronic vector. The advantages of using the cytokine-encoding gene product
rather than recombinant protein include lower cost as well as the ability to generate
high concentrations of cytokine at the site of immunization and draining lymph
nodes (where the immune response is being primed), with minimal systemic effects.
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These local effects can be further enhanced through plasmid vectors which fuse the
cytokine to the Fc portion of an IgG immunoglobulin, presumably through greater
stability of the protein and longer in vivo half-life [79–81].

Among the best-studied molecular adjuvants are plasmids encoding IL-2, IL-12,
or GMCSF. IL-2 constructs have been shown to augment both humoral and cellular
immunity, while IL-12 plasmids primarily enhance cytotoxic T cell responses and
the generation of memory T cells. GM-CSF constructs are typically given prior
to the first vaccination in order to recruit dendritic cells and other APCs to the
immunization site [82, 83], leading to greater priming for both antibody and T
cell responses. All of these constructs, given in combination with DNA vaccines,
have been shown to enhance protection from infectious pathogens or rejection of
tumors in both rodent and non-human primate models [75–81, 84–92], and are
currently being tested as vaccine adjuvants in clinical trials. Other promising cytokines
currently under study in animal models of DNA vaccination include IL-15, which
can enhance both effector and memory CD8+ T cell responses [88, 93]; IL-18, which
has augmented antigen-specific lymphoproliferative responses and production of the
Th1 cytokines IL-2 and IFN-� [89, 91, 94, 95]; and flt3 (fms-like tyrosine kinase 3)
ligand, which expands and matures dendritic cells recruited to the site of immunization,
leading to improved priming of both humoral and cellular immunity [88, 96–99].

Chemokines are chemoattractant molecules which function to regulate the
trafficking of leukocytes, including monocytes, lymphocytes, dendritic cells,
eosinophils, and neutrophils, and are important for the induction of both non-
specific inflammatory responses and adaptive immunity [100]. Several animal
studies have now shown that plasmids encoding the CCR1/CCR5 agonists MIP
(macrophage inflammatory protein)-1�, MIP-1�, and RANTES (regulated upon
activation, normal T-cell expressed, and presumably secreted); the CCR2 agonist
MCP-1 (monocyte chemoattractant protein-1); and the CCR7 agonist SLC (secondary
lymphoid tissue cytokine)/CCL21, among others, have potent adjuvant activity
when co-injected with DNA vaccines, due to enhanced recruitment of APCs to
the immunization site and increased production of inflammatory cytokines such as
IFN-� [99, 101–107]. In particular, an approach using MIP-1� and flt3L plasmids
together to first recruit, and then expand and activate infiltrating dendritic cells
synergistically augmented both antibody and T cell responses against an HIV-1
envelope DNA vaccine, demonstrating the potential for combining chemokine and
cytokine genetic adjuvants [99]. Interestingly, repeated injections of chemokine-
expressing plasmids in a rat autoimmune arthritis model led to neutralizing
antibodiesagainst thechemokinesandameliorationofautoimmunity[108], suggesting
that these constructs may become less effective with repeated administration.

The co-stimulatory molecules CD80 (B7.1) and CD86 (B7.2) are expressed
by activated APCs and are critical for the activation of naïve T lymphocytes,
via secondary signaling through CD28. Co-delivery of CD80 or CD86 genes
during DNA immunization can boost antigen-specific cellular immune responses,
presumably by improving the antigen-presenting capability of transfected host cells
[92, 109, 110]. CD40 is a co-stimulatory molecule expressed on APCs, including
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B cells, macrophages, and dendritic cells, while CD40 ligand (CD40L)/CD154
is expressed by helper CD4+ T cells. Ligation of CD40 sends an activation and
maturation stimulus to the APC, allowing it to more effectively activate naïve CD8+
T cells, a process termed “licensing” [111–113], and is one of the primary ways
that CD4+ T cells help prime CD8+ T cell responses. DNA immunization with
CD40L, either as a separate plasmid or combined with antigen in the same vector,
has been shown to enhance both antibody and cytotoxic T lymphocyte responses
and improve protection from viral or tumor challenge [114–116].

Bacterial and Viral Products

Another strategy to enhance the immunogenicity of DNA vaccines is to combine
the antigen of interest with a component from an infectious organism, either to take
advantage of universal T helper epitopes, the functional properties of a particular
molecule, the inherent “danger” signals engendered by a microbial product, or some
combination of the above. As mentioned previously, fusion of immunoglobulin
idiotype genes to fragment C of tetanus toxin, which contains a “promiscuous”
MHC Class II binding epitope, induced protective immunity in lymphoma and
myeloma mouse models, and is currently undergoing testing in clinical trials
[56,57]. Fusion of tumor antigens to the Herpesvirus VP22 tegument protein or the
translocation domain of Pseudomonas exotoxin A, which alter inter- or intracellular
antigen trafficking, respectively, and enhance MHC Class I presentation, dramati-
cally augmented antigen-specific CD8+ T cell responses and improved protection
from tumor challenge [117–119](M Engelhorn, JD Wolchok, and AN Houghton,
manuscript in preparation). A DNA vaccine encoding mouse gp75/TRP-1 (mgp75)
under control of an alphaviral replicase enzyme was able to break tolerance, induce
autoantibodies, and protect mice from challenge with B16 melanoma, while a tradi-
tional mgp75-encoding construct was ineffective [120]. Interestingly, this was not
due to enhanced antigen expression as predicted, but rather to the production,
as a byproduct of replicase-mediated gene expression, of double-stranded RNA
(dsRNA), which is a Toll-like receptor 3 (TLR3) agonist and a potent stimulator
of innate immunity [121]. Another approach, which delivers DNA vaccines orally
using an attenuated Salmonella typhimurium strain as a carrier, has generated strong
T cell responses against viral and tumor antigens, and may have promise as a means
to induce specific mucosal immunity [43, 44, 122, 123].

Targeting Negative Regulatory Mechanisms

Another strategy to modulate DNA vaccination against cancer is to attempt to block
inhibitory responses which result in the suppression of anti-tumor immunity. Two
such approaches which have recently been explored in combination with DNA
vaccination use monoclonal antibodies to target CTLA-4 (cytotoxic T lymphocyte
antigen-4) or GITR (glucocorticoid-induced tumor necrosis factor receptor family-
related gene). CTLA-4, a homolog of CD28, binds to CD80 and CD86 and is
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upregulated on CD4+ and CD8+ cells following TCR-mediation activation. Ligation
of CTLA-4 leads to inhibition of T cell activation and therefore controls antigen-
specific T cell proliferation and effector activity [124]. CTLA-4 is also constitutively
expressed on CD4+CD25+ regulatory T cells (Tregs), though its exact function on
these cells remains unclear. Antagonist anti-CTLA-4 antibodies have been shown to
enhance T cell responses to whole cell tumor vaccines in murine models [125], and
are currently being tested, either alone or in conjunction with peptide vaccination, in
cancer patients. Both tumor immunity, manifested as significant clinical responses,
and autoimmunity have been observed in early clinical trials to date [126–128].
Gregor et al found that the combination of anti-CTLA-4 antibody with xenogeneic
DNA vaccines encoding melanoma or prostate differentiation antigens enhanced
antigen-specific CD8+ T cell responses and tumor rejection. Interestingly, this effect
was seen only with CTLA-4 blockade during the second or third of three weekly
vaccinations. When the antibody was given prior to the initial DNA immunization,
no enhancement was observed [129]. This suggests that T cells need to be previously
activated for the optimal efficacy of this approach.

GITR is a TNF receptor family member with significant homology to the co-
stimulatory molecules OX40, 4-1BB, and CD27. Like CTLA-4, GITR is expressed at
low levels on resting CD4+ and CD8+ T cells, is significantly upregulated following
T cell activation, and is expressed constitutively at high levels on Tregs [130]. Unlike
CTLA-4, however, GITR ligation on activated T cells leads to further co-stimulation
and proliferation, while GITR ligation on Tregs abrogates their suppressive activity
[131,132]. Thus, inducing a signal through GITR using an agonist anti-GITR antibody
could potentially augment tumor immunotherapy by both co-stimulating tumor-
specific effector T cells and inhibiting the immunosuppressive effects of Tregs. Indeed,
Sakaguchi and colleagues have demonstrated that an agonist anti-GITR antibody
can induce regression of early stage, modestly immunogenic murine tumors, and
that this effect is further augmented with combined anti-GITR and anti-CTLA-4
treatment, suggesting the two antibodies may be acting upon distinct cell popula-
tions and/or pathways [133]. In addition, we have demonstrated that combining anti-
GITR antibody with xenogeneic DNA vaccines encoding the melanoma differenti-
ation antigens gp100 or TRP-2 leads to enhanced primary and recall CD8+ T cell
responses and improved rejection of the poorly immunogenic B16 melanoma cell
line. Similar to CTLA-4 blockade, GITR ligation was not effective prior to the initial
vaccination, but only with subsequent immunizations, again implying a requirement
for prior activation of T cells [134]. These initial pre-clinical studies demonstrate
the potential for this approach as an adjunct to active immunization against cancer.

CONCLUSIONS

DNA immunization is a relatively novel approach to cancer immunotherapy which
has shown significant potency in stimulating both innate and adaptive immunity
against a wide variety of tumor antigens. While this promise has yet to be realized
in cancer patients, early clinical trials have demonstrated the feasibility and safety
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of this approach, and a multitude of strategies designed to optimize and augment the
immunogenicity of these vaccines (Table 3) have been identified. To move forward
in this field, more extensive testing of next-generation vaccines and promising
adjuvant strategies must occur in humans, with particular focus on determining the
optimal dosing, timing and method of administration in cancer patients, as these
parameters may differ significantly from those seen in animal models. Ultimately,
combining DNA vaccination with other immunotherapeutic approaches, such as
adoptive cellular therapy, other vaccines (e.g. “prime-boosting”), immunomodu-
latory chemotherapy, or anti-Treg strategies may be the most effective way to
develop a comprehensive immune-based treatment regimen for cancer.
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DEVELOPMENT OF VACCINE-BASED IMMUNOTHERAPY
FOR HUMAN CANCER

For many years, oncology has depended on three major clinical options for the
treatment of human neoplastic diseases: surgery, radiation or chemotherapy. Recent
advances in targeted therapies and the use of monoclonal antibodies have now
added to these modalities. In spite of intensive clinical efforts during recent years,
treatment of patients with many cancers remains an elusive challenge. This situation
has strengthened theneed for thedesignof safer andmoreeffective strategies thatbetter
target cancer cells without impacting the integrity of normal cellular compartments.

Active specific immunotherapy is still largely an experimental application for
human cancer treatment. The notion that humans can be immunized against their
own cancer, and that immunization can evoke a protective or therapeutic anti-
neoplastic response rests on resolving several fundamental preclinical and clinical
questions: (a) Is the immune response an important factor against neoplastic growth?
(b) If so, can the immune response be further “manipulated” to overcome diverse
tumor escape mechanisms? and (c) Is cancer vaccination involving recombinant
viral or bacterial vectors a viable approach to alter the immune response in favor
of cancer cell destruction or prolonged patient survival?

217

H.L. Kaufman and J.D. Wolchok (eds.), General Principles of Tumor Immunotherapy, 217–250.
© 2007 Springer.



218 GROSENBACH ET AL.

In the early 20th century, Ehrlich promoted the idea that the immune system could
repress cancer growth. In 1957, Burnet and Thomas formally presented the concept
of “cancer immune surveillance” [14], which hypothesized that cells of the immune
system continuously surveyed the host for newly arising abnormal cells. Once recog-
nized, the immune system would then destroy these aberrant cells before they became
cancerous. Two new lines of experimental observations currently strongly support the
conclusion, both in principle and application, that the immune system is crucial for
the control of neoplastic development and growth. In comprehensive mouse studies
using genetic approaches, Schreiber and colleagues [36,70,160] demonstrated that the
loss or impairment of immune function, especially of T cells and IFN-� production
or responsiveness, resulted in a significantly elevated incidence of spontaneous or
chemically induced tumor formation. In human studies, Rosenberg and colleagues
[31–34] demonstrated that in certain cases tumor-specific immune cells could be
isolated from biopsied lesions of patients with metastatic melanoma. After appropriate
propagation ex vivo, such tumor-infiltrating lymphocytes (TIL) could be returned
via adoptive transfer in an autologous manner, which could mediate profound tumor
regression in at least some patients, especially under conditions of non-myeloablative
chemotherapy. Collectively, in both mouse and human studies, these observations
indicate that the immune response does play an important role against the neoplastic
process, and if appropriately manipulated could mediate tumor regression.

Another important corollary from these studies is that neoplastic cells are naturally
antigenic, but poorly immunogenic. However, the basis of immunogenicity is
complex and remains to be fully understood. Despite that, a general consensus
is that down-regulation of major histocompatibility complex (MHC) or costimu-
latory proteins on neoplastic cells underlies a molecular basis of diminished T cell
activation or expansion [12,41,136]. Moreover, how such neoplastic clones emerge
in the first place represents another layer of complexity. One notion is that an
intrinsic adaptive immune response actually facilitates the selection and outgrowth
of neoplastic clones expressing those tumorigenic phenotypes [35].

Thus, considerable interest has been committed to the notion that a de novo or
pre-existing antitumor lymphocyte response may be further intensified by immune-
based interventions, which have been classified as: (a) active immunotherapy, also
known as therapeutic vaccination [38, 41], and (b) passive or adoptive cellular
immunotherapy [31, 33]. The former classification of immunotherapy will be the
subject of this chapter, with particular emphasis on the development and appli-
cation of recombinant viral and bacterial vectors as cancer vaccines to improve
immunogenicity.

CHALLENGES FACING EFFECTIVE CANCER VACCINATION
WITH RECOMBINANT LIVE VIRAL OR BACTERIAL VECTORS

A crucial issue in the use of cancer vaccines is how best to overcome potential
mechanisms of immune suppression, immune privilege, or central or peripheral
tolerance against antigenic, but weakly immunogenic neoplasms. It is noteworthy
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that based on preclinical studies in transgenic mouse models expressing self-tumor-
associated antigens (TAA) [69,130,155,199] and clinical studies [31,105], it appears
likely that tumor-specific lymphoid precursors do exist in the periphery, but remain
in a relatively unresponsive or “anergized” state.

An additional consideration for the use of active immunotherapy in humans,
particularly involving live viral or bacterial-based vectors, reflects the nature of
the patient population. The original intention of immunotherapy was to use it in
patients with metastatic cancer or disease refractory to conventional treatments.
From an ethical standpoint, it was appropriate to enroll such patients in newer exper-
imental therapy protocols because “standard-of-care” treatment was unsuccessful
in such patients. From a scientific or practical standpoint, however, such patient
populations may be far from optimal to test experimental immunotherapies because
disease progression or prior therapies may have already compromised immune
function. By its very nature, however, immunotherapy requires a functional immune
system.

Another consideration rests with appreciating the sophistication of the host-tumor
relationship. By the time cancer is clinically detectable, it likely had already evolved
to the point where it can efficiently evade host immune recognition and attack. In
fact, as pointed out earlier, studies in mouse models of chemically induced tumor
formation support this notion, which has been termed “cancer immunoediting”
[35, 160] and reflects a refinement of the original concept of “cancer immuno-
surveillance” [14]. Thus, although cancer is considered a genetic disease [56,181],
interactions of developing neoplasms with the immune system over many years
may serve to influence the immunogenic content of malignant subpopulations that
eventually emerge and constitute the clinically detectable mass.

An expanding principle in the field of immunology and immunotherapy is that
the dendritic cell (DC) is central to the initiation of the adaptive immune response.
But to make the DC functionally useful for this essential role, the DC requires prior
activation by elements of the innate immune response. Thus, the DC is thought to
be the cellular bridge linking innate and adaptive immunity. However, it has been
reported that DC subpopulations from cancer patients may be functionally impaired
as a consequence of tumor-derived suppressive factors, such as vascular endothelial
growth factor (VEGF), IL-10 or gangliosides [44, 202]. Cancer vaccine strategies
aimed to augment the maturation and activation of the DC, therefore, would then
likely improve immunogenicity and the production of a more robust T cell response.
One way to achieve this outcome is through the use of live viral or bacterial-
based vectors, which by their nature generate potent type-1 inflammatory reactions.
These reactions, in turn, would antagonize at least to some extent anti-inflammatory
elements of the tumorigenic process.

It is now known that microbial products, such as those inherent in certain viruses
and bacteria (BCG), also are potent activators of the DC because they contain
agonists of toll-like receptors (TLR). TLR are expressed by DC (and other innate
immune cell types), and comprise a family of approximately 10–15 receptors that
bind to a number of different microbial components, namely lipopolysaccharide
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(LPS), RNA species and CpG motifs [72, 129]. Activation of DC via their TLR
augments expression of adhesion molecules, chemokine receptors and chemokines,
which, in turn, regulate cellular trafficking to sites of inflammation. Thus, the
biological consequences of TLR engagement lead to inflammation, characterized by
the recruitment of key immune and non-immune effector cells to mediate pathogen
destruction. In regard to TLR agonists, CpG motifs constitute the most studied of
these sequences [73,84,187]. It is thought, therefore, that some of the immunogenic
properties of viral or bacterial constructs can be attributed to the fact that they
also contain numerous CpG motifs. In addition, certain cytokines have been shown
to enhance the level of DC function in vitro and in vivo. For example, GM-
CSF has been demonstrated to enhance Ag-specific T cell responses, such as
proliferative, CTL, delayed-type hypersensitivity reactions or antitumor responses
[30,38,77,137,157,186,194]. It should be noted, however, that GM-CSF most likely
acts indirectly via recruitment and activation of host DC populations. Increased DC
competence correlates with heightened levels of MHC, adhesion, and costimulatory
molecules, which serve to improve immune system interactions overall.

At the induction phase, vaccination should elicit a potent tumor-reactive immune
response, at both quantitative and qualitative levels. Quantitative factors reflect
significant rises in tumor-reactive T lymphocyte precursor frequencies, while quali-
tative factors reflect improvements in the potency, specificity and sensitivity of
those lymphocytes for recognition and destruction of the Ag-bearing target. This is
particularly important in light of the possibility that by the time cancer is clinically
diagnosed the resulting lesions may have already evaded or have been reshaped by
the naturally occurring innate and adaptive immune interactions over many years. At
the effector phase of the host-tumor interaction, the vaccine-induced immune cells
must be able to achieve a number of sequentially complex steps. The immune cells
must be able to migrate to and accumulate at the sites of neoplastic growth. Once
they collect at those sites, these immune cells must be able to penetrate lesions at
sufficiently high levels so that the in vivo “effector/target ratios” favor the immune
response over the tumor load, as well as to overcome various cancer-directed
countermeasures which serve to disable effector function. Notably, the presence of
immune regulatory cell populations, such as NKT cells [169], CD4+CD25+ Treg
cells [26] and myeloid suppressor CD11b+Gr-1+ cells [108] have been reported to
downregulate Th1-type and CTL activity. Furthermore, this is further compounded
by the production of numerous tumor-derived inhibitory factors, such as TGF-
�, VEGF and IL-10, which further abrogate immune reactivity in the host-tumor
microenvironment [44, 162, 202].

Finally, in the event a therapeutic T cell response is initiated and executed,
the possibility exists for the development of undesirable immune reactions. For
example, if vaccines are directed against a given TAA, the induction of immunity
toward the tumor may also eventually lead to the induction of immunity to
normal tissues also expressing that TAA. This has been the case for immune
responses to some melanoma-associated Ag, where vitiligo has been induced, in
both experimental [132] and clinical studies [31]. It is noteworthy that, in preclinical
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vaccine studies, the induction of antitumor immunity in transgenic mice expressing
TAA has not led to the induction of autoimmunity in normal tissues expressing
those same TAA [69, 130, 155, 199]. So far, in clinical trials using recombinant
viral vaccines directed against carcinomas, no autoimmunity has been observed,
including those cases in which positive clinical outcomes have been reported
[104, 105].

VIRAL VECTORS

The central concept in the construction of a recombinant viral vaccine for cancer
therapy resides within its ability to productively activate the immune response. The
gene encoding a target Ag, most often a TAA, is recombined into the genome of a
live virus. Upon infection, the target Ag is then expressed among other viral gene
products, thus exposing the Ag to the immune system for recognition and activation
of T lymphocytes. This model further postulates that activated T lymphocytes
then migrate from the site of induction, enter the circulation via the lymphatics,
infiltrate the tumor site(s) and mediate tumor cell destruction. T cell recognition is
governed by the clonotypic T cell receptor, which recognizes antigenic fragments
or “epitopes” derived from endogenous proteins displayed on the tumor cell surface
generally in the context of MHC class I molecules.

This mechanism for the introduction of Ag to the immune system is attractive
for several reasons: (a) viruses infect many cell types including professional APC
leading to both direct and indirect presentation of Ag to the immune system;
(b) viral infection tends to send the appropriate “danger signals” concurrently
resulting in the activation of the innate immune response which creates an inflam-
matory milieu crucial to the recruitment and activation of components of adaptive
immunity; and (c) many viral proteins are highly immunogenic and act as “helper”
signals in the generation of robust cellular immune responses to the target Ag
[28]. Viral vectors may be further manipulated to include transgenes for immunos-
timulants, such as cytokines and costimulatory molecules. Numerous viruses are
being developed as therapeutic cancer vaccines taking advantage of these features.
They include: poxviruses (vaccinia, MVA, avipox) [114, 168], adenovirus [82],
adeno-associated virus, alphaviruses (semliki forest virus, sindbis virus) [193],
paramyxoviruses (measles, newcastle disease virus) [141, 145] and herpesviruses
[99]. Tables 1 and Tables 2 list representative viral species that have been used thera-
peutically for the treatment of various cancers both preclinically and in clinical trials,
respectively.

Poxvirus Vectors

One of the most studied groups of all viral vectors for cancer vaccines is the
poxvirus group. Vaccinia virus, which was derived from a benign pox disease in
cows, has been administered to more than 1 billion people and is responsible for
the worldwide eradication of smallpox [40]. As a result, smallpox vaccinations in
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the United States and most Western countries were halted over 30 years ago. As it
relates to therapeutic vaccination though, most adult cancer patients are over the age
of 30 and, therefore, likely have some level of pre-existing immunity to vaccinia
virus that may limit the efficacy of the experimental vaccine – a consideration
addressed below. One of the major advantages in using vaccinia virus and/or
replication incompetent poxviruses, however, is that large amounts of foreign DNA
(up to 25 kb) can be inserted into the vector [114]. Another major advantage is that
proteins expressed in vaccinia virus tend to be more immunogenic than the native
protein, which is most likely due to the inflammatory responses triggered against
highly immunogenic vaccinia virus proteins [28]. Other advantages of poxviruses
include: (a) wide host range; (b) stable recombinants; (c) authentic replication; and
(d) efficient post-translational processing of the inserted gene [114]. It should be
noted that while vaccinia virus is an extremely efficient vaccine vector, there are
safety concerns with its use [146]. Other poxvirus vectors with better safety profiles
are becoming increasingly prevalent in vaccine studies. Modified vaccinia Ankara
(MVA) is an example of one such vector [114, 166]. MVA has been attenuated by
serial passage in avian cells resulting in the deletion of large portions of its genome.
It retains many of the attractive features of vaccinia virus but lacks toxicity because it
cannot replicate in mammalian cells. Similarly, other replication-defective members
of the poxvirus family are the avipox vectors (e.g., fowlpox and canarypox/ALVAC)
[135, 168]. Clinical studies have shown that avipox-based vectors can be given
numerous times to patients with a resulting increase in Ag-specific T cell responses
[103]. Thus, it appears that in addition to an enhanced safety profile, its repeated
use as a booster vaccine is not limited by the host anti-vector response, most likely
because it is replication-incompetent.

Early studies of recombinant vaccinia viruses containing HIV transgenes showed
that vaccinia virus-immune patients could not mount as potent an immune response
as vaccinia virus-naive patients [23]. Subsequent studies have shown that when
higher doses of recombinant vaccinia viruses are used, even vaccinia virus-immune
patients can mount a vigorous response to the transgene after vaccination. However,
this response is greatly diminished at the second and third vaccination [178]. Thus,
preclinical [49] and recent clinical [104, 105] studies have shown that the optimal
use of recombinant vaccinia viruses is to prime the immune response, followed by
boost vaccinations with other vectors (such as replication-defective avipox vectors),
peptides or proteins. Several clinical trials involving vaccinia virus recombinants
expressing TAA, such as CEA [105], PSA [5,52], MUC-1 [134], human papilloma
virus E2 [24], E6 and E7 antigens [7], melanoma antigens melan-A/MART-1,
gp100, and tyrosinase [109,153,163] are actively being engaged. Additional tumor
Ag are being evaluated as candidate targets in preclinical studies using recombinant
poxvirus vectors. They include p53 [42], 5T4 [115], GA733 [198], and Epstein-Barr
viral antigens EBNA1, LMP1 and LMP2 to name a few [47, 167].

First-generation poxvirus-based cancer vaccines encoded only the TAA and relied
solely on the inherent immunogenicity of the virus to overcome tolerance and trigger
immune responses to the TAA. Preclinical studies and clinical trial results indicate
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that while capable of breaking tolerance to the TAA, this is not sufficient to mediate
potent antitumor immunity and clearance of established tumors in the majority
of animal models [49] or patients [104]. Second- and third-generation poxvirus
vaccines have been engineered to not only encode TAA but also cytokines, such
as IL-2 [134], IL-12 [20], GM-CSF [77, 176]and TNF-� [48], and costimulatory
molecules, such as B7-1, ICAM-1, LFA-3 [63, 91, 105, 176], OX40L [50], and
CD40L [39]. Vaccines encoding both TAA and immune stimulatory molecules have
been demonstrated to enhance antitumor immunity in both preclinical models and
clinical studies [5, 19, 49, 50, 52, 61–66, 75, 77, 86, 105, 182, 195, 196, 199].

Preclinical and clinical studies indicated that immune responses to the TAA
were further enhanced by the use of heterologous vaccine vector combinations,
such as recombinant vaccinia in the primary vaccination and avipox, in the boost
[49, 62, 63, 104, 199]. For example, a vaccine regimen consisting of recombinant
vaccinia virus (rV) encoding CEA along with the costimulatory molecules B7-1,
ICAM-1 and LFA-3 (termed rV-CEA/TRICOM), was followed by booster vacci-
nations with a heterologous recombinant fowlpox (rF) encoding the same TAA
and costimulatory molecules (termed rF-CEA/TRICOM). Recombinant GM-CSF
protein was administered during each vaccine cycle. In animal models, this approach
has been proven to be far superior to vaccination with viruses encoding only the
TAA, or repeated vaccinations with a single agent, resulting in both enhanced
immune responses to the TAA and tumor clearance [49, 63].

A clinical trial [105] following this regimen reported that 23 of 58 patients had
stable disease for at least 4 months, 14 had prolonged (6 months or more) stable
disease, 11 had decreases in serum CEA levels from baseline and 1 patient had a
pathologic complete response. Furthermore, enhanced CEA-specific CD8+ T cells
responses were generated in 10 of 13 patients analyzed. Overall, these findings
indicated that the vaccine induced TAA-specific T cell responses and, in some
patients, prolonged progression-free survival.

Adenovirus Vectors

Adenoviruses are ubiquitous human respiratory pathogens. Typically in humans,
adenoviruses cause transient mild disease symptoms including fever, chills, joint
and abdominal pain, and fatigue when acquired through normal respiratory routes
of infection. Most adults have pre-existing immunity to adenoviruses. The immune
response to adenovirus includes a rapid innate immune reaction involving the release
of inflammatory cytokines leading to the activation of adaptive immunity [10].

Adenovirus has also been proposed as an attractive vector for application in
recombinant vaccine design because its viral genome can be altered to accept foreign
genes that are stably integrated. Furthermore, to produce recombinant adenovectors,
endogenous viral DNA sequences are typically deleted from replication-competent
regions, which results in an attenuated form of the virus with potentially improved
safety. In some adenoviral vectors, the entire genome has been “gutted” – essentially
removing all viral sequences and replacing them with irrelevant DNA (to maintain
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genome size) in addition to therapeutic genes of interest. This serves as an additional
safety feature but also results in prolonged transgene expression since infected
cells do not express foreign adenoviral genes that potentially could be a target for
immune clearance.

Recombinant adenoviruses have been widely used in gene therapy protocols,
and a number of vaccine protocols for the induction of immune responses have
already been conducted [21, 74, 152, 192]. Recombinant adenoviruses have been
employed in immunotherapy, both in preclinical models and in clinical trials of
patients with metastatic melanoma [152]. In preclinical studies, immunization of
mice with a recombinant adenovirus expressing a model TAA led to the induction of
an Ag-specific CTL response and regression of established pulmonary metastases.
In clinical trials, recombinant adenoviruses encoding MART-1 or gp100 genes
were administered to patients with malignant melanoma. The vaccine, given at
multiple routes, doses and frequencies, did not produce significant adverse effects.
However, immunologic findings did not reveal a consistent pattern of induction of
TAA-specific T cell responses, as determined by IFN-� production in response to
MART-1 or gp100-associated peptides, presumably because of the high levels of
pre-existing and/or inducible neutralizing antibodies found in this patient population.
Thus, recombinant adenoviruses may eventually be more appropriate in diversified
prime and boost protocols.

Additional proposed strategies to enhance adenovirus-based vaccines include
(a) general suppression of the anti-vector immune response using immunomodu-
latory molecules such as IL-10 or CTLA4-Ig (b) genetic modification of the capsid
protein genes and other immunogenic genomic elements (c) use of different human
serotypes for boosting (d) polymer coating of viruses (e) use in a prime-boost
strategy with other vectors and (f) redirected targeting to dendritic cells via modifi-
cation of proteins involved in viral binding and penetration [8].

Alphavirus Vectors/Replicons

One experimental approach for improving the immunogenicity of polynucleotide or
genetic vaccines is to endow them with “self-replicating” ability. To achieve this
effect, a gene encoding a RNA replicase, an enzyme produced from alphaviruses,
is introduced into the RNA vector [88, 156]. Alphaviruses are members of the
Togaviridae family and include Semliki Forest virus, Sindbis virus, and Venezuelan
equine encephalitis virus. They have a single-stranded (+)-sense RNA genome in
that the viral genome serves as an mRNA molecule upon infection. Following
infection, the mRNA genome is translated to produce non-structural proteins
(replicase/transcriptase) involved in genome replication. The replication of the
genome is highly efficient, producing up to 200,000 copies of the genome per
infected cell. Replication takes place entirely in the cytosol with no DNA interme-
diate and no integration into the host genome. As such, recombinant alphaviruses
are capable of high levels of transient protein expression in a broad range of host
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cells. Replication deficient (requiring “helper” vectors for packaging) as well as
replication-competent vectors have been developed [8, 200].

In preclinical studies using model TAA, RNA viral vectors have been shown to be
strongly immunogenic for the induction of Ag-specific Ab and CTL responses, and
effective in tumor prevention and tumor-therapy settings in vivo [88]. Additional
studies revealed that cells infected with self-replicating RNA vectors transiently
synthesize large amounts of antigenic materials before undergoing apoptotic cell
death. Apoptosis is thought to result from the formation of double-stranded RNA
intermediates, which, interestingly, may also have a secondary consequence and
promote activation of resident DC [88]. Thus, the pro-inflammatory effects of such
RNA intermediates may play a role in further potentiating immunogenicity, over
and above what is observed with conventional plasmids.

To date, no clinical trials using alphavirus vectors to induce therapeutic anti-
tumor immune responses have been reported although several animal studies have
been described [6].

Oncolytic Viruses/in situ Vaccination

The recombinant viral vaccines described above are designed to elicit tumor-specific
immune responses via viral-mediated expression of recombinant proteins. This
approach undoubtedly holds great promise in the field of cancer immunotherapy, but
makes some general assumptions: First, that the target Ag is appropriately specific or
highly selective for immune recognition; second, that the Ag presentation pathways
of the neoplastic cell remain functionally intact providing sufficient expression
of the relevant MHC/peptide ligand complexes for recognition by the vaccine-
induced T cell response; and third, that an immune response directed against the
target Ag will be sufficiently robust as to overcome tolerance, immunosuppressive
mechanisms and escape phenomena, such as “immunoediting”. It may be argued
that a failure in any one of these assumptions will not necessarily lead to loss of
vaccine efficacy though.

An immune response to a single TAA likely results in the cytolytic destruction
of a number of tumor cells. The cellular debris from these killed tumor cells would
then be scavenged by phagocytic APC. This would result in the presentation of
potentially numerous tumor Ag, not part of the original vaccine, to the immune
system, triggering “antigenic cascade” or a broadening of the specificity of the
immune response from a single Ag to many other Ag expressed by the tumor
cell. That this does indeed occur is supported by various lines of experimental
evidence in both preclinical models [19, 86] and in clinical trials [15, 18, 149, 150].
Robust immune responses directed against a single TAA result in the generation of
immune responses to other TAA not part of the original vaccine. Current vaccine
strategies are likely to exploit this immunologic principle in order to enhance the
repertoire of immune effector cells engaged against neoplastic lesions. It remains
to be determined, however, whether the anticancer reactivity seen in patients with
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chemotherapeutic agents and/or radiation therapy also involves or is accompanied
by such an antigenic cross-priming or cascade mechanism.

By its very nature, oncolytic viruses may also contribute to this phenomenon.
Oncolytic viruses preferentially target and/or replicate in tumor tissue [4,57,92,117].
For example, ONYX-015 is a genetically engineered adenovirus with a deleted
E1B 55k gene. The viral E1B 55k gene product normally suppresses cellular p53
function allowing viral replication without induction of apoptosis. In normal cells,
whereby p53 function is intact, ONYX-015 replication is severely inhibited due to
the inability of the virus to block induction of apoptosis. Many cancer cells are
defective for p53 function; thus, ONYX-015 is capable of replication in cancer
cells. An additional factor enhancing the tumor specificity of this virus is the
availability of the viral receptor on cancer cells. While normal cells express the
receptor, it may be sequestered from viral binding by tight cell-cell junctions.
Many cancer cells up-regulate the receptor and also fail to form tight cell-cell
junctions, thus making them a better target of infection. Preclinical and clinical
studies demonstrate preferential replication of ONYX-015 in, and destruction of,
tumor tissue relative to normal surrounding tissues [58, 59, 107]. Tumor-specific
immune responses following treatment with ONYX-015 have not been charac-
terized. Humoral immune responses to the virus limit its efficacy and efforts are
being considered to circumvent this roadblock [177].

The oncolytic properties of two paramyxoviruses are also being studied both
preclinically and clinically [117, 164]. The Edmonston B measles vaccine strain
exhibits potent tumor-specific cytolytic activity in human tumor xenografts. The
altered tropism (and a contributor to attenuation) of the vaccine strain relative to
wild-type measles virus is a result of receptor preference. Wild-type strains of
measles preferentially bind to and infect cells expressing signaling lymphocyte
activation molecule (SLAM), normally expressed by T and B lymphocytes. The
Edmonston vaccine strain preferentially binds to and infects cells expressing CD46.
CD46 is expressed on all nucleated cells and regulates complement activation [154].
As a mode of evading complement-mediated lysis, many tumor cells up-regulate
CD46 and, in so doing, become preferential targets for Edmonston strains of measles
virus. Tumor specificity is not assured due to the ubiquitous expression of CD46,
and efforts are being taken to modify the virus further to enhance specificity [118].
Currently, no clinical trials have been carried out using measles virus for cancer
therapy.

Newcastle Disease Virus (NDV) has a storied and sometimes controversial record
of use for the treatment of many types of cancer in humans. NDV is an avian
paramyxovirus causing severe disease in chickens but only mild and short-lived
disease symptoms in humans [120]. Anecdotal accounts in humans and numerous
preclinical studies have demonstrated that NDV preferentially infects and kills
human tumors cells of many types [120]. NDV vaccines for the treatment of cancer
are used in two ways: 1) direct injection of the virus alone or 2) the virus is used
to infect a patient’s autologous tumor cells ex vivo and then re-injected either as a
whole tumor cell vaccine or as an oncolysate. Three mechanisms have been proposed
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to explain the role of the virus in promoting antitumor responses: 1) lytic strains
simply target, infect and kill tumor cells, 2) infection results in the insertion of viral
proteins into the membranes of tumor cells making them better targets of immune
attack, or 3) the virus may stimulate the host to produce pro-inflammatory cytokines
(e.g, , interferons or tumor necrosis factor) thus activating both innate and adaptive
immune responses.

In xenograft and syngeneic tumor models, local administration of virus (peri-
tumoral or intra-tumoral) was found to be more efficacious than systemic viral
administration (intraperitoneal or intravenous) in the clearance of tumors; albeit the
response to systemic administration was still meaningful [144]. In clinical trials,
NDV has been administered by intravenous infusion but is most often used as a
component of autologous whole-tumor cell vaccines. There are a number of clinical
trials and case reports in which complete or partial regressions were observed, and
progression-free survival and overall survival were prolonged following treatment
with NDV-modified whole tumor cell vaccines [76,98,141]. In one Phase I trial in
advanced solid tumors in which NDV was administered intravenously to 79 patients
(62 patients available for response assessment), the following clinical findings
were observed: a complete response in one patient, a partial response in another,
measurable tumor reduction in 7 other patients, and progression-free survival of
4 – 30+ months in 14 patients [141].

Herpes viruses are also being developed as oncolytic therapeutics for cancer
[99, 147]. Herpes simplex virus (HSV) is an enveloped, double-stranded DNA
virus with a 152 kb genome. HSV produces many of its own enzymes necessary
for nucleotide metabolism, thus making it independent of host cell function in
some aspects of these pathways. This facilitates replication in various cell types
in which the host nucleotide metabolism is near stasis. Mutants of HSV have
been constructed in which one or more of these genes have been altered, thus
rendering them dependent on the host for its nucleotide pool and limits the number
of cells in which the virus can replicate due to limiting nucleotide resources in
most cells. Tumor cells are characterized by dysregulated metabolic processes,
which often include rapid replication, and requiring abundant precursors for DNA
and RNA synthesis. This is managed by the upregulation of numerous enzymes
involved in nucleotide metabolism. This is frequently a target of chemothera-
peutic agents. It also facilitates the replication of HSV mutants in which genes
such as ribonucleotide reductase or thymidine kinase are deleted or otherwise
inactive.

Numerous clinical trials (Phase I and II) have been conducted with tumor-
selective oncolytic HSV [78]. In one such trial, a mutant HSV (G207), in which
both genomic copies of ICP34.5, a gene involved in neurovirulence, and the gene
for ribonucleotide reductase have been deleted, has been used for the treatment
of malignant gliomas. In that trial there was radiographic and neuropathologic
evidence of antitumor activity. Animal models in which this vaccine was employed
showed evidence of viral-mediated tumor eradication. Interestingly, this virus was
also shown to induce antitumor immunity in vivo via the induction of tumor-specific
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CTL responses and may also have stimulated immunity by enhancing the expression
of costimulatory molecules.

Other oncolytic viruses under consideration for cancer therapy include vaccinia
virus and reovirus [125,161]. Efforts are underway to enhance the antitumor effect
of oncolytic viruses through further modification of the viral genome or by the
addition of other treatment modalities. These include engineering the viruses to
encode immunostimulatory molecules such as cytokines or costimulatory molecules,
or combination with radiotherapy or cyclophosphamide.

BACTERIAL VECTORS

More than a hundred years ago observations of cancer remission following bacterial
infection was made, leading researchers to suggest bacterial infection may induce
anticancer properties. [119]. Since that time, areas in which bacteria have been
used in tumor therapeutics involve direct oncolytic activity, due to preferential
replication in tumor tissue, nonspecific immunostimulatory effects, and as vectors
for protein and/or gene delivery. Tables 3 and Tables 4 list representative bacterial
species that have been used therapeutically for the treatment of various cancers
both preclinically and in clinical trials, respectively.

Bacteria as Immunostimulants/Adjuvants

Bacille Calmette Guérin (BCG) is a non-anaerobic Mycobacterium. The non-specific
immunotherapy of bladder cancer using BCG likely represents a significant advance
in immunotherapy in the last 25 years [3]. Intravesical therapy of bladder cancer
using BCG was pioneered by Morales in 1976 and has been clinically approved.
Superficial papillary bladder cancer is treatable by surgery but often recurs and at
times progresses to potentially lethal invasive disease. Historically, adjuvant intrav-
esical chemotherapy has been used to reduce recurrences and prevent progression,
but this has been shown to be ineffective in numerous clinical trials [140]. In this
setting (post surgical adjuvant treatment) BCG has been demonstrated to be the most
efficacious treatment to prevent recurrence and progression to invasive cancer. The
precise mechanism by which BCG acts to induce its anti-cancer effect is not entirely
clear, but there is ample evidence that it is immune-mediated with possible roles
for CD4, CD8, and NK cells as well as BCG-induced IFN-� production (reviewed
in [3]).

In addition to its use as an immunoprophylactic agent, BCG has been widely used
as an adjuvant for modified cancer cell vaccines for several different types of tumors
[180]. For example, it is used in combination with CancerVax, a polyvalent tumor
cell vaccine that has been shown to improve overall survival in stage II melanoma
patients and in patients treated after curative resection of distant melanoma [67,68].
The combination of BCG with an allogeneic vaccine for prostate cancer has also
demonstrated promising results [110]. Beneficial effects following BCG treatment
of lung cancers have not been observed.
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Live Bacterial Vectors

Live bacterial vectors designed to elicit a specific antitumor immune response
may be categorized as (a) protein delivery vehicles or (b) DNA delivery vehicles
(reviewed in [29, 83, 97]). In the first category, bacteria are transformed with
plasmid-borne genes or are genomically modified to express foreign genes under
the control of bacterial transcription and translation regulatory elements. As such,
“therapeutic” proteins are delivered to the immune system by phagocytic cells that
either take up the bacterial secreted protein or engulf the entire bacterium followed
by bacteria-mediated secretion of the protein into the cytosol of the phagocytic cell.
Either mechanism results in the processing and presentation of peptide Ag to T cells.
This method, however, has limited efficacy for two reasons; (a) bacterial secreted
proteins that are taken up by phagocytic APC are primarily processed through the
MHC class II pathway and result in CD4+ T cell activation and humoral immune
responses but not necessarily CD8+ T cell activation, and (b) intracellular bacteria,
appropriately attenuated for vaccine use, have a limited capacity to produce proteins
under the control of bacterial transcription and translation due to reduced replication
efficiency and host-limiting anti-vector immune responses.

Currently an attractive mode of live bacterial vector gene delivery is being
developed in which bacteria are transformed with plasmid-borne therapeutic genes
under the control of mammalian promoters. For example, following orogastric
vaccine delivery, bacteria are engulfed by phagocytic APC present in the mucosal
lining of the gut or, alternatively, inherently target certain APC during normal
infection. Attenuations limit bacterial intracellular replication and cell-to-cell
spread and enhance safety. This results in the intracellular breakdown of the
bacteria and subsequent release of plasmids to the cytosol of the mammalian host
cell. Following nuclear localization, therapeutic genes are then expressed under
mammalian promoter control resulting in both MHC class I and class II processing
and presentation to CD4+ and CD8+ T cells. The exact mechanism of DNA transfer
from the bacterial vector into the mammalian host is not yet completely known.
Undoubtedly, further characterization of this phenomenon should lead to advances
in live bacterial vector development and potentially numerous clinical applications.
Candidate vaccines employing both of these modes of therapeutic protein delivery
include Shigella flexneri, Salmonella typhi, Salmonella typhimurium and Listeria
monocytogenes.

Bacteria are entirely capable of independently completing transcription and trans-
lation and, as such, are sometimes called “protein delivery vehicles” following
therapeutic gene insertion. Thus, bacteria can be used to deliver cancer-therapeutic
genes, not only to the cytoplasm of cells, but also to the extracellular space. Viral
species, on the other hand, are dependent on the host nucleotides for DNA to be
transcribed then translated into protein.

The use of live bacterial vectors holds promise for the targeted delivery of
therapeutic genes/proteins to mammalian cells and tissues via the mucosal route.
Depending on particular bacterial species, their specific virulence mechanisms
and inherent metabolic preferences, bacteria infect various tissues/cells where they
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consequently deliver their cargo. In contrast to Clostridia (see below) or BCG, live
bacterial vectors such as Salmonella are facultative anaerobes that grow well in
both oxygen-rich and oxygen-depleted conditions. Facultative intracellular bacteria
are particularly ideal carriers for potential immune therapeutic approaches involving
Ag expression, due to their ability to access intracellular spaces in APC. Other
facultative anaerobes such as Shigella and Listeria replicate in the cytosol and
spread directly from one cell to another.

There is much preclinical data, but little recent clinical data demonstrating that
live bacterial vectors can potentially be attenuated genetically and utilized for
the cancer-therapeutic delivery of DNA and/or proteins [13, 81, 139, 148, 191].
DNA delivery in infectious disease models with live bacterial vectors has demon-
strated remarkable safety and successful delivery of functional genes, particularly
in the induction of immune responses and protection against bacterial, viral and
parasitic infections [46, 151, 158].

Oncolytic Bacteria

Several bacterial species have been demonstrated to selectively replicate in and as a
result, destroy tumor tissue [93,174]. For example, in 1927, antitumor activity was
observed with Clostridium, a spore-forming anaerobic bacteria that grows under
hypoxic conditions (reviewed in [93]). Germination of Clostridial spores will only
occur under anaerobic conditions. Large tumors typically have hypoxic/necrotic
centers suggesting that the tumor-selective growth of anaerobic bacteria is due to a
favorable environment.

The first experiments to demonstrate tumor-selective germination of Clostridial
spores were carried out by Malmgren and Flanigan [102] in 1955, who injected
mice i.v. with spores of C. tetani. The animals were unaffected unless they had
tumors, in which case spores germinated, released tetanus toxin, resulting in
death within 48 hours. Furthermore, they did not find vegetative organisms in the
healthy tissues of mice carrying colonized tumors. Mose and Mose [113] treated
Ehrlich-carcinoma bearing mice with a non-pathogenic strain of C. butyricum
M-55, demonstrating that it retained its oncolytic effect following i.v. infection with
spores, resulting in the destruction of large parts of the tumor. Further exploration
with attenuated Clostridium species in murine models has revealed extensive tumor
lysis with no adverse effect on normal tissue [2, 11, 27, 172]. In recent years,
non-pathogenic strains that have no association with human disease, such as C.
acetobutylicum and C. beijerinckii, have been examined as potential delivery system
for therapeutic agents [43, 90, 112, 174].

Clostridium spore treatment was first tested in cancer patients in 1935.
In more recent clinical trials, glioma patients were i.v. injected with up to
1010 C. oncolyticum spores [60]. These injections were well tolerated, and the
only treatment-associated toxicities involved low-grade fever. The presence of
the bacteria resulted in partial lysis of the tumor. Animal and human experi-
ments demonstrate that Clostridial spore treatment is remarkably well tolerated and
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that growth of the organism frequently leads to the destruction of large parts of
the tumor. Invariably, however, an outer viable rim remains from which tumor
re-growth frequently occurs. From these observations it may be concluded that
treatment of wild-type Clostridia spores is not sufficient to affect complete tumor
regression. Combining Clostridia with other treatment modalities, such as radiation
[11, 126, 127], targeting vascular components of tumors [27, 172], or tumoricidal
gene therapy [43, 95, 128, 170, 173, 174] enhances the efficacy of Clostridia tumor
therapy. It has been demonstrated in animals that Clostridial spore treatment may
be repeated and that the host anti-Clostridial immune response does not hinder
tumor colonization [172]. This suggests the possibility of long-term colonization of
tumors with Clostridia gene therapy vectors.

As a result of advances in genetic engineering, Clostridium can now be geneti-
cally modified to produce anti-tumor agents. In addition, vector systems have been
developed for the introduction of heterologous DNA into a number of strains [170].
This should allow for the generation of safer strains, improvements in tumor
targeting, and importantly, the tumor-localized expression of therapeutic molecules.
In animal models for cancer, Clostridia vectors are now being used to deliver
drugs that exert a direct cytotoxic effect, such as the cytokine tumor necrosis factor
(TNF)-� and proteins such as cytosine deaminase (CDase) or nitroreductase, that
convert a non-toxic prodrug into a toxic therapeutic drug [90, 126, 128, 170, 171].
Anti-cancer effects of the Clostridia/CDase/5-FC system have been observed in a
number of animal models [174]. Transfection of less than 4% of cells with CDase
proved to be sufficient to achieve a 60% cure rate following 5-FC treatment. While
promising in animal models, to date no clinical trials have been conducted with
Clostridial gene therapy vectors.

CONCLUSIONS

In human neoplasia numerous TAA have now been defined, which has facilitated
the development and application of diverse immunotherapies in the clinic, including
those outlined in this chapter. Effective immunotherapy will likely result from the
integration of innovative strategies that optimize both quantitative and qualitative
elements of the innate and adaptive immune responses in the face of constant genetic
and epigenetic alterations regulating tumor development, survival and progression.

Perhaps, combination therapies, which are described elsewhere, involving vacci-
nation with other oncological treatments, such as radiation [16, 19], chemotherapy
[32, 101], cytokines (e.g., IFN, IL-2, IL-12, IL-15) [32, 183, 185], passive admin-
istration of tumor-specific monoclonal antibodies [186], or non-steroidal anti-
inflammatory drugs (e.g., cyclooxygenase-2 inhibitors) [55, 199] may prove even
more effective to promote longer-term clinical responses concurrent with a lower
risk toward the generation of aggressive tumor escape variants. Future directions
will be faced with several major questions, such as: [1] which combination therapies
involving recombinant viral or bacterial-based cancer vaccines and conventional
therapies, such as radiation or chemotherapy should be more actively pursued in
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clinical trials? [2] will such clinical strategies be more effective in prevention
settings, in patients with high risk of disease development or recurrence or in
patients with minimal disease, as compared to those with advanced or metastatic
disease? and [3] for such immunotherapy approaches to be effective, could these
interventions serve to maintain cancer as a chronic condition in much the same way
that diabetes, arthritis and other autoimmune diseases are treated?
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INTRODUCTION

Dendritic cells (DCs) are professional antigen presenting cells (APCs) central to
the induction and regulation of immunity. These specialized immune cells can
efficiently acquire antigens in the periphery, process them and present them to cells
of the adaptive immune system, inducing antigen-specific immunity. DC-based
vaccination therapies against cancer are very promising, since DCs are the most
powerful T cell activators. The first part of the following chapter discusses dendritic
cell biology pertinent to the design of dendritic cell vaccines (Figure 1), the second
part focuses on advances in therapeutic DC cancer vaccination (Figure 2).

BIOLOGY OF DCS

DC Subtypes

DCs represent a small percentage of peripheral white blood cells. They are lineage-
negative, Major Histocompatibility Complex (MHC) Class II positive bone marrow-
derived mononuclear cells. In human blood, DCs and DC precursors are commonly
divided into two populations by staining with antibodies to CD11c and CD123.
CD11c+CD123lo blood DCs have a monocytoid appearance and are termed myeloid
DCs (MDCs), whereas CD11c−CD123hi DCs have morphological features similar
to plasma cells and have thus been termed plasmacytoid DCs (PDCs). PDCs and
MDCs differ in many ways, including their tissue distribution, cytokine production
and growth requirements. PDCs are important cells in innate anti-viral immunity
and autoimmunity and are found primarily in the blood and lymphoid organs. They
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Figure 1. Overview of MDCS and Their Features/Tasks as APCS

are the major interferon � (IFN�) producing cells in the body and can as such
induce anti-viral, and in certain circumstances, anti-tumor immune responses [1].
This chapter focuses on MDCs. These are thought to be similar to DCs generated
from blood monocytes and constitute the majority of DCs used for vaccination
trials.

In tissues, MDCs can be divided into subtypes depending on their anatomic
location: Langerhans cells of the epidermis (which express CD1a, langerin and

Figure 2. Overview of Dc-Based Vaccination
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E-cadherin) and interstitial or mucosal DCs, which express mannose receptor,
DC-SIGN and, in the dermis, CD13 [2, 3]. DCs directly isolated from blood may
not express DC-SIGN.

Antigen Uptake, Processing and Presentation

DCs process antigens acquired both endogenously (i.e., synthesized within the DC
cytosol), or exogenously (acquired from the extracellular environment). Exogenous
antigen sources include bacteria, viruses, apoptotic or necrotic cells, heat shock
proteins, proteins and immune complexes. These are captured through phagocytosis,
pinocytosis and endocytosis with the help of cell surface receptors on the DC.
Examples include Fc receptors [4], integrins [5], C-type lectins [6], and so-called
“scavenger receptors” such as LOX-1 and CD91 [7–9]. Many of these receptors
have additional functions such as initiating intracellular signaling or mediating cell-
cell interactions. DCs process protein antigens into peptides which are loaded onto
MHC I and II molecules and transported to the cell surface for recognition by
antigen-specific T cells.

Endogenous protein antigens which are processed onto MHC I are first ubiqui-
tinated and degraded into peptides by the proteasome in the cytosol. These are
transported via transporters for antigen presentation (TAP) molecules into the
endoplasmic reticulum (ER), where they are loaded onto MHC I. The peptide-MHC
I complexes (pMHC I) are then transported from the ER via the trans-Golgi network
to the cell surface for presentation to CD8+ T cells.

Exogenously acquired protein antigens, on the other hand, are engulfed and
processed in endosomes. Endosomes containing ingested proteins mature and
fuse with lysosomes, where proteases degrade the proteins into peptides that are
loaded onto MHC II molecules. This requires proteolytic degradation of the MHC
II-associated invariant chain (Ii) that normally blocks access to the peptide-binding
pocket of MHC II [10]. Peptide-MHC II complexes (pMHC II) are then transported
to the cell surface within specialized tubules for presentation to CD4+ T cells [11].

Exogenous antigens may also be processed by DCs onto MHC I [5]. This
phenomenon, called “cross-presentation” or “cross-priming,” permits DCs to elicit
CD8+ as well as CD4+ T cell responses to exogenously acquired antigens [12–14].
Cross-presentation occurs in specialized, self-sufficient, ER-phagosome derived
compartments that contain MHC I, Sec61 protein (presumably to translocate
antigens into the cytosol for proteosomal processing), TAP (to transport processed
peptides from the cytosol), and calreticulin and calnexin (which facilitate loading of
peptide onto MHC I) [12,14,15]. While still controversial, one group has shown that
MHC class I molecules which lack endosomal signaling motifs in their cytoplasmic
tail do not cross-present, suggesting that at least for some antigens, the MHC I must
come from the cell surface [16]. Not all antigens are cross-presented efficiently.
For example, peptides located in signal sequences are efficiently processed through
the endogenous pathway but cross-presentation is markedly impaired [17].
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Lipid antigens expressed on pathogens or self tissues are presented on DCs by
CD1 molecules, which heterodimerize with �2-microglobulin and are structurally
similar to MHC I [18, 19]. Processing of lipid antigens onto the various CD1
molecules is carried out in specialized intracellular compartments, not unlike antigen
processing onto MHC II. The CD1d-restricted repertoire includes T cells with
substantial TCR diversity as well as relatively invariant NKT cells. The latter,
which have the potential to secrete IFN�, recognize galactosyl ceramides and tumor
cell-derived gangliosides and are important mediators of T cell immunity [20].

DC Maturation

Maturation is a complex process by which DCs are transformed from antigen-
capturing cells into cells potent for T cell stimulation. This is accompanied
by reduced phagocytic uptake, migration to lymphoid tissues, enhanced T cell
activation potential and the development of characteristic cytoplasmic extensions
or ‘dendrites’. Mature DCs express a number of specific markers which distinguish
them from immature DCs such as CD83, a cell surface molecule involved in CD4+

T cell development and cell-cell interactions [21,22] and DC-LAMP, a DC-specific
lysosomal protein.

Maturation is induced by stimuli (‘danger signals’) that alert the resting DC to
the presence of pathogens, inflammation or tissue injury [23,24]. Maturation signals
come from either host-derived inflammatory molecules (such as CD40 ligand,
TNF�, IL-1, IL-6 and IFN�), microbial products, or molecules released by damaged
host tissues. All of these stimulate Toll-like receptors (TLRs) [25], a group of highly
conserved transmembrane receptors found on many types of immune cells including
DCs. Matured DCs are highly efficient in antigen processing and presentation. Low
levels of lysosomal proteases in DCs as compared with monocytes lead to delayed
degradation of internalized antigen resulting in enhanced antigen presentation of
several T cell epitopes even after migration to secondary lymphoid organs [29].

Furthermore, MHC II molecules in immature DCs are largely retained in
lysosomes and therefore unable to form pMHC II, but maturation enables DCs
to form pMHC II through the activation of lysosomal hydrolases, which degrade
endocytosed proteins and MHC II-associated Ii. Mature DCs also develop tubules
which enhance the transport of pMHC II from lysosomes to the cell surface [11].
In mice, cross-presentation of exogenous antigens on MHC I is tightly controlled
by DC maturation induced by CD40 ligation and treatment with TLR agonists such
as LPS, poly I:C or immunostimulatory CpG DNA [30, 31].

Maturation is accompanied by increased expression of adhesion molecules and
co-stimulatory molecules that are involved in the formation of the immunological
synapse (which constitutes the area of contact between T cells and DCs) Up-
regulated molecules, such as semaphorins, pMHC and members of the B7, TNF
receptor and TNF families, are involved in bidirectional signaling between DCs
and T cells, modulating both T cell activation and DC function.
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The complexity of these interactions can be illustrated by the B7 family of
molecules, of which there are five members described to date. Signaling via pMHC
and the T cell receptor (signal 1), and B7-1/B7-2 and CD28 (signal 2) is essential
for T cell activation. B7-DC, a molecule primarily found on DCs, synergizes with
B7-1 and B7-2 to stimulate CD4+ T cells, enhance DC presentation of pMHC,
promote DC survival and increase DC secretion of IL-12p70, a key Th1-promoting
cytokine [32, 33]. In contrast, related members of the B7 (B7-H3, B7x) and CD28
(CTLA-4, PD-1) families serve to down-regulate T cell activation. B7-H3 and
B7x are broadly expressed on many cell types and may be involved in attenu-
ation of inflammatory responses in peripheral tissues [34,35]. Triggering receptors
expressed by myeloid cells (TREMs) are a unique family of receptors expressed
by several cell types including DCs. Triggering of TREM2, expressed on human,
immature monocyte-derived DCs promotes their differentiation, whereas absent
TREM2 signalling results in functional impairment [36].

Maturation induces DCs to secrete cytokines which determine the type of ensuing
immune response. The specific cytokine profile induced depends upon the type of
maturation stimulus, the subtype of DC stimulated and the origin of the DC. For
example, Listeria monocytogenes induces production of IL-12, IL-23, IL-27 and
IL-15 by MDCs [37], whereas cholera toxin generates mature MDCs which do not
produce IL-12 [38]. Maturation enables peripheral DCs to migrate from tissues to T
cell zones of lymph nodes. This is accomplished through down-regulation of CCR1
and CCR5 and up-regulation of CCR7, which targets DCs to lymphatic vessels
and lymph nodes via chemokines CCL19 and CCL21. CCL19-mediated migration
is enhanced by local secretion of leukotrienes, perhaps from the DCs themselves
[39]. Maturation also induces DCs to secrete chemokines such as TARC, MDC
or IP-10 (which recruit various T cell subsets), and RANTES, MIP-1� and MIP-
1� (which recruit monocytes and DCs into the local environment). In addition,
CCR7 has been identified as essential to the migration of dermal and epidermal
DCs into afferent dermal lymphatics, both under inflammatory and steady-state
conditions [40].

In the absence of maturation stimuli, DCs function to maintain peripheral
tolerance to self antigens. In the steady state, immature DCs delete T cells in the
periphery and induce regulatory T cells leading to antigen-specific tolerance [41].
It has been clearly established that injection of immature DCs induces suppressor
or anergic responses [42, 43], providing the basis for the design of vaccine trials
utilizing matured DCs [44].

T Cell Priming

Dendritic cells play a central role in the regulation of innate and adaptive immunity
and directly interact with T cells, natural killer (NK) cells, natural killer T (NKT)
cells and B lymphocytes. Our focus here is on T cell activation only. DCs prime T
cell responses in secondary lymphoid organs such as lymph nodes, spleen or mucosal
lymphoid tissues. Interactions between T cell receptors (TCRs) on T cells and
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specific pMHC occur in the specialized T cell-APC junction termed immunological
synapse which occupy the central supramolecular activation cluster (C-SMAC)
region. The spatial organization of C-SMAC directly regulates TCR signaling [45].
Real-time imaging of murine DCs and naive T cells in intact explanted lymph
nodes reveals that a DC interacts with as many as 500 T cells/hour [21, 46, 47]. In
the presence of antigen, stable and durable DC-T cell contacts form, with antigen-
bearing DCs engaging more than 10 T cells at a time.

Effective priming of naive T cells results in their clonal expansion and differen-
tiation into cytokine-secreting effector cells and memory cells, which subsequently
exit through efferent lymphatics. The ensuing T cell response is dependent on many
factors, including the concentration of antigen on the DC, the affinity of the T
cell receptor for the pMHC, the duration of the DC-T cell interaction, the state
of DC maturation and the type of DC maturation stimulus [48]. T cell stimulation
by mature DCs is required for long-term T cell survival and differentiation into
memory and effector T cells. This enhanced T cell survival capacity is defined by
resistance to cell death in the absence of cytokines, and by responsiveness to IL-
7 and IL-15, which promote T cell survival in the absence of antigen stimulation
[48, 49].

Following priming, CD4+ T cells may differentiate towards T helper 1 (Th1) cells
which produce IFN� and support CD8+ cytotoxic T lymphocyte (CTL) responses,
or towards T helper 2 (Th2) cells which produce IL-4, IL-5 and IL-13, support
humoral immunity and down-regulate Th1 responses. Th17 cells, a new subset
secreting the proinflammatory cytokine IL-17, have been recently described in
autoimmune diseases, their role in antitumor immunity and involvement of DCs
need to be elucidated [50]. The secreted cytokine profile of the stimulating DC
determines the direction of this Th polarization. IL-12, IL-18 and IL-27 polarize
toward Th1, whereas CCL17, CCL22 or the absence of IL-12 skew the response
toward Th2. The DC cytokine profile depends on the DC subtype, the local
environment and anatomic location of the DC and the type of maturation stimulus
[38]. These factors control other characteristics of the T cell response as well, such
as tolerance induction [51] or T cell homing [52, 53]. Th3 regulatory cells are a
recently identified subset of CD4+ cells associated with oral tolerance. They are
preferentially induced by a unique class of dendritic cells in the gut following oral
antigen administration and primarily secrete transforming growth factor (TGF)-
beta [54].

CD4+ T cell help at the time of priming is required to generate CD8+ T
cell memory [53, 55, 56]. It is believed that this T cell help is mediated by
CD40-CD40L interactions with DCs, which in turn fully prime the CD8+ T cell
response [57]. Other T cell surface molecules are also involved in the gener-
ation of memory [58, 59]. In the absence of this help, the CD8+ T cells can
upon restimulation, act as effectors, but do not undergo a second round of clonal
expansion. They acquire program death 1 (PD-1) receptor and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) and undergo activation-induced cell
death [60].
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CLINICAL APPLICATIONS

Preparation of Autologous DCs

Several methods have been described to prepare human DC vaccines ex vivo.
The most commonly used approach is the differentiation of DCs from blood or
leukapheresis derived monocytes with GM-CSF and IL-4[61, 62]. Other methods
include GM-CSF and TNF�-mediated differentiation of CD34+ hematopoietic stem
cells into mixtures of cells resembling interstitial DCs and Langerhans cells [43],
or by direct isolation of DCs from leukapheresis products by density gradient
centrifugation [63] or selection with immunomagnetic beads. Direct isolation from
peripheral blood yields low numbers, therefore pre-stimulation with subcutaneous
granulocyte-macrophage colony- stimulating factor (GM-CSF) and IL-4 might be
necessary [64]. Although no direct comparisons have been performed in clinical
trials, all three types of DC preparation can stimulate antigen-specific T cell
responses and have been associated with occasional clinical responses. DC cultured
in GM-CSF with IFN alpha or GM-CSF with IL-15 might be more potent T cell
stimulators and are undergoing clinical testing (personal communication).

Maturing DCs prior to vaccination is critical, as immature DCs are weak
immunogens and can be even tolerogenic. Injection of normal volunteers with
antigen-loaded immature DCs induces tolerogenic responses [42], and a randomized
trial in patients with metastatic melanoma comparing peptide-pulsed immature DCs
to peptides administered with adjuvant demonstrated significantly lower immuno-
genicity in patients receiving the DC vaccine [44,65]. In a trial from another group,
a direct comparison of peptide-loaded immature and mature DCs in patients with
metastatic melanoma showed that only mature DCs induced antigen-specific CTL
responses [66]. It remains critical to compare matured DCs in a randomized trial to
other vaccine adjuvants and to explore the clinical efficacy of DCs matured in situ.

Many laboratories induce maturation of monocyte-derived DCs by the addition
of a “cocktail” of IL-1�, IL-6, TNF� and prostaglandin E2 (PGE2) [67]. DCs
matured in this manner do not secrete IL-12, but still potently induce cytotoxic
T lymphocytes (CTL) responses and express CCR7. Other maturation approaches
such as ligation of TLRs might be superior and induce IL-12 secretion by DCs. IL-
12 skews naive T cells towards the Th1 phenotype (IFN� producing cells), which
are critical for exerting anti-tumor effects in addition to maintaining effective CD8
memory responses.

Antigen Sources and Loading

The discovery of many tumor antigens allows active immunotherapy with defined
antigens. This is particularly attractive since the adaptive immune system can
eradicate tumors via antigen-specific T and B lymphocytes. The magnitude of tumor
infiltrating lymphocytes (TIL) for instance is an independent positive prognostic
factor for a variety of malignancies. For instance, improved survival was demon-
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strated for patients with pancreatic cancer, ovarian cancer and follicular lymphoma,
respectively, if tumor-infiltrated immune cells were present [68, 69].

Tumor antigens can be divided into several categories 1) Antigens unique to the
tumor (due to altered gene products, eg. amplified, aberrantly expressed, overex-
pressed or mutated genes, splice variants, gene fusion products), 2) Lineage-specific
antigens (eg., tyrosinase expressed in the melanocyte lineage), 3) Cancer-testis
antigens (which are normally expressed by gametes and trophoblasts and aberrantly
expressed in several tumors) and 4) Antigens derived from oncogenic viruses (eg.,
human papilloma virus E6 and E7 proteins in cervical cancer). ‘Cryptic epitopes’
which represent non-contiguous peptide sequences created by posttranslational
protein splicing add to the complex task of identifying antigenic peptides. [70–72].
Preferred tumor antigens for vaccination protocols would be those consistently
expressed by tumors, absent from normal tissues and critical to tumor but not
somatic cell growth. Cancer-testis antigens are of interest due to their expression
pattern, but also because these proteins might play a role in oncogenesis. They could
mark cells with stem-cell-like properties within tumors representing an exciting
therapeutic target [73].

MHC-restricted peptide antigens are frequently used for DC vaccines, including
altered or enhanced peptides which boost immunity to less immunogenic self
antigens, or which improve antigen presentation or T cell receptor affinity
[43,74–79]. Several MHC class I and II epitopes have been used, however the HLA
restriction in patient selection is a major disadvantage. Alternatively, DCs may be
loaded with purified or recombinant proteins, transfected with RNA or transduced
with non-replicating viral vectors encoding an antigen of interest [80–83] These
methods allow the host’s HLA molecules to select epitopes from an antigen’s entire
amino acid sequence. The immunogenicity of these vaccines may be enhanced by
using antigens coupled or fused with other more immunogenic molecules such as
foreign proteins or cytokine sequences, costimulatory molecules or chemokines that
attract other DCs into the local environment.

The use of the entire antigenic repertoire of the tumor is also of interest, since
the use of only a few defined antigens may select for tumor variants with loss
of the antigen. In addition, whole tumor cell approaches allow for immunization
with unknown antigens and cryptic epitopes. Therefore, DCs have been loaded with
whole tumor cells or tumor cell lysates, transfected with whole tumor RNA, or fused
with tumor cells, permitting vaccination with the complete antigenic content of the
tumor [84–86]. Potential disadvantages are the laborious preparation of patient’s
tumor if autologous approaches are employed, the limited availability of immune
monitoring tools and the possibility of inducing autoimmunity to self antigens.

Vaccination Logistics with DCs

Dendritic cell vaccines are typically injected intradermally, subcutaneously or intra-
venously, but other routes such as intranodal, intralymphatic or intratumoral injec-
tions have been described. Intravenous injection of DCs leads to their transient lung
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uptake before being redistributed to the liver, spleen and bone marrow [87, 88],
whereas subcutaneous or intradermal vaccination leads to improved migration of
DCs to lymph nodes [89] and enhanced Th1 polarization [90].

Migration of injected DCs to draining nodes might be a limiting factor in DC
vaccination. In one study, only 1% or less of injected DCs were eventually detected
in the draining lymph nodes via technetium- or indium labeling [91]. Maturation of
DCs and intradermal injection is likely the most effective approach, since migration
is threefold higher for intradermal versus subcutaneous administration and six-
to eightfold higher when mature DC were compared with immature DC [91].
Alternatives to improve DC migration are the in situ activation through injection
of immature DCs into adjuvant treated skin [92] or the in situ activation and
maturation of DCs through TLR agonists (such as Imiquimod) applied to the
skin [93].

There is no consensus concerning the optimal DC dose, DC subset or the
frequency of boosters. Continued vaccination is now feasible due to the fact that
DC vaccines may be stored frozen prior to vaccination [74, 85]. Vaccination of
mice with matured, peptide-loaded DCs showed a rapid induction of memory cells.
These cells then underwent vigorous secondary expansion in response to a variety
of booster vaccinations, leading to protective immunity toward pathogens [94]. This
observed accelerated generation of immunological memory compared to infection
as well as its amplification through boosters is crucial for the development of
effective anti-cancer vaccines. Clinical benefit with tumor regressions has been
clearly shown in patients after adoptive transfer of tumor antigen-specific T cells,
indicating the importance of inducing adequate numbers of high affinity CTL and
memory cells. In addition, adjunctive cytokine therapy may be needed for continued
memory T cell support.

Results of DC Vaccination Trials

DC vaccination is at a relatively early stage of clinical development. Greater under-
standing of DC biology and of mechanisms to enhance DC immunogenicity should
permit improvement of current strategies. More than 1000 patients with a variety of
tumor types have been treated with DC vaccines to date [95]. Feasibility has been
established as well as a non-toxic profile. Fever, injection site reactions, adenopathy,
and fatigue are commonly mild and transient. Although these initial trials were not
designed to evaluate clinical responses (and therefore often lack confirmatory scans
for responders), complete responses were reported for 15/168 melanoma patients.
Larger controlled trials are now underway to objectively assess the clinical efficacy
of DC vaccines by documenting responses according to World Health Organi-
zation (WHO) or Response Evaluation Criteria in Solid Tumors Group (RECIST)
guidelines [96]. A randomized phase III trial comparing peptide loaded, matured
MDCs with Dacarbacine (approved front-line chemotherapy) given to patients with
metastatic melanoma was prematurely halted for low efficacy of therapies in both
arms. Response rate and progression-free survival were not significantly different
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between DC vaccination and chemotherapy [97]. We believe that trials to optimize
the use of DCs and to determine their efficacy should be done before comparing
DCs to other therapies.

Among several DC vaccine trials published to date, the most impressive objective
clinical responses have been associated with the use of whole antigens (whole
proteins, killed whole tumor cells or whole tumor lysates) as opposed to peptide
antigens. This may be because these are exogenous antigens which can target MHC
II to generate CD4+ T cell help but also target MHC I via cross-presentation to
generate CD8+ CTLs. In a study using tumor-specific idiotype immunoglobulin-
pulsed DCs in patients with follicular lymphoma, Timmerman et al reported two
long-lasting complete responses and one partial response among 10 patients with
measurable disease in the pilot phase of the study [80]. An additional 25 patients
were vaccinated after their best clinical response was achieved by chemotherapy,
and objective tumor regression was seen in 4 of 18 patients with residual disease.
In another study, Holtl et al treated 35 patients with metastatic renal cell carcinoma
with monthly injections of autologous, mature monocyte-derived DCs loaded with
tumor cell lysates [98]. Of 27 evaluable patients, two had objective complete
responses (per WHO criteria), one had a partial response and 7 had stable disease.
Objective responses and stabilization of disease were long-lasting, ranging from 6
months to 3 years.

Durable complete clinical responses were also reported by O’Rourke et al in
a trial of 17 patients with metastatic melanoma [99]. Patients received mature
monocyte-derived DCs loaded with autologous irradiated tumor cells. By WHO
criteria there were 3 complete responses (with durable disease remissions of over 3
years) and 3 partial responses among 12 patients who completed the vaccinations.
One patient with progressive disease was treated with vaccinations every 6 weeks
for over 3 years, indicating that maintenance vaccinations may be useful even for
patients with slowly progressive disease. Another promising trial utilizing autol-
ogous tumor lysate pulsed DC was reported by Maier et al, who showed partial
and complete responses in patients with refractory cutaneous T-cell lymphoma after
intranodal vaccination. Interestingly, responses could be reinduced in progressing
patients if DC vaccination was reinstituted using tumor lysates from progressing
lesions [100].

Several DC-based vaccination trials in solid and hematological cancers recently
published have confirmed the feasibility and safety of this approach and demon-
strated the ability to induce immunological and clinical responses in a subset of
patients [101–112]. NK cell and NK T cell activation might also contribute to the
antitumor effects of DC-based vaccination. Increased NK cell activity was observed
in patients with clinical benefit after DC vaccination [113].

Multi-modal approaches, as discussed in the following section, will likely be
necessary to achieve effective, durable, anti-tumor immune responses in a larger
proportion of patients. In addition, it seems plausible that patients with low tumor
burden such as in the adjuvant setting might derive a greater benefit from active
immunotherapy than patients with large volume disease.
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Novel Strategies/Multimodality

Provision of CD4+ T cell help for CD8+ T cells

Since the induction of CD4+ T helper cells at the time of priming is critical to the
development of long-lived CD8+ CTL responses, DC vaccines should incorporate
antigens targeting both types of T cells. This can be achieved by utilizing peptide
epitope combinations which bind MHC I and II or using full length protein antigens,
but a more practical approach may be to target cross-presentation. For example,
targeting of antigen to Fc receptors on DCs using antibody-antigen complexes has
been shown to activate both CD4 and CD8 effector responses and tumor immunity in
mice [4]. Cross-presentation can also be enhanced by targeting DC surface receptors
such as DEC-205, loading DCs with killed cells or cell lysates, and by stimulating
DCs with TLR agonists that up-regulate cross presentation [31]. However, it was
observed in mice that cross-presentation can be impaired after DC maturation with
several TLR agonists [114]. Vaccination protocols should therefore avoid providing
DC activation signals prior to antigen exposure to prevent premature inactivation
of DCs. One must also carefully choose the TLR agonist, since ligation of TLR2
and dectin-1 for instance, regulates cytokine secretion in DCs (such as IL-10) and
macrophages inducing immunological tolerance [115]. RNA transcripts as antigen
sources (which primarily target MHC I) may also be targeted to both MHC I and
II. MHC II presentation of RNA-encoded antigens can be improved using fusion
constructs carrying an endosomal/lysosomal sorting signal of a lysosome-associated
protein (LAMP-1) [116].

Strategies to target DCs in situ

Novel approaches to simultaneously recruit, mature and load DCs with antigens in
vivo are being explored. They offer the potential advantage of being less labor-
intensive, less expensive as well as inducing superior DC maturation, viability,
migration and antigen-presenting capacity. One approach to manipulate DCs in situ
is the ligation of TLRs. DNA based vaccines which target TLR9 are the best known
example of this approach. CpG containing oligodeoxynucleotides (CpG-ODNs) are
excellent vaccines in animal models of cancer and chronic virus infection. For
example, simple vaccines in mice using CpG motif DNA conjugated to a protein
antigen have been shown to stimulate DC maturation, cross-priming and protective
CTL immunity against challenge with antigen-expressing tumors [117, 118].

CpG motifs introduced into the backbone are useful adjuvants for plasmid-based
DNA (pDNA) vaccines. They enhance the antigen-specific T cell response and
provide protection against a subsequent challenge with melanoma cells in a murine
model [119]. Using the particulate Hepatitis B surface antigen (HBbsAg) as a model
antigen, CpG ODNs were strong stimulators of in vitro splenocytes, superior to
R-848 (which ligates TLR7/8) including a dramatically stronger IL-12 induction,
with CpG being 250 times more potent than R-848 and augmented cellular and
humoral immune responses against HBsAg when mice were immunized with CpG
as adjuvant [120]. Superiority of CpG ODNs as a vaccine adjuvant over R-848
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was also shown in mice immunized with HIV gag protein [121]. Using the soluble
antigen chicken ovalbumin (OVA) vaccination with CpG / incomplete Freund’s
adjuvant (IFA) led to superior CTL responses in mice as compared with Imiquimod
(TLR7 agonist) as adjuvant [122]. Activation of plasmacytoid DCs in draining
lymph nodes was observed in mice immunized with TERT peptide and CpG ODN.
Protective CD8+ immunity leading to longer survival in an induced tumor model
was demonstrated. CpG-ODNs have been tested in cancer patients and are shown
to be safe, well-tolerated and to increase vaccine-induced immune responses [123].
The addition of CpG to a peptide/Montanide vaccine increased the magnitude and
duration of antigen-specific T cell responses in melanoma patients [124].

DNA vaccines encoding tumor antigens may also be used, although this approach
has not yet been compared with simply adding CpG to an antigen as adjuvant.
These DNA vaccines can be engineered to encode survival factors such as Bcl-
xL or to use DC-specific promoters to augment vaccine potency by enhancing
DC survival in vivo [125] or by specifically targeting antigen expression to DCs,
respectively [126]. Gene gun techniques to deliver plasmid DNA into the skin may
be particularly useful for this approach [127].

Imiquimod, an imidazoquinoline, is a synthetic compound available as a topical
preparation due to its licensed use as immune response modifier in HPV-related
anogenital warts. It ligates TLR7, which is found on DC subsets, Langerhans
cells and several epithelial tissues. TLR7 ligation promotes DC maturation and
migration to draining lymph nodes, a desirable feature given that most ex vivo-
derived DCs are retained at the injection site. A topical preparation of the TLR7
agonist Imiquimod matures DCs injected locally into the treated skin and enhances
migratory and LN homing capacity [92]. This approach may be preferable to ex
vivo DC maturation since important proinflammatory cytokines such as IL-12 are
expressed only briefly after exposure to a maturation stimulus. Local production of
cytokines and chemokines induced by Imiquimod application alone may promote
DC viability and DC migration to draining lymph nodes. Indeed, murine models
indicate that DC migration is enhanced by pre-conditioning the subcutaneous
injection site with either DCs themselves or with IL-1 or TNF� [128]. Sequence
and timing of TLR agonist administration are important to prevent impairment of
cross-presentation [114].

Certain microbes (eg Influenza virus, Listeria) directly induce MDC or PDC
maturation, even in non-replicating form, and are being tested as recombinant
vaccine vectors. In mouse models, adenoviral, retroviral and pox vectors have been
used. When engineered to express adhesion molecules, costimulatory molecules
or cytokines, these vectors can induce high avidity T cell responses [79]. The
advantages of this approach are the feasibility of combining compounds that promote
DC survival (eg TRANCE, CD40L or Bcl-2) together with factors that direct Th
polarization and promote T cell activation and longevity.

Vaccination with Heat shock protein-peptide complexes provides another method
for maturing DCs in situ, and has been shown to induce immunologic and clinical
responses in melanoma patients [129]. Finally, membrane-permeable proteins such
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as HIV tat or herpes simplex virus VP22 ligated to antigens offer a novel way to
deliver these antigens to DCs in an immunogenic form [130].

Enhancers of dendritic cell differentiation and function may be exploited as
well. Retinoids such as all-trans retinoic acid have been shown to skew monocyte
differentiation to IL-12 producing DCs in vitro [131]. PT-100, a small molecule
dipeptidyl peptidase inhibitor, exerts its antitumor effects through the induction of
cytokines and chemokines known to enhance innate and adaptive immune responses
against the tumor including DC function [132]. Selective inhibition of Jak2/STAT3
was shown to enhance DC function and overcome the differentiation block induced
by tumor-derived factors in vitro [133]. In addition, silencing of suppressor of
cytokine signaling (SOCS) 1, which is a negative regulator of JAK/STAT, by small
interfering RNA (siRNA) has been shown to enhance DC function in a model of
HIV DNA vaccination [134].

Combination with targeted therapies

Anti-tumor vaccination in combination with therapies that target the tumor’s
vascular supply are under consideration. The incorporation of RNA encoding VEGF,
VEGFR-2, Tie-2 and tumor antigens into DC vaccines as well as anti-VEGF
antibodies administered in combination with DC vaccines have been shown to be
synergistic in inhibiting tumor growth in mice [135,136]. A recombinant humanized
monoclonal antibody to VEGF (Bevacizumab) is now available due to its approval
for the treatment of metastatic colorectal cancer. Its antitumor effect is likely due
to the decrease in interstitial pressure allowing better penetration of chemothera-
peutic drugs into the tumor. This mechanism might be utilized in synergy with
active immunotherapies. Therapeutic effects might also be due to the inhibition
of tumor-produced VEGF which may contribute to defective DC function and an
immunosuppressive tumor microenvironment. Preliminary results in patients with
prostate cancer treated with Bevacizumab and an autologous APC vaccine are
encouraging [137]. Other promising agents for combination therapies are small
molecule inhibitors of kinases and receptor kinases involved in angiogenesis and
intracellular signaling. Sunitinib and Sorafinib are approved selective, multi-targeted
inhibitors of RAF kinase, VEGFR, stem cell factor receptor (KIT), Fms-like tyrosine
kinase-3 (FLT-3) and the glial cell line–derived neurotrophic factor receptor (RET).
Imatinib mesylate (Gleevac), an inhibitor of c-KIT is another attractive compound
to use in combination with vaccines. It enhances NK cell activation, counteracting
the T reg induced NK cell inhibition, as observed in patients with gastrointestinal
stromal tumors [138, 139].

Inhibition of tolerogenic co-stimulatory molecules

Vaccine efficacy may be enhanced by blocking inhibitory co-stimulatory signals.
For example, tumor lymphocytic infiltration and necrosis can be induced in previ-
ously vaccinated cancer patients by administering an inhibitory antibody to CTLA-4
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[140]. Synergy of CTLA-4 blockade and concomitant gp100 tumor antigen vacci-
nation has been shown in patients with metastatic melanoma [141]. However, signif-
icant multi-organ autoimmunity is associated with the use of Ipilimumab (MDX-
010), often correlating with tumor regressions in metastatic melanoma and clear
cell renal cell carcinoma [142, 143]. Blockade of another inhibitory co-stimulatory
molecule, B7-H1, improves DC-mediated T cell dependent anti-tumor immunity
in mice [144], possibly through up-regulation of IL-12 and concomitant down-
regulation of IL-10 in DCs. Other B7/CD28 family members that down-regulate
immune responses and which could be targeted for blockade include B7x, B7-H3
and BTLA [34, 35, 145, 146].

Regulatory T cell inhibition

CD25+CD4+ T regulatory cells (Tr) cells constitute 5 to 10% of peripheral CD4+ T
cells and are critically important in the maintenance of peripheral immune tolerance
[147,148]. In addition, patients with epithelial malignancies have increased numbers
of functional regulatory T-cells in peripheral blood and among tumor-infiltrating
lymphocytes [149, 150], which strongly correlates with poor survival [151].

Depletion of Tr through the use of cytotoxic anti-CD25 antibodies or IL-2
coupled to cytotoxic molecules seems a logical approach to enhance immunother-
apies. Synergy was shown when antigen-pulsed mature DCs were administered to
CD 25 depleted mice [152]. The development of MHC class I and II–restricted
IFN�-producing cells was consistently enhanced in the absence of Tr, as was their
cytotoxic activity. Effective Tr depletion by Denileukin diftitox (cytotoxic fusion
protein binding to IL-2 receptor on Tr) was shown in cancer patients, resulting in
enhanced immunity to a subsequently administered DC vaccine [153].

Vaccination after Bone Marrow Transplantation

The induction of antitumor immunity may be more effective in the lymphopenic
host following bone marrow transplant (BMT). In pre-clinical studies examining this
approach in mice, tumor lysate-pulsed DCs given during early lymphoid recovery
elicited an effective and long-lasting anti-tumor immune response [154]. After total
body irradiation, mice received a syngeneic BMT followed by weekly DC vacci-
nations starting 7 days following the transplant. Tumor regression was observed
in mice with tumors established prior to BMT, and protection from subsequent
tumor challenge was seen in DC-immunized mice. Although infectious disease
vaccines are routinely administered following allogeneic BMT, no studies have
been reported for anti-tumor vaccines in humans after BMT. It has been shown
that infusion of in vivo primed autologous T cells immediately after auto transplant
restored immune readiness to pneumococcal vaccination in myeloma patients [155],
which typically demonstrate significant deficits in immune responsiveness after
auto transplant. Therefore, therapeutic anticancer vaccines could be administered
pre-transplant followed by adoptive cell transfer after BMT.
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Combinations of vaccination and adoptively transferred T cells

Adoptively transferred, tumor antigen-specific T cells have demonstrated significant
anti-tumor activity in patients with metastatic melanoma, especially after non-
myeloablative lymphodepleting chemotherapy [156]. Lymphodepletion enhances
antitumor activity of transferred lymphocytes by removal of ‘cellular sinks’, cells
competing for the homeostatic cytokines IL-7 and IL-15 [157]. Adoptive cell
transfer with MART-1 TCR transduced autologous lymphocytes, co-administered
with high dose IL-2 also showed durable engraftment and tumor regressions in 2/17
of patients with advanced melanoma [158].

Such an approach may also enhance the activity of tumor vaccines. In a
murine model with large, pre-established tumors, adoptively transferred tumor-
infiltrating T cells alone had no significant effect on tumor growth, whereas
the combination of adoptively transferred T cells, vaccination with an altered
peptide ligand and administration of IL-2 induced tumor regression and long term
cures [159].

Combined modality with radiotherapy

Currently there is no clear evidence that single modality radiotherapy induces
anti-tumor immunity. Radiotherapy alone can achieve local control but distant
failure is common. The addition of cytotoxic chemotherapy in the adjuvant setting
improves clinical outcomes due to systemic protection. The combination of radiation
therapy with immunotherapies such as dendritic cell vaccines to induce systemic
anti-tumor immunity could prove to be another successful approach in treating
cancers. The desired biological effect of ionizing radiation therapy here is the
induction of tumor cell apoptosis and/or necrosis, causing a release of tumor antigens
and ‘danger signals’ such as heat shock proteins and proinflammatory cytokines.
Intratumorally injected dendritic cells would then capture released antigens and
receive a strong maturation stimulus simultaneously, leading to effective migration,
to draining nodes and T cell priming. In addition, radiotherapy can upregulate MHC,
costimulatory molecules and death receptors such as Fas (CD95) on tumor cells
(reviewed in [160]), which might render them more susceptible to CTL recognition
and lysis.

Synergy of radiotherapy and a DC vaccine was shown in a murine model.
Effective phagocytosis of apoptotic tumor and migration of DCs was observed
when DCs were injected into pre-established tumor nodules 24 hours after local
irradiation. 8.4% of nodal DCs were detected to have phagocytosed tumor cells;
in contrast to 0% if no irradiation was delivered, or 0.8% if radiation but no DCs
were administered (detected DCs were then derived from endogenous tumors). The
combined approach resulted in enhanced CTL responses, fewer metastatic tumors,
and increased survival [161]. An early study in cancer patients has shown safety
and induction of tumor-specific immunity when radiotherapy was combined with
intratumoral injections of immature DCs [162].
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Combined modality with chemotherapy

Several mechanisms allow chemotherapy to synergize with active immunotherapy
(reviewed in [163]). Chemotherapy-induced cell death leads to release of a broad
range of antigens in increasing amounts. Induction of apoptosis increases antigen
cross-presentation, and sensitizes APC to CD 40 signaling, which drives T cell
priming, expansion and circulation. Chemotherapy might sensitize tumor cells to
lysis by low-avidity CTL via up-regulation of death receptors. Cytotoxic reduction
of the tumor bulk could also decrease tumor-derived immune suppression as
well as the chance for escape variants and leaves smaller target volumes for
immunotherapy.

Chemotherapy can induce cell death by apoptosis. This mechanism has been
regarded as non-immune stimulatory, but in the context of cellular stress, secondary
necrosis or ligation of death receptors such as Fas (CD95) a pro-inflammatory
milieu can be induced. Although few chemotherapeutic agents cause cell death
through non-apoptotic pathways, it is well-established that necrosis causes DC
maturation necessary for T cell priming. In addition, chemotherapy can impact
lymphocyte subsets themselves. Cytoxan for instance preferentially eliminates
Tr, but does not affect other populations. A homeostatic proliferative response
following lymphopenia may allow for expansion of tumor-specific T cells. A
clinical trial of adoptive TIL transfer therapy following non-myeloablative but
lymphodepleting chemotherapy with Cytoxan and Fludarabine resulted in long
term clonal persistence of TILs in blood [156]. Specific T cells comprised 66%
of CD8+ cells over a year after treatment in one patient. Clinical responses
were promising in this group of IL2-refractory metastatic melanoma patients;
they were seen in 51% of patients and occurred in bulky metastases and several
organs including the brain. Recurrent lesions showed loss of HLA-A2 and/or
MART-1 protein suggesting a strong selection pressure in this subset. It is
thought that the effectiveness of this approach is due to two potential mecha-
nisms: [1] elimination of regulatory T cells and [2] the decreased competition by
endogenous lymphocytes for homeostatic regulatory cytokines such as IL-7 and
IL-15.

Intratumoral applications of TLR agonists

Dysregulation of DC maturation and function have been reported in cancer patients
and is thought to contribute to ineffective anti-tumor immunity [164, 165]. CpG-
ODN ligate TLR 9 and, when injected intratumorally can overcome tumor-
mediated DC inhibition, enable DCs to cross-present tumor-derived antigens to
naïve CD8+ T cells, result in tumor necrosis and prolong survival of treated
animals [166–168]. In a malignant glioma model, combined modality treatment
with sequential radiotherapy and CpG-ODN immunotherapy further increased the
percentages of animals with complete tumor remissions [169]. Interestingly, TLR
9 expression as well as immune cell infiltration in tumors were not affected by
radiation.



DENDRITIC CELL VACCINES 267

CONCLUDING REMARKS

Recent advances in DC biology make the exploitation of these cells for immunother-
apies an exciting new opportunity. Several DC-based clinical trials have shown
safety and feasibility as well as very dramatic antitumor responses in some instances.
Current efforts are focused on optimizing vaccination strategies and selecting the
right patient population.
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CHAPTER 12

WHOLE CELL VACCINES

MARK B. FARIES∗ AND DONALD L. MORTON
From the Sonya Valley Ghidossi Vaccine Laboratory of the Roy E. Coats Research Laboratories
of the John Wayne Cancer Institute at Saint John’s Health Center, Santa Monica, CA.

INTRODUCTION

A great deal of progress has been made in recent decades in identifying and
characterizing tumor-specific antigens that can be used as targets in immunotherapy.
However, there are undoubtedly a large number of antigens that remain
undiscovered. An alternative strategy to defined antigens is the use of tumor cells
themselves as the source of antigen. This approach includes the broadest array
of antigens but presents additional challenges that are not seen in vaccines using
purified antigens such as peptides or proteins. This chapter will discuss vaccine
therapy using whole tumor cells as antigen sources including not only whole cell
vaccines, but also tumor cell lysate and shed antigen vaccines.

HISTORY

Efforts to develop cancer vaccines predate identification of tumor-specific antigens.
One of the earliest examples is that of William Bradford Coley, a New York
surgeon who noted spontaneous regression of a sarcoma after the patient developed
erysipelas adjacent to the tumor. He subsequently attempted to induce such
responses by injecting derivatives of bacterial cultures (“Coley’s toxins”) into the
tumors of other patients [1,2]. He did see several additional episodes of regression,
but was unable to engender such responses consistently.
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Early in the twentieth century, murine models of tumor vaccination were
developed that utilized irradiated, whole tumor cells injected as vaccine. The mice
developed protective immunity to subsequent tumor challenge. However, these
studies, and others using tumor cell lysates, were performed before an under-
standing of histocompatibility and transplantation antigens was developed. As such
a distinction between rejection of alloantigens, and tumor-specific responses could
not be made.

By the middle of the century, experiments using inbred mouse strains established
the immunogenicity of tumors [3]. This led to significant efforts to identify the
particular tumor antigens that were recognized in these immune responses and to
use these antigens in immunotherapy. The appeal of using whole tumor cells as
antigen sources has remained, and several such vaccines have come into large-scale
trials.

STRATEGIES: SOURCE OF ANTIGEN

The cellular source of vaccine antigens can be derived individually from each patient
(autologous) or from pre-existing tumor cell lines (allogeneic). These tumor cells
can be used whole, used after processing (e.g. by lysis) or used to produce antigens
through shedding into culture supernatants. All these approaches (Figure 1) have
in common a diverse array of potential epitopes for presentation to the patient’s
system. Diversity may decrease the likelihood that tumors will escape immune
recognition through loss of expression of vaccine epitopes. Such antigen loss has
been reported with peptide-based immunotherapy [4, 5].

Vaccinated individuals also may not respond equally well to all epitopes, even
when properly matched by HLA type. As an example, Reynolds et al [6] studied the
spectrum of peptides to which patients vaccinated with a polyvalent, shed antigen
vaccine responded. They found that, while 59% of patients responded to at least one
epitope, no more than 14% of patients responded to any given specific peptide. In
other words, most patients were successfully immunized, but the epitopes that the
patients’ immune systems selected from the polyvalent vaccine were heterogeneous
and unpredictable. This heterogeneous immune response, while probably clinically
beneficial, makes monitoring of immune responses to vaccination more complex
than is the case for simpler vaccine antigens.

Live Whole Cell: Autologous

The antigen source of a vaccine must share epitopes with those of a patient’s
tumor in order to be effective. Use of the patient’s own tumor cells as the antigen
source ensures optimal HLA-type matching and may maximize the number of
tumor-specific antigen matches for that individual. Because of heterogeneity among
metastatic lesions, it is possible that the spectrum of antigens present in the vaccine
will be somewhat different from that present in the patient’s residual tumor, but, in
principle this difference is least significant with autologous tumor.
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Figure 1. A wide variety of strategies exist to use whole cells as antigen sources. These include live
whole cells, apoptotic whole cells, antigens shed by whole cells, and debris derived from lysed whole
cells. These antigens can be combined with adjuvants such as dendritic cells or cytokines before or after
administration to patients

Autologous tumor specimens can be processed in several ways to obtain an
antigenic vaccine. Such methods include use of tumor cells directly (with modifi-
cation to increase antigenicity), [7] interval expansion of cells in tissue culture, [8]
and processing of tumor specimens to obtain a desired portion of the cells, such as
RNA or antigens bound to heat shock proteins (HSP) [9].

Production of autologous vaccines is complex and difficult. In order to obtain
sufficient material for vaccine production, patients must have at least a moderate
tumor burden. Harvesting this tumor requires some type of surgical intervention, and
ensuring sterility of the specimen may be challenging, depending on its anatomic
location. This difficulty has been recognized from the earliest autologous tumor
vaccines, which were chemically sterilized [10]. Different techniques of vaccine
manufacture require varying volumes of tumor in order to generate vaccine, but
there is always a limit to the amount of vaccine that can be produced. For example,
an autologous vaccine developed by Berd and colleagues requires at least 2.5 grams
of tumor for vaccine production [11]. The number of doses that these patients can
receive may also be limited by the amount of available tumor. In addition, many
patients with significant risk of recurrence have only limited accessible tumor, for
example those with positive sentinel lymph nodes. These patients are not candidates
for autologous vaccines.
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Tissue culture and processing ex vivo is also difficult to perform in accordance
with the Good Manufacturing Practices (GMP) required for production of biologic
agents. As techniques of vaccine production have become more refined, the success
rate for generating vaccines has increased. However, with the requirement for
in vitro processing or culture, there may be a significant delay between surgical
treatment and vaccine administration. These challenges led to the halting of trials
of an autologous melanoma vaccine, M-Vax (AVAX Technologies, Philadelphia,
PA), by the Food and Drug Administration to improve lot release procedures. This
halt appears to have contributed to the end of significant clinical evaluation of this
promising vaccine.

Live Whole Cell: Allogeneic

Allogeneic whole-cell tumor vaccines offer a similar breadth of antigens as autol-
ogous whole cells. They are not matched to individual patients’ HLA or antigen
spectrum in the same way as autologous cells are, but allogeneic cell lines may
be selected for high levels of tumor antigen expression and combined so that at
least a partial HLA match is present for most of the potential patient population. A
panel of 150 cell lines were tested at the John Wayne Cancer Institute, and three
(M10VACC, M24VACC, and M101VACC) were selected for use as vaccine that
expressed relatively high levels of melanoma antigens [12]. Over 20 melanoma-
and tumor-associated antigens have since been identified in these lines. These lines
comprise the Canvaxin vaccine (CancerVax Corp., Carlsbad, CA), and express a
spectrum of HLA types with a partial match for approximately 95% of melanoma
patients. Such matching may be important for the generation of effective immunity.

Production of allogeneic vaccines is more straightforward than that of autologous
vaccines, since a new vaccine does not need to be individually produced for each
patient. Because the patient’s tumor is not the source of vaccine cells, small tumor
burden is not limiting, and the vaccine can be immediately available for adminis-
tration. In addition, since the cells are maintained in tissue culture over a longer
time period, sterility of the specimens is easier to ensure and maintain than is the
case with vaccines derived more directly from surgical specimens. However, GMP
issues are still complex with live whole cell allogeneic vaccines. Canvaxin was
placed on partial clinical hold after the FDA requested that previously acceptable
lot release assays be revised. Though this process revealed no safety issues with
the vaccine, the hold delayed clinical evaluation of the vaccine by approximately
one year.

Lysate and Shed Antigens

Lysates of whole tumor cells may also be used as an antigen source. Cell lysis
simplifies vaccine production in two ways. First, since the cellular material is not
viable after lysis, replication incompetence is assured. Second, live cell vaccines
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require significant care to maintain the viability of cells including cryopreser-
vation using liquid nitrogen. This care is not needed for lysate vaccines, which
may be lyophilized or frozen at higher temperatures. Although lysates retain
much of the antigenic diversity of whole cells, some epitopes are lost thorough
separation of the nuclear fraction and degradation of messenger RNA. Proteins that
are secreted by live tumor cells are also diminished (Figure 2). Lysate antigens
may be taken up by APC and are classically presented to CD4+ T cells in the
context of major histocompatibility complex (MHC) class II. In order for these
antigens to be presented to CD8+ T cells, they must be processed through a
non-classical path known as cross-presentation [13]. This process is now well
described, but requires certain conditions in order to occur. These conditions are
probably easiest to achieve in vitro, and some current lysate vaccine strategies
apply lysate to APC in vitro and then administer these loaded cells as the
vaccine.

Cells used for lysis can be obtained either from autologous tumor or from estab-
lished cells lines. The choice of antigen source is determined by similar issues to
those in live cell vaccines. The most thoroughly evaluated mechanical lysate vaccine

APC

Tumor Cell

Tumor APC

MHC II

MHC I

B7

Antigen

Figure 2. Tumour cells present antigens to the immune system only through components of their cell
membranes such as gangliosides. However, the internal processes of the cell are represented on the
surface through peptide antigens. Peptides that result from abnormal DNA, RNA, or proteins of cancer
cells may serve as effective immunogens for vaccine therapy. Whole cell vaccines provide all of these
sources of antigen, antigens shown in white font may be lost in preparation of cell lysates.
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is Melacine (Corixa Corp., Seattle, WA), an allogeneic preparation developed by
Mitchell and colleagues [14] for patients with melanoma, but mechanical lysates
have also been used in breast cancer, renal cell cancer, and other malignancies.
Protocols for lysate preparation can be varied to include or remove cellular compo-
nents such as cell membranes [15].

Tumor cells can also be lysed through application of viruses including vaccinia
and influenza A. The earliest application of this strategy in animal models by
Lindenmann and Klein in 1967 showed that while simple mixtures of virus and
tumor cell lysates could not produce a protective immune response, viral lysates did
[16]. The process of viral infection of cells led to production of highly immunogenic
foreign antigens or xenogenization of the vaccine. The enhanced response to viral
antigens may therefore serve as an adjuvant and strengthen the immune response
to relatively poorly immunogenic tumor antigens.

Tumor cells in culture rapidly shed antigenic material into the supernatant. These
shed antigens encompass a wide variety of potential tumor-related targets [17]. They
are considered partially purified relative to live cell and lysate vaccines, as cellular
components retained in the cytoplasm and nucleus are not included. Proponents of
these vaccines suggest that the shed antigens may be particularly important since
they are generally expressed on the cell surface and are readily available to immune
recognition. They have been shown to engender immune responses to a variety
of antigens. Like lysates, shed-antigen vaccines are relatively straightforward to
produce.

STRATEGIES: INDUCING IMMUNE RESPONSE

Tumor antigen content is only one factor determining the effectiveness of a vaccine.
Just as important is the context in which the antigen interacts with the immune
system. The same antigen, presented in different contexts, may lead to effective
anti-tumor immunity, ineffective immune response, or even tolerance. A wide
variety of approaches has been developed to help stimulate a strong and effective
anti-tumor immune response. These include modification of the antigens such as
with the hapten dinitrophenyl, application of exogenous adjuvants with the vaccine,
provision of cytokines with vaccines, and combination of vaccine antigens with
antigen presenting cells such as dendritic cells (DC).

Exogenous Adjuvants and Immunomodulators

Many antigens, particularly tumor antigens, are insufficiently immunogenic to
induce a beneficial immune response when given in isolation. Adjuvants that non-
specifically stimulate the immune system can strengthen immune responses to the
target antigen. For example, chemical preparations such as aluminum salts (alum),
oil and water emulsions, and bacteria- or plant-derived compounds change the
rate and mechanism of antigen absorption and processing. Other adjuvants bind
with receptors of the innate immune system, for example toll-like receptors (TLR),
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inducing cellular activation, maturation of DC and cytokine secretion by immune
cells. This changes the environment in which vaccine antigens encounter APC and
effector cells leading to stronger immune responses.

Aluminum salts have been used in relatively few tumor vaccine trials and were
thought to lead to a predominantly humoral, rather than cellular immune response.
However, trials using alum have shown evidence of specific, cellular immune
responses to tumor antigens [6]. DETOX is a combination of two bacterial compo-
nents (monophosphoryl lipid A and mycobacterial cell wall skeleton) in an oil-
in-water emulsion. In animal models, injection of these bacterial components into
growing tumors led to eradication of regional micrometastases, and it is thought to
engender both humoral and cellular immunity. Bacille Calmette-Guerin (BCG), an
attenuated mycobacterium used in immunotherapy for superficial bladder cancer,
has been used in several vaccine trials. Cellular and humoral immunity are stimu-
lated by BCG.

Until very recently development of adjuvants has been largely empiric. As
knowledge of the immune system has increased, new adjuvants and immunomod-
ulators have become available for testing with vaccines. Of particular interest are
ligands for the toll-like receptors (TLR). CpG oligonucleotides bind to TLR9 and
induce a strong immune response with characteristics thought to be favorable in
cancer immunity [18]. These are now under evaluation in immunotherapy trials,
though not with any whole cell vaccine. Imidazoquinolines such as imiquimod bind
TLR7 and 8 and lead to APC maturation and cytokine secretion, [19] and have been
evaluated with DNA- and peptide-based vaccines demonstrating enhanced immune
responses.

A number of cytokines are also available for immunomodulation of responses.
Granulocyte-macrophage-colony stimulating factor (GM-CSF) and flt-3 ligand
increase activation and quantity of APC [20]. Interferon-�and interleukin-2 increase
or modify vaccine responses. Such adjuvants and cytokines can be administered at
the site of vaccination or systemically.

Dendritic Cells

Dendritic cells (DC), first described by Steinman and Cohn in 1973, [21] are
the most “professional” antigen presenting cells. These cells are responsible for
sensitizing naïve T cells, and are therefore principally responsible for development
of new immune responses. They have been evaluated in many vaccine strategies,
and can be used with almost all antigen types. The immunostimulatory capacity
of DC depend heavily on their lineage and the culture conditions in which they
are grown [22]. They are commonly pulsed with antigen and then administered
as a vaccine. The most important characteristics of DC used in a vaccine are
their maturity and cytokine/chemokine expression profile. Effective cellular anti-
tumor immune responses most likely require three signals. First is the antigen
itself, presented in the context of an MHC molecule. However, if this signal is
presented in isolation, tolerance rather than recognition is produced. The second
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signal comes from costimulatory molecules on the surface of APC. These molecules
are present on the surface of activated and mature DC. A third signal is provided
by the cytokines present during sensitization of the T cells and determines the
character of the response [23]. For example, interleukin-12 steers responses toward
an interferon-�-dominated type 1 response that is thought to be more effective in
anti-tumor immunity.

Numerous DC-based tumor vaccine trials have been conducted, many using DC
pulsed with peptide antigens and a number of others pulsing with proteins or tumor
lysates [24, 25]. The important nuances of these types of DC vaccines are outside
the scope of this chapter. Lysate and shed antigen vaccines could be used with
DC in very similar fashion to purified protein or peptide antigens. Other uses
of DC are specifically applicable to whole cell vaccines and will be discussed
below.

Whole Cell-only Strategies: Genetic Modification

Several strategies are specifically tailored for use with whole cells, including
genetic modification of tumor cells to improve immunogenicity, pulsing of DC with
apoptotic whole tumor cells and fusion of tumor cells with DC.

The earliest form of genetic modification of tumor cells was by infection of cells
with viruses, such as influenza. This led to incorporation of viral proteins into the
cells which increased their immunogenicity, as described above. Several methods
of tumor cell transfection are available. The choice of methodology impacts trans-
fection efficiency, and may also have an impact on immunogenicity. Both viral and
non-viral methods have been evaluated. Viral vectors include adenovirus, ALVAC
(a canary pox virus), fowlpox, vaccinia, Epstein-Barr virus, and retroviruses [26].
Viruses that are able to replicate in mammalian cells, such as adenovirus, may
be modified to render them replication incompetent. Gene therapy trials using
in vivo infection of cancer or normal cells are subject to a vigorous immune
response, limiting transfection of target cells beyond the first vaccination. This type
of response probably affects in vitro transfection less. Non-viral methods include
the use of electroporation and liposomes. These methods have been compared
without consistent demonstration of superior transfection efficiency [27, 28]. Viral
and non-viral vectors have also been compared and similar levels of transfection
efficiency were seen, [29] though the clinical efficacy and immunogenicity of viral
and non-viral vectors have not been directly compared.

Genetic modifications seek to change either the surface antigens or co-stimulatory
molecules of tumor cells or the environment in which tumor cells interact with the
immune system. Pre-clinical studies examined the introduction of MHC molecules
into tumor cells. However, transfer of MHC class I often let to increased tumor
growth in these models, possible due to loss of natural killer cell recognition
of tumors [30]. Co-transfection of MHC class I molecules with co-stimulatory
molecules has been used in early clinical trials with measured immune responses,
but without comparison to non-MHC transfected lines. Transfer of MHC class II
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has been associated with improved immunogenicity, but this has not yet been used
in clinical studies.

The best studied approach in clinical trials has been transfection of co-stimulatory
molecules such as B7.1 and B7.2 into tumor cells [31]. Co-stimulation is normally
provided by antigen presenting cells that have taken up and presented antigens. This
vaccine approach genetically modifies tumor cells to look and act more like antigen
presenting cells. In addition, B7 expression on transfected tumor cells render them
susceptible to killing by natural killer cells. This killing then releases additional
antigens for uptake by host APC.

Clinical trials have utilized this strategy in several malignancies. CD8+

lymphocyte immune responses were engendered using transfection of either
allogeneic or autologous tumor. There has not been a definitive demonstration that
tumor cells transfected with co-stimulatory molecules produce superior immuno-
logic responses than non-transfected cells in clinical trials, though this has been
suggested based upon non-cellular vaccine trials [32, 33]. Depending on the
vector used, these vaccines can incorporate co-stimulatory molecules and tumor
antigens.

Tumor cells may also be transduced with genes encoding various immunos-
timulatory cytokines. These include interleukin-2 (IL-2) [34–36], IL-4 [37–39],
IL-6 [40], IL-7 [41], IL-12 [42], IL-18 [43], interferon-� [44] and granulocyte-
macrophage-colony stimulating factor (GM-CSF) [45–47]. Both allogeneic and
autologous tumor cells have been used. Because of the complexity of in vitro culture
and transfection of autologous tumor cells, a third method mixes autologous tumor
cells with transfected allogeneic tumor or fibroblast cells [40]. The principle of these
modifications is enhancement of recruiting, activation, proliferation, or immunophe-
notype of responding leukocytes in order to boost the magnitude and effectiveness
of anti-tumor immunity. The most thoroughly studied of these cytokines are IL-2
and GM-CSF.

GM-CSF leads to recruitment and differentiation of dendritic cells. In animal
studies, immunization with tumors transduced with the gene for GM-CSF led
to long-lasting systemic immunity. This immunity required participation of both
CD4+ and CD8+ T cells. In clinical studies it has been used in melanoma, ovarian
cancer, and non-small cell lung cancer. An evaluation of autologous melanoma
cells transduced with the gene for GM-CSF demonstrated lymphocytic infiltrates
of the vaccine site (19 of 26), resected metastases (10 of 16), and delayed-type
hypersensitivity (DTH) skin test responses (17 of 25) to non-transduced tumor
cells in vaccinated patients [46]. Despite the complexity of vaccine preparation in
this trial, 97% of patients were able to have vaccine successfully produced. The
same investigators demonstrated similar results in patients with non-small cell lung
cancer [47].

IL-2 is a growth factor for lymphocytes and has been shown to restore respon-
siveness in anergic or unresponsive T cells. It is approved for use in patients
with metastatic melanoma, and in a minority of cases induces dramatic and
durable regressions of tumors. Cellular vaccines transduced with the gene for IL-
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2 have been tested, largely in melanoma. Trials using allogeneic cell vaccines
have demonstrated increases cytotoxic lymphocyte (CTL) responses [39]. Others
have used autologous tumor as vaccine. In an example of the potential diffi-
culties of generating a transfected vaccine from autologous tumors, one such study
was able to produce vaccine in only 54% of patients, and only 37% actually
received vaccine. Among 15 vaccinated patients in this trial, though, over half
demonstrated increased DTH responses (8/15), and 3 patients showed evidence of
autoimmunity (vitiligo) [36]. Others have demonstrated increased tumor-reactive
CTL [48].

Whole Cell-only Strategies: Dendritic Cell Combinations

Other vaccine types that require whole cells as an antigen source are DC loaded
with apoptotic tumor cells and DC-tumor fusions. Uptake by DC of cells under-
going programmed cell death (apoptosis) is quite efficient and can generate both
CD4+ and CD8+ T cell responses. The nature of the immune response to DC
loaded with apoptotic cells is affected by the stage of apoptosis. Apoptosis of
non-malignant cells is a normal part of physiologic homeostasis and should not
engender an immune response. Not surprisingly, investigators have shown that
tumor cells in early apoptosis frequently do not generate an effective immune
response. Conversely, cells in late apoptosis do generate immune responses; these
responses are characterized by interferon-�-dominated type 1 cytokines and may
therefore be more effective against malignant cells [50].

It has also been suggested that uptake of apoptotic or necrotic tumor cells leads
to maturation of the DC, [51–54] though the methodology leading to some of these
results has been questioned [55]. Uptake of dying or necrotic cells appears to be best
accomplished by myeloid lineage DC and at the immature stage of DC development
[56]. In a recent trial, 16 patients with non-small cell lung cancer received DC loaded
with irradiated apoptotic allogeneic cells. Six patients developed antigen-specific
immune responses [49].

A patient’s DC may also be physically fused with autologous or allogeneic
tumor cells. Fusion may be accomplished using polyethyleneglycol [57, 58] or by
electrofusion [59]. The latter appears to be a more efficient process [60]. The fusion
product is a hybrid cell which possesses the immunostimulatory characteristics of
APC and presents the antigens of tumor cells (Figure 3). Hybrid cells express
MHC molecules of the DC and the tumor cells. Proteins from the tumor cells are
processed by the antigen presentation machinery of the DC and are presented in
both MHC class I and MHC class I of the patient [59].

The majority of reported data are preclinical, but a few small clinical trials have
been reported with apparent safety, but limited efficacy. These were polyethylene
glycol fusions tested in patients with glioma, breast cancer, renal cell cancer
and melanoma [57, 58, 61]. Additionally, the methods of vaccine production
by electrofusion have been reported for use in colon cancer and melanoma
patients [62, 63].
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Figure 3. Dendritic cells can be physically fused with tumor cells to produce hybrid vaccine cells.
These hybrids have the antigen presentation and co-stimulatory ability of antigen presenting cells, and
the antigens of tumor cells. Tumor antigens derived from allogeneic vaccine cell lines can be presented
in patient-derived MHC molecules

WHOLE CELL VACCINE TRIALS: CLINICAL RESULTS

Of the clinical trials of using whole tumor cells as the antigen source, many have
been small trials examining immunologic endpoints, but several have been large
enough to provide data regarding clinical efficacy.

Clinical Results: Live Whole Cells

The most thoroughly tested allogeneic live whole cell vaccine is Canvaxin,
developed by Morton and colleagues and under clinical evaluation since 1985. Its
three melanoma cell lines were selected from a panel of more than 150 lines based
on their antigenic profile with expression of more than 20 immunogenic melanoma-
or tumor-associated antigens [64]. The Tice strain of BCG is given as adjuvant with
the first two vaccine doses.

Canvaxin has been tested extensively in phase II trials at the John Wayne Cancer
Institute (JWCI). In 40 stage IV patients with evaluable disease, a 23% response
rate was seen after vaccination (8% complete response, 15% partial response),
primarily in patients with metastatic lesions less than 2 cm in diameter [65]. In
the adjuvant treatment setting, the vaccine has also shown promising results. Such
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analyses have been completed for patients with a history of stage II, stage III, or
stage IV melanoma after complete surgical resection. For stage IV disease, this
matched-pair analysis has been superceded by recent results of a phase III trial
that demonstrated excellent survival for the entire study population, but no overall
survival benefit in the vaccine arm. This illustrates the difficulty matching patients
with fairly advanced disease to historical controls.

Such prognostic pairing may be more representative in earlier stage disease, and
the results of these analyses suggest a clinical benefit to vaccination in those stages.
For patients with resected stage III melanoma a study of 739 pairs of patients
matched for number of positive lymph nodes, nodal size, primary tumor stage,
ulceration, gender and age, vaccine patients had a 5-year survival of 49% compared
to 37% in controls (p<0.001, Figure 4) [65]. Median survival was 55.3 months and
31.6 months for the two groups, respectively. For patients with stage Ib/II melanoma
315 pairs of patients were matched for primary tumor stage, gender, ulceration,
age, and initial treatment (wide excision, elective lymph node dissection or sentinel
lymph node dissection). Again increased disease free and overall survival was seen
(p=0.03) in the vaccine group. A phase III trial of Canvaxin has now completed
accrual and sufficient follow-up for analysis is expected with the next 1–2 years.

Using an autologous vaccine, Berd et al. reported a phase II trial in which
214 patients who had undergone resection of bulky (>2.5 cm) melanoma in a
single lymph node basin. Patients received an autologous tumor cells modified with
the hapten dinitrophenol (DNP) [11]. Low-dose cyclophosphamide (300 mg/m2)
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Figure 4. Overall survival of 739 patients with resected stage III melanoma who received Canvaxin and
739 patients matched for prognostic factors who did not (from [65])
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was given in an attempt to deplete suppressor T cells, and was followed by
multiple intradermal injections of autologous tumor cells mixed with BCG. Four
vaccine schedules were examined. Five-year overall survival was 44%. Patients who
developed DTH responses to unmodified tumor cells had a much greater overall
survival than those who did not (59.3% vs. 29.3%; P<0.001). A comparison of
patients treated with different schedules showed a significantly higher rate of DTH
responses when baseline skin testing was performed 3 to 8 days prior to cyclophos-
phamide administration rather than on the same day or the day after. A significant
difference was also seen in overall survival and the impact remained significant
in a multivariate analysis that included the number of positive nodes, presence of
extracapsular extension and gender.

This technology was being developed by AVAX technologies under the brand
name of M-VaxTM. However, due to a combination of financial and regulatory
issues this development has stalled. These issues are indicative of the significant
challenge associated with preparing autologous cellular vaccines. It is not yet clear
whether this vaccine will resume testing.

Two randomized trials have also been conducted using an autologous colon
cancer cell vaccine. One was conducted in Belgium and included 254 patients
randomized to receive vaccine or no adjuvant treatment [66]. The first dose of the
vaccine was given with BCG four weeks after surgical resection. After a median
follow-up of 5.3 years, a significant reduction in risk of recurrence was seen for the
vaccine group (p=0.023). There was no survival benefit seen for patients with stage
III disease, but there was a trend approaching significance for stage II patients.

A second study was conducted by the Eastern Cooperative Oncology Group in
412 patients with resected colon cancer [67]. BCG was given with the first two
vaccine doses. After 7.6 years of median follow-up, there was no survival benefit
in the vaccine arm. However, in patients who were able to have adequate vaccine
prepared and administered, and who developed DTH responses (n=106), there was
a trend toward improved overall (p=0.12) and recurrence-free survival (p=0.078).
When only stage II patients were analyzed, those with positive DTH responses had a
significantly better overall survival (p=0.032). Taken together, lower tumor burden
(stage II compared to III) sets a favorable immunological setting for induction of
anti-tumor immunity by vaccination.

A randomized trial was performed using autologous tumor cells of patients with
renal cell cancer [68]. The vaccine was given with BCG as an adjuvant. Patients
received either hormonal therapy alone or hormonal therapy plus vaccine. After
3 years of follow-up, overall survival was 65% in the vaccine group and 52% in
controls. This difference did not achieve statistical significance (p<0.07). Positive
DTH skin tests correlated with improved survival.

Clinical Results: Tumor Lysate Vaccines

Although lysate-based vaccines have been investigated in patients with breast
cancer, colon cancer, ovarian cancer, leukemia, renal cell cancer, lung cancer,
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sarcoma, and medullary thyroid cancer [69–75]. The largest trials have been
conducted in melanoma. Two viral lysates and one mechanical lysate have been
evaluated. Vaccinia melanoma oncolysate (VMO) was evaluated by Wallack and
colleagues [76]. Four melanoma cell lines (Mel-2, Mel-3, Mel-4, and Mel-B) were
infected with vaccinia and lysed by sonication. Two hundred seventeen eligible
patients at eleven institutions were randomized to either VMO or vaccinia virus
alone in this double-blind study. Overall survival in the vaccine group was 10%
greater than in the controls, but this difference did not reach statistical significance.
Retrospective subset analysis suggested male patients between 44 and 57 years
old with one to five positive lymph nodes had a 21% improvement in survival.
However, this benefit has not been prospectively validated.

A larger randomized lysate vaccine trial including 700 patients with stage IIB
and III melanoma was conducted by Hersey and colleagues in Australia [77]. The
vaccinia melanoma cell lysate (VMCL) used in this trial was an oncolysate of a
single melanoma cell line, MM200. With a median follow-up of 8 years, survival
vaccine and control groups were 61% and 55% respectively at five years, and
53% and 44% respectively at ten years. The differences in survival did not achieve
statistical significance (p=0.17).

The Southwest Oncology Group performed another large (n=689) randomized
trial using Melacine (Corixa Corp., Seattle, WA), a mechanical lysate of the MSM-
M-2 and MSM-M-1 cell lines developed by Mitchell and colleagues [78]. Patients
had clinically localized melanoma with primary tumors 1.5–4.0 mm in thickness
or Clark’s level IV. Vaccine was given with the DETOX adjuvant. With a median
follow-up of 5.6 years there was no overall survival benefit; estimated 5-year
survival rates were 65% for vaccine patients and 63% for controls (p=0.51).

Earlier phase II studies of Melacine in patients with measurable disease had
shown objective response rates of 12% (3% complete, 5% partial, 4% minor) and
stable disease in 23%. A randomized trial in patients with stage IV disease did
not show a survival benefit versus chemotherapy [79] but suggested that patients
with HLA types that matched those of the vaccine cell lines had improved clinical
outcomes. Therefore, for the randomized trial in clinically localized melanoma, a
planned subgroup analysis examined the survival of patients who expressed one
or two of several HLA types (A2, A28, B44, B45, and C3) [80]. In these patients
5-year relapse-free survival was 83% for vaccine patients (n=97) versus 59% in
controls (n=78)(p=0.0002). Much of this benefit came from patients who were
HLA-A2+ and/or HLA-C3+: 5-year relapse-free survival of 77% for vaccine versus
63% for controls (p=0.004). A prospective validation trial for this finding was
planned, but has not yet been conducted.

Clinical Results: Shed-antigen Vaccines

A vaccine consisting of shed antigens from melanoma cell lines has been evaluated in a
randomized clinical trial. This vaccine, developed by Bystryn and colleagues, consists
of material shed into culture supernatants of four melanoma cell lines, three allogeneic
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and one xenogeneic. Thirty-eight patients were randomized to receive either vaccine
or placebo [81]. After a median follow-up of 2.5 years, the vaccine patients had a
significantly longer time to disease progression (1.6 years versus 0.6 years, p=0.03).
Median overall survival was 3.8 years in the treatment group and 2.7 years in the
placebo group. Estimated 3-year survival was also higher in the treatment group than
the control group (53% vs. 33%). However, the study was insufficiently powered to
demonstrate statistical significance at this level of overall survival difference.

MONITORING WHOLE CELL VACCINE-INDUCED
IMMUNE RESPONSES

The polyvalent nature of whole cell-based vaccines increases the likelihood of
inclusion of relevant epitopes, and decreases the potential for tumor escape through
antigen loss. However, immune responses to a polyvalent formulation are more
difficult to monitor. Two approaches are possible: use of immune testing using the
entire vaccine as a stimulus (e.g. DTH testing to vaccine cells), and selection of a
“representative” antigen for monitoring.

The first approach has yielded significant correlations with clinical outcome in
vaccine trials. Monitoring of Berd’s autologous melanoma vaccine demonstrated
that DTH responsiveness (>5mm) to unmodified tumor cells (but not DNP-modified
cells) predicted improved overall survival (p<0.001) [11]. Immune responses to
Canvaxin have also been evaluated with DTH testing to the entire vaccine. A
examination of responses in patients with resected stage IV melanoma showed that
patients with a positive (>10mm) DTH response to vaccine cells had significantly
prolonged overall survival (p=0.018)(Figure 5) [82].

Humoral responses can also be evaluated without reference to a specific antigen.
Hsueh and colleagues using a complement-dependent cytotoxicity assay to monitor
immune responses to Canvaxin. Vaccine cells were incubated with pre- or post-
vaccination patient serum and then complement. Increased lysis by post-vaccination
serum suggested increased complement fixing antibody, and correlated with signif-
icantly better 5-year disease-free survival (54% versus 14%, p=0.0001) [83].

Alternatively, immune responses to specific antigens may be monitored. This
allows for monitoring by a wide variety of assays including humoral responses
monitored by ELISA, cellular responses monitored by ELISPOT, intracellular
cytokine secretion, cytotoxicity assays, and MHC tetramer flow cytometry [84].
Serum IgM responses to the TA90 tumor-associated antigen have been corre-
lated with overall survival in patients receiving vaccine for stage III and stage IV
melanoma. When the results of the TA90 antibody assay are combined with the
results of DTH testing, there is a dramatic correlation between immune response
and survival: 5-year OS rate is 75% with both an elevated level of anti-TA90 IgM
and a strong DTH response, 36% with either an elevated IgM response or a strong
DTH response, and only 8% with neither response (p<0.001, figure 6) [85]. Survival
did not correlate with responses to the BCG adjuvant as determined by purified
protein derivative (PPD) testing, suggesting that the benefit is not a measure of
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Figure 5. Overall survival of patients with stage IV melanoma treated with Canvaxin according to
positive (>10 mm induration, n = 56) or negative (n=38, p = 0.0178) DTH response (from [82])

simple immune competence. This association remains significant in multivariate
analysis (p=0.03).

One difficulty with choosing a particular defined antigen is that the selection
of antigens for response by patient’s immune system is impossible to predict.

Figure 6. Overall survival of patients with stage IV melanoma treated with Canvaxin according to
immune (DTH and anti-TA90 IgM) responses (from [85]).
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Responses may be generated to a wide variety of protein and carbohydrate
antigens. As described above, Reynolds et al examined the variety of epitopes
from several melanoma-associated proteins to which patients vaccinated with a
polyvalent shed antigen vaccine responded [6]. They found that no more than 14%
of individuals responded to any given peptide epitope. Thus, selecting a “represen-
tative” peptide epitope for cellular immune response monitoring may be impossible
for highly polyvalent antigens. Development of high-throughput monitoring assays
may improve investigators’ ability to measure responses to numerous antigens and
derive a more accurate assessment of the immunologic results of vaccination.

CONCLUSION

Whole tumor cells are an attractive source of tumor antigens for use in
immunotherapy. They provide the broadest array of antigens and presumably the
best chance for matching vaccine antigens with patients’ tumor cells. A wide variety
of active specific immunotherapy strategies use whole cells as antigen sources.
A great deal of evidence now suggests that these vaccines can provide clinical
benefit to patients, particularly those who generate a strong immune response to
vaccination. One current challenge is to improve the frequency, magnitude, and
character of immune responses using new, more effective adjuvants and immune
response modifiers. The practical challenges of preparing these complex biologic
agents has slowed the development of several promising vaccines, but large trials of
whole cell and other vaccines are currently underway, and hold promise for wider
and more effective use of these agents.
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THE RATIONALE FOR CANCER VACCINES AGAINST
CARBOHYDRATE ANTIGENS

Carbohydrate cell surface antigens have proved to be unexpectedly potent targets
for immune recognition and attack against cancers [1]. Of the many tumor-restricted
monoclonal antibodies derived by immunization of mice with human tumor cells,
most have been directed against carbohydrate antigens expressed at the cell surface
as glycolipids or mucins [2–4]. Antibodies against cell surface antigens such as
these are ideally suited for eradication of free tumor cells and micrometastases. In
adjuvant immunization trials, the primary targets are individual tumor cells or early
micrometastases which may persist for long periods after apparent resection of all
residual tumor [5–7]. After surgery and completion of chemotherapy is the ideal
time for immune intervention, and in particular for administration of cancer vaccines
aimed at instructing the immune system to identify and kill these few remaining
cancer cells. If antibodies of sufficient titer can be induced against tumor antigens
to eliminate tumor cells from the blood and lymphatic systems, and to eradicate
micrometastases (making establishment of new metastases no longer possible) this
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would dramatically change our approach to treating the cancer patient. Aggressive
local therapies, including surgery, radiation therapy and intralesional treatments
might result in long term control of even metastatic cancers.

In fact, antibodies have demonstrated antitumor efficacy in vivo:
1 There are many preclinical models demonstrating that passively administered or

actively induced antibodies (generally against carbohydrate antigens) can prevent
tumor recurrence (reviewed in [8–10]) .

2 There are an increasing number of clinical trials where passively administered
monoclonal antibodies (mAb) have demonstrated clinical efficacy, and

3 Naturally acquired or vaccine induced antibodies against cancer cell surface
antigens, especially carbohydrate antigens, have correlated with improved
prognosis in several different clinical settings (reviewed in [11–16]).

BIOLOGICAL ROLES OF CELL SURFACE CARBOHYDRATES

The great majority of the molecules on the mammalian plasma membrane are glyco-
sylated such that glycan structures form a dense forest covering the cell surface.
These glycan chains are found on glycolipids and integral membrane glycoproteins
as well as on more specialized glycoproteins such as mucins and proteoglycans. To
some extent these carbohydrates serve structural, protective and stabilizing roles
but it is becoming increasingly recognized that they can have information-bearing
functions as selectins and adhesins in cell-cell recognition and adhesion as well
(reviewed in [3]). Carbohydrate structures on glycoproteins and glycolipids have
been implicated in such normal cell functions as proliferation, interaction with
endothelial cells, leukocytes and platelets, embryogenesis, neural cell adhesion,
and the biology and metastatic potential of tumor cells. All tumors studied have
changes in the expression of carbohydrate structures which are characteristic of
the tissue of origin of the tumor. As a general rule, tumors of neural crest origin
(e.g. melanoma, sarcoma and neuroblastoma) exhibit over-expression of ganglio-
sides (sialylated glycolipids) whereas epithelial cancers (carcinomas) have altered
fucosylated structures (Ley and Globo H) and mucin core structures (TF, Tn, sTn)
as their characteristic antigens. Numerous studies have shown a correlation between
high expression of certain carbohydrate specificities (including Ley, sTn and Tn
blood group antigens) and metastatic potential and decreased patient survival.

EFFECTOR MECHANISMS OF ANTIBODIES AGAINST CELL
SURFACE CARBOHYDRATE ANTIGENS

Mechanisms of Tumor Elimination Some antibodies may have direct effects such
as by inhibiting tumor cell attachment or inhibiting growth hormone receptors,
but in general the interaction of antibody and antigen is without consequence
unless Fc-mediated secondary effector mechanisms are activated. Binding of
antibody to antigen results in a functional change in the Fc portion of the
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antibody and activation of several effector mechanisms. For cancer carbohy-
drate antigens, IgM bound to antigen is the most active complement activator in
the intravascular space and in humans IgG1 and IgG3 are the most important
complement activators extravascularly. IgG antibodies of these subclasses are
also known to induce antibody dependent cell mediated cytotoxicity (ADCC).
Complement activation mediates inflammatory reactions, opsonization for phagocy-
tosis, clearance of antigen antibody complexes from the circulation and complement-
dependent cytotoxicity (CDC) mediated by membrane attack complex (CDC).
Opsonization for ingestion and destruction by phagocytosis or cytotoxic mechanism
can occur through complement activation but also can occur directly as a conse-
quence of Fc receptors on phagocytic cells (ADCC).

Serological analysis of the series of clinical trials described below has suggested
that the six vaccines containing carbohydrate antigens expressed as glycolipids
induced antibodies mediating CDC whereas the four vaccines containing carbohy-
drate or peptide epitopes carried by mucin molecules induced antibodies that were
not capable of mediating CDC. To determine whether this dichotomy was a result
of the properties of the induced antibodies (ie. class and effector functions), the
different target cells used, or the nature of the target antigens, we compared the cell
surface reactivity (assayed by FACS), complement-fixing ability (using the immune
adherence assay) and the CDC activity of a panel of monoclonal antibodies and
immune sera from these trials on the same two tumor cell lines. Antibodies against
carbohydrates expressed on glycolipids (GM2, globo H and LeY ) or on mucins (Tn,
sTn and TF) all reacted with these antigens expressed on tumor cells and all fixed
and activated complement [17]. CDC, however, was mediated by antibodies against
the glycolipids and a globular protein (KSA), but not by antibodies against the
mucin antigens. The inability of antibodies against mucin antigens to induce CDC
is attributed to the great distance from the cell surface that complement activation
is occurring [17].

It must be emphasized that although we showed that mucins are poor targets
for complement-mediated lysis of tumor cells, studies have shown that induction
of antibodies against either glycolipid or mucin antigens results in protection from
tumor recurrence in several different preclinical mouse models (reviewed in [8,9]).
Also, antibodies against either glycolipid or mucin epitopes correlate with a more
favorable prognosis in patients [11–15]. It does not appear that the inability of
antibodies against mucin antigens to induce complement-mediated lysis is neces-
sarily detrimental to the anti-tumor response. Consequently, complement-mediated
inflammation, opsonization and antibody dependent cellular cytotoxicity but not
CDC are likely mechanisms for the prolonged survival seen in the preclinical exper-
iments targeting mucin antigens and suggested in the clinical trials with passively
administered and actively induced antibodies against mucin antigens. With regard
to bacterial infections, this is supported by the severe consequences of hereditary
deficiency states involving either the classical or alternate complement pathways and
the comparatively trivial consequences to deficiencies of the complement membrane
attack complex [18].
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TREATMENT IN THE ADJUVANT SETTING

The basis for emphasis on vaccination in the adjuvant setting is best demonstrated in
preclinical models. The syngeneic murine tumor models involving EL4 lymphoma
are particularly informative in terms of trial design [9]. EL4 lymphoma naturally
expresses GD2 ganglioside which is recognized by mAb 3F8. Vaccines containing
GD2 covalently conjugated to KLH and mixed with immunological adjuvant QS21
are optimal for vaccination against GD2. Relatively higher levels of mAb adminis-
tered two or four days after intravenous tumor challenge or moderate titers induced
by vaccine that were present by day four after tumor challenge were able to eradicate
disease in most mice. If mAb administration was deferred until day seven or ten
after i.v challenge, little or no benefit could be demonstrated. If the number of cells
in the EL4 challenge was decreased, giving a longer window of opportunity, the
vaccinations could be initiated after tumor challenge and good protection seen [9].
These results are consistent with the need to initiate immunization with vaccines
inducing antibodies in the adjuvant setting, when the targets are circulating tumor
cells and micrometastases.

Comparable benefit is also seen when a subcutaneous foot-pad tumor challenge
model which more closely mirrors the clinical setting is used. Vaccination or mAb
administration after amputation of the foot-pad primary tumor results in cure of
most mice. There are comparable syngeneic models demonstrating the anti-tumor
efficacy of mAbs or vaccines against other glycolipids (GD3, GM3), mucin antigens
(Tn, TF and MUC1) and a protein antigen (gp75) (reviewed in [1, 8, 9]). These
trials all share one thing in common, benefit is seen primarily in minimal disease
settings, comparable to the adjuvant setting in the clinic.

SELECTION OF CELL SURFACE CARBOHYDRATE ANTIGENS AS
TARGETS FOR IMMUNE ATTACK AGAINST CANCER

Carbohydrate cell surface cancer antigens the MSKCC experience We have
screened a variety of malignancies and normal tissues with a series of 40
monoclonal antibodies against 25 antigens which were potential target antigens for
immunotherapy [19–22]. Twelve defined antigens were expressed strongly in 50%
or more of biopsy specimens of breast, ovary, prostate cancer, melanoma, sarcoma
and small cell lung cancer (SCLC). With the exception of the mucin MUC1 peptide
backbone and the protein KSA, the widely expressed antigens were carbohydrates.
The prevalence of these ten carbohydrate antigens on these cancers is summarized in
Table 1. The 13 excluded antigens (including CEA and HER2/neu) were expressed
in 0-2 of the 5-10 specimens.

Our results are consistent with those from other centers with one exception, we
did not find increased levels of GD2 or GD3 in most SCLC specimens. There is a
striking similarity in expression of these 12 antigens among tumors of similar embry-
ologic background (ie. epithelial versus neuroectodermal). Epithelial cancers (breast,
ovary, prostate colon, etc) but not cancers of neuroectodermal origin (melanomas,
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sarcomas, neuroblastomas) expressed MUC1, Tn, sTn, TF, globo H and Lewisy

(Ley) while only the neuroectodermal cancers expressed GD2 and GD3. Small cell
lung cancer shared some characteristics of each and in addition expressed fucosyl
GM1 and long chains of poly-�2,8-sialic acid which were not expressed in other
cancers of either background.

Gangliosides GM2, GD2, GD3 and Fucosyl GM1 Gangliosides are sialic
acid containing glycolipids that are expressed at the cell surface with their lipid
(ceramide) moiety incorporated into the cell surface lipid bilayer. Most gangliosides
considered as potential targets for cancer therapy are expressed primarily in tissues
and tumors of neuroectodermal origin. This is true for the melanoma, sarcoma and
neuroblastoma antigens GM2, GD2 and GD3, and the SCLC antigen fucosyl GM1.
The structures of these antigens as they appear on the cell surface lipid bilayer are
shown in Figure 1. Surprisingly, however, GM2 has also recently been identified
in a number of epithelial cancers [23, 24] and at the luminal surfaces of a variety
of normal epithelial tissues.

Figure 1. Carbohydrate epitopes on cell membrane glycoconjugates. Glc, glucose, Gal, galactose;
GalNAc, N-acetyl galactosamine; NCAM neural cell adhesion molecule
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Neutral glycolipids Lewisy and Globo H Ley and Globo H antigens are found
at the cell surface of epithelial cancers primarily expressed as glycolipids attached
to the lipid bilayer by hydrophobic forces through the ceramide, but they are also
O-linked via -OH groups of serine or threonine to mucins and N-linked via the NH2

group of asparagine in other proteins [2,4,20]. Whether expressed as glycolipids or
glycoproteins, the immune response against these antigens is predominantly against
the carbohydrate moiety. The expression of Ley and Globo H on various types
of cancer cells has been well documented [25–28]. They are expressed in lesser
amounts on a variety of normal tissues, again at the lumen border of ducts and
in secretions as described for TF and sTn [4]. Monoclonal antibodies against each
have shown good localization to human cancers in vivo [29, 30]. The structures
of Ley and Globo H in their glycolipid form at the cell surface are suggested in
Figure 1.

TF, Tn and sTn antigens Mucins are major cell surface antigens on most
epithelial cancers. They are proteins that contain multiple copies of highly glycosy-
lated serine and threonine rich tandem repeats that extend thousands of angstroms
above the cell surface lipid bilayer [31, 32]. Though mucins (including carbo-
hydrate and peptide epitopes) are also expressed on some normal tissues they
have proved to be excellent targets for anti-cancer attack for two reasons: 1)
Expression on normal tissues is largely restricted to the ductal border of secretory
cells [21, 31, 32], a site largely inaccessible to the immune system. Cancer cells,
on the other hand, have no patent ducts and so accumulate mucins over the
entire cell surface. 2) Peptide backbones of cancer mucins are not fully glycosy-
lated and glycosylation that does occur is not complete. Glycosylation of cancer
mucins with mono- or di-saccharides such as Tn, sTn or TF O-linked to serines
or threonines is especially common. Thomsen-Friedenreich antigen (TF; Gal�1-
3GalNAc�-O-serine/threonine), Tn (GalNAc�1-O-serine/threonine) and sialylated
Tn (sTn; NeuAc�2-6GalNAc�1-O-serine/threonine) are monosaccharide or disac-
charide antigens expressed O-linked to mucins in a variety of epithelial cancers
[33,34] (see Figure 1) Expression of these mono- and disaccharides correlates with
a more aggressive phenotype and a more ominous prognosis [35, 36].

TF, Tn and sTn are expressed in 50–80% of various epithelial cancers [37–39].
STn trimer (cluster) is the epitope recognized by monoclonal antibody B72.3, and
TF and sTn are, or are closely associated with the clustered epitope recognized by
monoclonal antibody CC49 [40, 41]. Clinical trials of radiolabeled CC49 adminis-
tered i.p in patients with breast cancer [41] and ovarian cancer [42] at this center
and elsewhere have shown excellent targeting. TF has also been used successfully
as a target for cancer imaging [43]. TF, Tn and sTn are expressed to a lesser
extent on a variety of normal tissues, where they are expressed predominately as
occasional monomers at luminal surfaces [20,44]. Immunohistology performed with
mAbs identifying these trimers react strongly with a variety of epithelial cancers
but only minimally with normal tissues, suggesting that focusing on the trimers of
Tn, sTn and TF further increases the tumor specificity of the immune response.
Immunization with TF and Tn has been shown to protect mice from subsequent
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challenge with syngeneic cancer cell lines expressing these antigens [10,45]. Hence
both active and passive immunotherapy trials have identified TF, Tn and sTn
antigens as uniquely effective targets for cancer targeting and immunotherapy.

Polysialic acid The neural cell adhesion molecule (N-CAM) is expressed on the
cell surface of embryonic tissues, neuroendocrine cells and a variety of neuroen-
docrine tumors including SCLC, neuroblastomas and carcinoids [46, 47]. N-CAM
undergoes a series of post-translational modifications, with the acquisition of ∝2,8-
1inked sialic acid residues as long polysialic acid chains (20–100 residues) in the
embryo and these cancers. In most adult normal tissues, however, N-CAM contains
polysialic acid chains of fewer than 10 residues. Several monoclonal antibodies,
including mAb 735 and NP-4 [48] recognize these long polysialic acid chains (but
not the shorter chains) and have allowed characterization of this antigen in both
normal and malignant tissue. Zhang et al, has demonstrated that 6 of 6 SCLC tumor
specimens were reactive by immunohistochemistry using mAb 735, and 5 of 6
tested SCLC tumor specimens were positive using mAb NP-4 [19]. This confirms
previous results of Kimminoth [46], and suggests that polysialic acid may serve as
a useful target for immune attack against SCLC. Polysialic acid is also expressed in
the gray matter of the brain, bronchial epithelia and pneumocytes, epithelia of the
colon, stomach, and pancreas, and capillary endothelial cells and ganglion neurons
in the colon. The reactivity of these antibodies in epithelia is restricted to the luminal
surfaces of glandular tissues, where access to the immune system is restricted. Two
to five percent of normal donors have high levels of antibody against polysialic acid
as a consequence of exposure to bacteria such as Neisseria meningitidis group B
(MenB) and Escherichia coli K1 that also express polysialic acid. This has not been
associated with any signs of autoimmunity [48]. Consequently, vaccines against
polysialic acid are being tested to combat these infections. However, polysialic acid
has proven to be poorly immunogenic.

With few exceptions (MUC1, CEA and KSA on a variety of epithelial cancers,
CA125 on ovarian cancers and PSMA on prostate cancers), non-carbohydrate antigens
are not as abundantly expressed, nor are they expressed with the same high frequency
on cancers from different patients as are the carbohydrate antigens described above.
In addition, antigens such as the cancer-testis antigens and p53 are not cell surface

Table 2. Carbohydrate cancer cell-surface targets for vaccine construction

Tumor Antigens*

Melanoma GM2, GD2, GD3
Neuroblastoma GM2, GD2, GD3, polysialic acid
Sarcoma GM2, GD2, GD3
Small-cell lung cancer GM2, fucosyl GM1, polysialic acid, globo H, sialyl Lea

Breast GM2, globo H, Ley, TF, Tn, sTn, sialyl Lea

Prostate GM2, Tn, sTn, TF, Ley

Ovary GM2, globo H, sTn, TF, Ley

*Antigens present on at least 50% of cancer cells in at least 50% of biopsy specimens.
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antigens, which may restrict the relevant immune response to a T-cell response. This
complicates vaccine design and the analysis of immunogenicity in vaccine trials.
Consequently, we have focused on antibody inducing polyvalent vaccines targeting
primarily the carbohydrate antigens listed in Table 2 plus a few glycoprotein antigens
such as MUC1 and KSA (also termed EpCAM) [49–53] in epithelial cancers, PSMA
in prostate cancers, and CA125 (now termed MUC16) in ovarian cancers [54].

IMMUNOGENICITY OF CELL SURFACE CARBOHYDRATES
IN CANCER PATIENTS

Selection of KLH conjugate plus GPI-0100 vaccines We have explored a variety
of approaches for increasing the antibody response against carbohydrate cancer
antigens, including the use of different immunological adjuvants [55–60], chemical
modification of gangliosides to make them more immunogenic [61–64] and conju-
gation to various immunogenic carrier proteins [55,65]. The conclusion from these
studies is that the use of a carrier protein plus an immunological adjuvant is the
optimal approach. The optimal immunological adjuvant in each case was one or
more purified saponin fractions (QS-21 or GPI-0100) obtained from the bark of
Quillaja saponaria [58, 66]. The optimal carrier protein was in each case keyhole
limpet hemocyanin (KLH). This approach (covalent attachment of the carbohydrate
to KLH and administration mixed with QS-21 or GPI-0100) has proved optimal
for antibody induction in mice and cancer patients for each of the antigens in
Table 2, except for sLeawhich has not been tested yet. The role of carrier protein in
these conjugate vaccines is to induce potent T-lymphocyte help against the carrier
(KLH) which also provides help for the antibody response against any covalently
attached molecules such as these tumor antigens. Potent immunological adjuvants
can greatly magnify this response. For instance, antibody titers induced against
GD3 and MUC1 after immunization with GD3-KLH and MUC1-KLH increased
from 0 to over 1/104 and 1/107 respectively with the use of the saponin adjuvant
GPI-0100 [58, 67].

Two additional variables have proved critical for increasing antibody titers, the
method of conjugation and the epitope ratio of antigen molecules per KLH molecule.
The optimal conjugation approach has varied with the antigen. Gangliosides are
best conjugated using ozone cleavage of the ceramide double bond and introducing
an aldehyde group followed by coupling to aminolysyl groups of KLH by reductive
amination. This approach was not as effective for conjugation of Tn, sTn, TF
clusters or Globo H to KLH where an M2C2H linker arm has proved most efficient
[68] or for MUC1 or MUC2 where an MBS linker group was optimal [69] .
We have demonstrated that covalent conjugation of antigen (ganglioside GD3)
to KLH is required, simply mixing the two is of little benefit [65] . Based on
our experience with GM2 and GD3 conjugate vaccines, it is our impression that
within the restrictions imposed by current conjugation methods, higher epitope
ratios result in higher immunogenicity. Consequently considerable effort is devoted
to optimizing this ratio with each vaccine.
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We have also performed a series of Phase I dosing trials to determine the impact
of dose of conjugate on antibody response in vaccinated patients, and a series of
experiments to determine the impact of treatments designed to decrease suppressor
cell reactivity in mice. The lowest dose of antigen in the KLH conjugates resulting
in optimal antibody titers for each antigen is listed in Table 3. The lowest optimal
doses range from 1 �g for TF to 30 �g for some glycolipids. Decreasing suppressor
cell activity using low dose cyclophosphamide or anti-CTLA4 mAb had no impact
on antibody titers induced by these vaccines [70].

Ganglioside vaccines We have been refining our ability to induce antibodies
against GM2 in melanoma patients for fifteen years, since it was first demonstrated
that patients immunized with irradiated melanoma cells occasionally produced
antibodies against GM2, and that vaccines containing purified GM2 could be more
immunogenic than vaccines containing tumor cells expressing GM2 [71]. Initially
GM2 adherent to BCG was selected as optimal, inducing IgM antibody responses in
85% of patients. Antibody responses are defined here as an ELISA titer of 1/40 or
greater (or at least 8 fold above baseline) confirmed by reactivity against cancer cells
by immune thin layer chromatography or flow cytometry. Though these antibodies
and monoclonal antibodies against GM2 were only able to kill 25% of melanoma cell
lines by CDC, patients with natural or vaccine-induced antibodies had significantly
longer disease free and overall survival [12]. This was the basis for a randomized
trial comparing immunization with BCG to immunization with GM2/BCG in 122
patients with AJCC Stage 3 melanoma [13]. While the difference was not statisti-
cally significant, the GM2/BCG treated patients had a 12% improvement in survival
and 15% improvement in disease free survival compared to the BCG patients after
a minimum follow-up of 70 months. The IgM antibodies had a median titer of
1/160 and were short lived (8–12 weeks). IgG antibody induction was rare. We
explored a variety of approaches to further improve this antibody response [65].
The use of GM2 conjugated to KLH and mixed with immunological adjuvant QS-
21 was consistently optimal, inducing higher titer IgM antibodies (median titer
1/640-1/1280) in all patients and IgG antibodies in most patients. Reactivity against
GM2 positive melanoma cells and complement mediated lysis was seen in over
90% of patients, and the antibody duration was 3–6 months after each vaccination
[56, 59, 71]. Antibody titers have been maintained for over three years by adminis-
tration of repeated booster immunizations at 3–4 month intervals. Antibody titers
could not be further increased by pretreatment with a low dose of cyclophosphamide
(300mg/M2) to decrease suppressor cell reactivity. As with the other carbohydrate
antigen vaccines described below, no evidence of T-cell immunity detected by
delayed type hypersensitivity skin test reactivity (DTH) against GM2 was found.

This GM2-KLH plus QS-21 vaccine has been tested in a Phase III randomized
trial in melanoma patients in this country compared to high dose interferon alpha.
The trial was stopped because after a median followup of 16 months, patients
receiving interferon had a significantly longer disease free and over all survival.
Longer follow-up will be required to determine the long term impact, but the results
to date indicate that induction of antibodies against GM2 in Stage III melanoma
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patients is not associated with demonstrable benefit [72]. This may be because while
essentially all melanomas express some GM2, only a minority expresses enough
GM2 to permit cell lysis with mAbs or immune sera.

Fucosyl GM1, like GM2, is highly immunogenic. Essentially all patients vacci-
nated with fucosyl GM1-KLH plus QS-21 produced IgM antibodies and most
produced IgG antibodies against fucosyl GM1 that also reacted with the SCLC cell
surface as demonstrated by FACS and CDC [73, 74].

Trials of GD2 and GD3 conjugated to KLH in melanoma patients induced only
low (GD2) or no (GD3) antibodies reactive with the immunizing ganglioside or
antigen positive melanoma cells. GD2 and GD3 are clearly less immunogenic than
GM2. Based on early work from Nores and colleagues [75], we have demonstrated
that conversion of these two gangliosides to lactones by treatment with acid after
conjugation to KLH resulted in more immunogenic vaccines [76, 77]. Increased
antibody titers against the native gangliosides and against tumor cells were induced
in the majority of patients (see results in Table 3).
Ley and Globo H vaccines: The development of Ley and Globo H vaccines
was previously limited by the lack of sufficient quantities of antigen for vaccine
construction and testing. Over the last six years, Dr. Samuel Danishefsky in our
group has successfully synthesized both antigens [16,78–80]. We have immunized
groups of mice with Globo H-ceramide plus or minus adjuvants QS-21 and
Salmonella minnesota mutant R595, and with Globo H covalently attached to KLH
or BSA plus immunological adjuvants QS-21 or GPI-0100. The highest antibody
titers against both synthetic antigen and MCF7 cells expressing Globo H were
induced by the Globo H-KLH plus QS-21 (or GPI-0100) vaccine [79]. The antibody
titer induced against synthetic Globo H was 1/120,000 by ELISA, the titer induced
against MCF7 was 1/320, and potent complement mediated cytotoxicity was seen
as well. Ley-BSA and Ley-KLH vaccines have also been tested in the mouse. High
titer antibody responses against the synthetic epitope of Ley and against tumor
cells expressing Ley have been observed in the majority of mice immunized [80].
Based on these results, clinical trials with Globo H-KLH plus QS-21 and Ley–KLH
plus QS21 have been initiated in patients with breast, prostate or ovary cancer.
The results are summarized in Table 3. Antibodies against the purified antigens
and against tumor cells expressing these antigens were induced in most patients
immunized with globo H [80, 82, 83] but only occasional patients immunized with
Ley [84].

TF, Tn and sTn vaccines: Patients with various epithelial cancers have been
immunized with unclustered TF-KLH and sTn-KLH vaccines plus various adjuvants
[85]. High titer IgM and IgG antibodies against TF and sTn antigens were induced.
In our hands the majority of the reactivity was against antigenic epitopes present in
the vaccine which were not present on naturally expressed mucins (porcine or ovine
submaxillary mucins (PSM or OSM)) or tumor cells [85]. Based on previous studies
with Tn antigen [86], Kurosaka and Nakada et al. hypothesized that MLS102, a
monoclonal antibody against sTn, might preferentially recognize clusters ((c)) of
sTn [87]. Studies with monoclonal antibody B72.3 and with sera raised against
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TF-KLH and sTn-KLH conjugate vaccines in mice and in patients reached the
same conclusion [40, 85, 88]. The availability of synthetic TF, Tn and sTn clusters
consisting of 3 epitopes covalently linked to 3 consecutive serines or threonines
has permitted proof of this hypothesis. In both direct tests and inhibition assays,
B72.3 recognized sTn clusters exclusively, and sera from mice immunized with
sTn(c)-KLH reacted strongly with both natural mucins and tumor cells expressing
sTn [40]. Based on these studies, we initiated trials with the TF(c)-KLH, Tn(c)-
KLH and sTn(c)-KLH conjugate vaccines in patients with breast cancer [89–91].
Antibodies of relevant high titer and specificity, including against OSM or PSM
and cancer cells expressing TF, Tn or sTn, were induced for the first time in our
experience ( Table 3). Based on these results, we plan to include clustered Tn, sTn
and TF in the polyvalent vaccines against epithelial cancers.

Several trials with TF, Tn and sTn vaccines have been reported from other
centers, and a large multicenter Phase III trial with an sTn vaccine has recently
been completed. George Springer’s pioneering trials in breast cancer patients with
vaccines containing TF and Tn purified from natural sources and mixed with typhoid
vaccine (as adjuvant) began in the mid 1970s [15,34,92]. DTH and IgM responses
against the immunizing antigens and prolonged survival compared to historical
controls were reported. MacLean immunized ten ovarian cancer patients with
synthetic TF conjugated to KLH plus immunological adjuvant Detox (monophos-
phoryl Lipid A plus BCG cell wall skeletons) and described augmentation of IgG
and IgM antibodies against synthetic TF in 9 of 10 patients [93]. Lower levels of
antibody reactivity against TF from natural sources were detected in some of these
cases. MacLean has also immunized patients with breast and other adenocarci-
nomas with sTn-KLH plus Detox [14,94,95]. Induction of IgM and IgG antibodies
against synthetic and natural sources of sTn was seen in essentially all patients
and this response was further increased by pretreatment of patients with a low
dose of cyclophosphamide. Reactivity of these sera with natural mucins and tumor
cells despite the use of an unclustered sTn vaccine is probably explained by the
4-fold higher sTn/KLH epitope ratio achieved in the MacLean vaccine compared
to our previous unclustered vaccine. Overall survival appeared to be improved
compared to historical controls, and patients who responded with high antibody
titers survived longer than those with lower titers. Reactivity with breast cancer
cells, including complement dependent cytotoxicity, was described. However, a
multicenter Phase III randomized trial of sTn-KLH plus the immunological adjuvant
Detox versus KLH alone plus Detox in breast cancer patients with stable disease
or clinical response to chemotherapy was recently completed. This trial has been
closed because it demonstrated no difference in recurrence free and overall survival
between the two groups.

Polysialic acid vaccines: Initial attempts at preparing a vaccine against polysialic
acid for use in military recruits who are at risk of group B meningococcus infection
were unsuccessful. We have completed analysis of a clinical trial with polysialic
acid conjugated to KLH plus QS-21 and found that no antibody responses were
induced in the 5 vaccinated patients. Consequently, we tested a second polysialic
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acid vaccine that had been modified (N-propionylated) to increase its immuno-
genicity in collaboration with Dr. Harold Jennings who pioneered the use of
N-propionylation for this purpose [96]. This induced an antibody response against
unmodified polysialic acid in six of six patients immunized [97]. These vaccine-
induced antibodies also reacted with small cell lung cancer cells (and were cytotoxic
for antigen positive bacteria). This N-propionylated polysialic acid vaccine is
suitable for inclusion in our polyvalent vaccine against SCLC and possibly for
trials in students and military recruits for prevention of group B meningococcus
infections.

POLYVALENT VACCINES

The basis for emphasis on polyvalent vaccines is tumor cell heterogeneity, hetero-
geneity of the human immune response and the correlation between overall antibody
titer against tumor cells and effector mechanisms such as complement dependent
cytotoxicity (CDC) or antibody dependent cell mediated cytotoxicity (ADCC). For
example, using a series of 14 tumor cell lines and mAbs against 3 gangliosides, we
have shown that significant cell surface reactivity analyzed by flow cytometry and
CDC increased from 2 to 8 of the cell lines by using one of three mAbs to all 14
of the cell lines when the 3 mAbs were pooled. The median CDC increased 4 fold
with the pooled mAbs compared to the best single mAb [98].

SUMMARY

A variety of carbohydrate cell surface antigens are over-expressed on cancer cells
and have proved to be unexpectedly potent targets for immune recognition and
attack against these cancers. The majority of cancer patients can initially be rendered
free of detectable disease by surgery and/or chemotherapy. Adjuvant chemotherapy
or radiation therapy at this point are in general only minimally beneficial, so
there is a real need for additional methods to eliminate residual circulating cancer
cells and micrometastases. This is the ideal setting for treatment with antibody
inducing cancer vaccines which primarily target carbohydrate antigens. The immune
response induced is critically dependent on both vaccine design and the antigenic
epitope. For antibody induction there is one best vaccine design, conjugation of
the antigen to an immunogenic protein such as KLH and the use of a potent
adjuvant such as the saponins QS-21 and GPI-0100. This approach alone induced
strong antibody responses against the glycolipids GM2, fucosyl GM1 and globo H
and cancer cells expressing these glycolipids. Other carbohydrate antigens require
additional modifications to augment relevant immunogenicity. GD2 and GD3
lactones, N-propionylated polysialic acid, Tn, sTn and TF trimers (clusters) were
significantly more effective at inducing antibodies against the naturally expressed
antigens on tumor cells.

Antibodies are ideally suited for eradicating pathogens from the bloodstream
and from early tissue invasion. Passively administered and vaccine induced
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antibodies have accomplished this, eliminating circulating tumor cells and systemic
or intraperitoneal micrometastases in a variety of preclinical models, so antibody-
inducing vaccines offer real promise in the adjuvant setting. Polyvalent vaccines
will probably be required due to tumor cell heterogeneity, heterogeneity of the
human immune response and the correlation between overall antibody titer against
tumor cells and antibody effector mechanisms. Over the next several years, Phase
II clinical trials designed to determine the clinical impact of a series of polyvalent
conjugate vaccines that target primarily carbohydrate antigens will be initiated. The
target populations will be patients with SCLC, melanoma, neuroblastoma, ovarian
cancer and breast cancer who are in complete or partial remission after optimal
surgery and/or chemotherapy.

REFERENCES

1. G. Ragupathi and P.O. Livingston. Antibody-inducing cancer vaccines against cell-surface carbo-
hydrate antigens. 11: p. 137–155, (2003).

2. T. Feizi. Demonstration by monoclonal antibodies that carbohydrate structures of glycoproteins and
glycolipids are onco-developmental antigens. Nature. 314(6006): p. 53–7, (1985).

3. S. Hakomori. Tumor-associated carbohydrate antigens. Annu Rev Immunol. 2: p. 103–26, (1984).
4. K.O. Lloyd, Molecular characteristic of tumor antigens. Vol. 10. 1990. 765–779.
5. P. Brossart, U. Keilholz, M. Willhauck, C. Scheibenbogen, T. Mohler, and W. Hunstein.

Hematogenous spread of malignant melanoma cells in different stages of disease. J Invest Dermatol.
101(6): p. 887–9, (1993).

6. R.A. Ghossein, H.I. Scher, W.L. Gerald, W.K. Kelly, T. Curley, A. Amsterdam, Z.F. Zhang, and
J. Rosai. Detection of circulating tumor cells in patients with localized and metastatic prostatic
carcinoma: clinical implications. J Clin Oncol. 13(5): p. 1195–200, (1995).

7. D.S. Hoon, Y. Wang, P.S. Dale, A.J. Conrad, P. Schmid, D. Garrison, C. Kuo, L.J. Foshag,
A.J. Nizze, and D.L. Morton. Detection of occult melanoma cells in blood with a multiple-marker
polymerase chain reaction assay. J Clin Oncol. 13(8): p. 2109–16, (1995).

8. P. Livingston, The case for melanoma vaccines that induce antibodies. Kirkwood JM ed. Molecular
Diagnosis Prevention and Treatment of Melanoma ed. 1998: Marcel Dekker, Inc. 139–157.

9. H. Zhang, S. Zhang, N.K. Cheung, G. Ragupathi, and P.O. Livingston. Antibodies against GD2
ganglioside can eradicate syngeneic cancer micrometastases. Cancer Res. 58(13): p. 2844–9, (1998).

10. P.Y. Fung, M. Madej, R.R. Koganty, and B.M. Longenecker. Active specific immunotherapy of a
murine mammary adenocarcinoma using a synthetic tumor-associated glycoconjugate. Cancer Res.
50(14): p. 4308–14, (1990).

11. P.C. Jones, L.L. Sze, P.Y. Liu, D.L. Morton, and R.F. Irie. Prolonged survival for melanoma patients
with elevated IgM antibody to oncofetal antigen. J Natl Cancer Inst. 66(2): p. 249–54, (1981).

12. P.O. Livingston, G. Ritter, P. Srivastava, M. Padavan, M.J. Calves, H.F. Oettgen, and L.J. Old.
Characterization of IgG and IgM antibodies induced in melanoma patients by immunization with
purified GM2 ganglioside. Cancer Res. 49(24 Pt 1): p. 7045–50, (1989).

13. P.O. Livingston, G.Y. Wong, S. Adluri, Y. Tao, M. Padavan, R. Parente, C. Hanlon, M.J. Calves,
F. Helling, G. Ritter, and et al. Improved survival in stage III melanoma patients with GM2
antibodies: a randomized trial of adjuvant vaccination with GM2 ganglioside. J Clin Oncol. 12(5):
p. 1036–44, (1994).

14. G.D. MacLean, M.A. Reddish, R.R. Koganty, and B.M. Longenecker. Antibodies against mucin-
associated sialyl-Tn epitopes correlate with survival of metastatic adenocarcinoma patients under-
going active specific immunotherapy with synthetic STn vaccine. J Immunother Emphasis Tumor
Immunol. 19(1): p. 59–68, (1996).



312 LIVINGSTON AND RAGUPATHI

15. G.F. Springer. Immunoreactive T and Tn epitopes in cancer diagnosis, prognosis, and
immunotherapy. J Mol Med. 75(8): p. 594–602, (1997).

16. J. Dalmau, H.S. Gultekin, and J.B. Posner. Paraneoplastic neurologic syndromes: pathogenesis and
physiopathology. Brain Pathol. 9(2): p. 275–84, (1999).

17. G. Ragupathi, N.X. Liu, S. Cappello, C. Musselli, and P.O. Livingston. Complement activation by
antibodies against cancer cell surface glycolipids and proteins, but not mucins, results in cell lysis.
J Immunol. (2005).

18. H.R. Colten and F.S. Rosen. Complement deficiencies. Annu Rev Immunol. 10: p. 809–34, (1992).
19. S. Zhang, C. Cordon-Cardo, H.S. Zhang, V.E. Reuter, S. Adluri, W.B. Hamilton, K.O. Lloyd, and

P.O. Livingston. Selection of tumor antigens as targets for immune attack using immunohistochem-
istry: I. Focus on gangliosides. Int J Cancer. 73(1): p. 42–9, (1997).

20. S. Zhang, H.S. Zhang, C. Cordon-Cardo, V.E. Reuter, A.K. Singhal, K.O. Lloyd, and
P.O. Livingston. Selection of tumor antigens as targets for immune attack using immunohistochem-
istry. II. Blood group-related antigens. Int. J. Cancer. 73: p. 50–56, (1997).

21. S. Zhang, H.S. Zhang, C. Cordon-Cardo, G. Ragupathi, and P.O. Livingston. Selection of tumor
antigens as targets for immune attack using immunohistochemistry: III protein antigens. Clin.
Cancer Res. 4: p. 2669–2676, (1998).

22. S. Zhang, H.S. Zhang, V.E. Reuter, K.O. Lloyd, H. Scher, and P.O. Livingston. Expression of
potential target antigens for immunotherapy on primary and metastatic prostate cancers. Clin Cancer
Res. 4: p. 295–302, (1998).

23. K. Nakamura, M. Koike, K. Shitara, Y. Kuwana, K. Kiuragi, S. Igarashi, M. Hasegawa, and
N. Hanai. Chimeric anti-ganglioside GM2 antibody with antitumor activity. Cancer Res. 54: p. 1511–
1516, (1994.).

24. Y. Nishinaka, M.N.H. Ravindranath, and R.F. Ire. Development of a human monoclonal antibody
to ganglioside GM2 with potential for cancer treatment. Cancer Res. 56: p. 5666–5671, (1996).

25. S. Canevari, G. Fossati, A. Balsari, S. Sonnino, and M.I. Colnaghi. Immunochemical analysis of
the determinant recognized by a monoclonal antibody (MBr1) which specifically binds to human
mammary epithelial cells. Cancer Res. 43(3): p. 1301–5, (1983).

26. I. Hellström, H.J. Garrigues, U. Garrigues, and K.E. Hellström. Highly tumor-reactive, internalizing,
mouse monoclonal antibodies to Ley-related cell surface antigens. Cancer Res. 50: p. 2183–2190,
(1990).

27. S. Menard, E. Tagliabue, S. Canevari, G. Fossati, and M.I. Colnaghi. Generation of monoclonal
antibodies reacting with normal and cancer cells of human breast. Cancer Res. 43(3): p. 1295–300,
(1983).

28. F. Perrone, S. Menard, S. Canevari, M. Calabrese, P. Boracchi, R. Bufalino, S. Testori, M. Baldini,
and M.I. Colnaghi. Prognostic significance of the CaMBr1 antigen on breast carcinoma: relevance
of the type of recognised glycoconjugate. Eur J Cancer. 29A(15): p. 2113–7, (1993).

29. M.I. Colnaghi, S. Menard, J.G. Da Dalt, R. Agresti, G. Cattoretti, S. Andreola, G. Di Fronzo,
M. Del Vecchio, L. Verderio, N. Cascinelli, and F. Rilke. A multiparametric study by monoclonal
antibodies in breast cancer., (1987).

30. P.A. Trail, D. Willner, S.J. Lasch, A.J. Henderson, S. Hofstead, A.M. Casazza, R.A. Firestone,
I. Hellstrom, and K.E. Hellstrom. Cure of xenografted human carcinomas by BR96-doxorubicin
immunoconjugates. Science. 261(5118): p. 212–5, (1993).

31. S.J. Gendler, A.P. Spicer, E.-N. Lalani, T. Duhig, N. Peat, J. Burchell, L. Pemberton, M. Boshell,
and J. Taylor-Papadimitriou. Structure and biology of a carcinoma-associated mucin, MUC1. Am.
Rev. Respir. Dis. 144: p. S42-S47, (1991).

32. L. Perez, D.F. Hayes, P. Maimonis, M. Abe, C. O’Hara, and D.W. Kufe. Tumor selective reactivity
of a monoclonal antibody prepared against a recombinant peptide derived from the DF3 human
breast carcinoma-associated antigen. Cancer Res. 52: p. 2563–2568, (1992).

33. K.O. Lloyd. Blood group antigens as markers for normal differentiation and malignant change in
human tissues. Amer. J. Clin. Pathol. 87: p. 129–139, (1987).

34. G.F. Springer. T and Tn, general carcinoma autoantigens. Science. 224: p. 1198–1206, (1984).



CARBOHYDRATE VACCINES AGAINST CANCER 313

35. S.-H. Cho, A. Sahin, G.N. Hortobagyi, W.N. Hittelman, and K. Dhingra. Sialyl-Tn antigen
expression occurs early during human mammary carcinogenesis and is associated with high nuclear
grade and aneuploidy. Cancer Res. 54: p. 6302–6305, (1994).

36. S. Itzkowitz, E.J. Bloom, W.A. Kokal, G. Modin, S.-I. Hakomori, and Y.S. Kim. Sialosyl Tn:
A novel mucin antigen associated with prognosis in colorectal carcinoma patients. Cancer. 66:
p. 1960–1966, (1990).

37. A. Thor, N. Ohuchi, C.A. Szpak, W.W. Johnston, and J. Schlom. Distribution of oncofetal antigen
tumor-associated glycoprotein-72 defined by monoclonal antibody B72.3. Cancer Res. 46(6):
p. 3118–24, (1986).

38. A. Contegiacomo, M. Alimandi, R. Muraro, C. Pizzi, R. Calderopoli, L. De Marchis, A. Sgambato,
G. Pettinato, G. Petrella, M.R. De Filippo, and et al. Expression of epitopes of the tumour-associated
glycoprotein 72 and clinicopathological correlations in mammary carcinomas. Eur J Cancer. 30A(6):
p. 813–20, (1994).

39. B.M. Longenecker, D.J. Willans, G.D. MacLean, S. Selvaraj, M.R. Suresh, and A.A. Noujaim.
Monoclonal antibodies and synthetic tumor-associated glycoconjugates in the study of the expression
of Thomsen-Friedenreich-like and Tn-like antigens on human cancers. J Natl Cancer Inst. 78(3):
p. 489–96, (1987).

40. S. Zhang, L.A. Walberg, S. Ogata, S.H. Itzkowitz, R.R. Koganty, M. Reddish, S.S. Gandhi,
B.M. Longenecker, K.O. Lloyd, and P.O. Livingston. Immune sera and monoclonal antibodies
define two configurations for the sialyl Tn tumor antigen. Cancer Res. 55(15): p. 3364–8, (1995).

41. L. Kostakoglu, C.R. Divgi, T. Gilewski, M. Theodoulou, J. Schlom, and S.M. Larson. Phase II
radioimmunotherapy (RIT) trial with I-131 labeled monoclonal antibody CC49 in Tag-72 expressing
breast cancer. J Nucl Med (Suppl). 35: p. 234, (1994).

42. S.M. Larson, J.A. Carrasquillo, D.C. Colcher, K. Yokoyama, J.C. Reynolds, S.A. Bacharach,
A. Raubitchek, L. Pace, R.D. Finn, M. Rotman, and et al. Estimates of radiation absorbed dose for
intraperitoneally administered iodine-131 radiolabeled B72.3 monoclonal antibody in patients with
peritoneal carcinomatoses. J Nucl Med. 32(9): p. 1661–7, (1991).

43. G.D. MacLean, McEwan A., Noujaim A., Sykes T.R., Suresch M.R., Catz Z., H. H.R., and L. B.M.
A novel strategy for cancer immunoscinitgrapy. Antibody Immunoconj Radiopharmaceut. 2: p. 15,
(1989).

44. S.H. Itzkowitz, M. Yuan, C.K. Montgomery, T. Kjeldsen, H.K. Takahashi, W.L. Bigbee, and
Y.S. Kim. Expression of Tn, sialosyl-Tn, and T antigens in human colon cancer. Cancer Res. 49(1):
p. 197–204, (1989).

45. G.D. MacLean, M.A. Reddish, M.B. Bowen-Yacyshyn, S. Poppema, and B.M. Longenecker. Active
specific immunotherapy against adenocarcinomas. Cancer Invest. 12(1): p. 46–56, (1994).

46. P. Kimminoth, J. Roth, P.M. Lackie, D. Bitter-Suermann, and P.U. Heintz. Polysialic acid of the
neural cell adhesion melecule distinquishes small cell lung carcinoma from carcinoids. Am J Pathol.
139: p. 297–304, (1991).

47. P.M. Lackie, C. Zuber, and J. Roth. Polysialic acid of the neural cell adhesion molecule (N-CAM) is
widely expressed during organogenesis in mesodermal and endodermal derivatives. Differentiation.
57(2): p. 119–31, (1994).

48. J. Hayrinen, H. Jennings, H.V. Raff, G. Rougon, N. Hanai, R. Gerardy-Schahn, and J. Finne.
Antibodies to polysialic acid and its N-propyl derivative: binding properties and interaction with
human embryonal brain glycopeptides. Journal of Infectious Diseases. 171: p. 1481–90, (1995).

49. H.G. Gottlinger, I. Funke, J.P. Johnson, J.M. Gokel, and G. Riethmuller. The epithelial cell surface
antigen 17–1A, a target for antibody-mediated tumor therapy: its biochemical nature, tissue distri-
bution and recognition by different monoclonal antibodies. Int J Cancer. 38(1): p. 47–53, (1986).

50. A.F. LoBuglio, M.N. Saleh, J. Lee, M.B. Khazaeli, R. Carrano, H. Holden, and R.H. Wheeler.
Phase I trial of multiple large doses of murine monoclonal antibody CO17–1A. I. Clinical aspects.
J Natl Cancer Inst. 80(12): p. 932–6, (1988).

51. G. Riethmuller, E. Schneider-Gadicke, G. Schlimok, W. Schmiegel, R. Raab, K. Hoffken, R. Gruber,
H. Pichlmaier, H. Hirche, R. Pichlmayr, and et al. Randomised trial of monoclonal antibody for



314 LIVINGSTON AND RAGUPATHI

adjuvant therapy of resected Dukes’ C colorectal carcinoma. German Cancer Aid 17–1A Study
Group. Lancet. 343(8907): p. 1177–83, (1994).

52. R. Somasundaram, J. Zaloudik, L. Jacob, A. Benden, M. Sperlagh, E. Hart, G. Marks, M. Kane,
M. Mastrangelo, and D. Herlyn. Induction of Antigen-Specific Tand B Cell Immunity in Colon
Carcinoma Patients by Anti-Idiotypic Antibody. Journal of Immunology. p. 3253–3261, (1995).

53. S. Szala, M. Froehlich, M. Scollon, Y. Kasai, Z. Steplewski, H. Koprowski, and A.J. Linnenbach.
Molecular cloning of cDNA for the carcinoma-associated antigen GA733–2. Proc Natl Acad Sci
U S A. 87(9): p. 3542–6, (1990).

54. W.T. Yin, A. Dnistrian, and K. Lloyd. Ovarian cancer antigen CA125 is encoded by the MUC16
mucin gene. International Journal of Cancer. 98: p. 737–740, (2002).

55. S. Zhang, L.A. Graeber, F. Helling, G. Ragupathi, S. Adluri, K.O. Lloyd, and P.O. Livingston.
Augmenting the immunogenicity of synthetic MUC1 peptide vaccines in mice. Cancer Res. 56(14):
p. 3315–9, (1996).

56. P. Livingston, S. Zhang, S. Adluri, T.J. Yao, L. Graeber, G. Ragupathi, F. Helling, and M. Fleisher.
Tumor cell reactivity mediated by IgM antibodies in sera from melanoma patients vaccinated
with GM2 ganglioside covalently linked to KLH is increased by IgG antibodies. Cancer Immunol
Immunother. 43(6): p. 324–30, (1997).

57. F. Helling, A. Zhang, A. Shang, S. Adluri, M. Calves, R. Koganty, B.M. Longenecker, H.F. Oettgen,
and P.O. Livingston. GM2-KLH conjugate vaccine: Increased immunogenicity in melanoma patients
after administration with immunological adjuvant QS-21. Cancer Res. 55: p. 2783–2788, (1995).

58. S.-K. Kim, G. Ragupathi, S. Cappello, E. Kagan, and P.O. Livingston. Effect of immunological
adjuvant combinations on the antibody and T-cell response to vaccination with MUC1-KLH and
GD3-KLH conjugates. Vaccine. 19: p. 530–537, (2000).

59. P.O. Livingston, S. Adluri, F. Helling, T.-J. Yao, C.R. Kensil, M.J. Newman, and D. Marciani.
Phase I trial of immunological adjuvant QS-21 with a GM2 ganglioside-KLH conjugate vaccine in
patients with malignant melanoma. Vaccine. 12: p. 1275–1280, (1994).

60. P.O. Livingston, M.J. Calves, and E.J. Natoli, Jr. Approaches to augmenting the immunogenicity
of the ganglioside GM2 in mice: purified GM2 is superior to whole cells. J Immunol. 138(5):
p. 1524–9, (1987).

61. G. Ritter, E. Boosfeld, M.J. Calves, H.F. Oettgen, L.J. Old, and P.O. Livingston. Antibody
response to immunization with purified GD3 ganglioside and GD3 derivatives (lactones, amide and
gangliosidol) in the mouse. Immunobiology. 182(1): p. 32–43, (1990).

62. G. Ritter, E. Boosfeld, E. Markstein, R.K. Yu, S.L. Ren, W.B. Stallcup, H.F. Oettgen, L.J. Old,
and P.O. Livingston. Biochemical and serological characteristics of natural 9-O-acetyl GD3 from
human melanoma and bovine buttermilk and chemically O-acetylated GD3. Cancer Res. 50(5):
p. 1403–10, (1990).

63. G. Ritter, E. Boosfeld, R. Adluri, M. Calves, H.F. Oettgen, L.J. Old, and P. Livingston. Antibody
response to immunization with ganglioside GD3 and GD3 congeners (lactones, amide and
gangliosidol) in patients with malignant melanoma. Int J Cancer. 48(3): p. 379–85, (1991).

64. G. Ritter, E. Ritter-Boosfeld, R. Adluri, M. Calves, S. Ren, R.K. Yu, H.F. Oettgen, L.J. Old, and
P.O. Livingston. Analysis of the antibody response to immunization with purified O-acetyl GD3
gangliosides in patients with malignant melanoma. Int J Cancer. 62(6): p. 668–72, (1995).

65. F. Helling, A. Shang, M. Calves, S. Zhang, S. Ren, R.K. Yu, H.F. Oettgen, and P.O. Livingston.
GD3 vaccines for melanoma: superior immunogenicity of keyhole limpet hemocyanin conjugate
vaccines. Cancer Res. 54(1): p. 197–203, (1994).

66. C.R. Kensil, U. Patel, M. Lennick, and D. Marciani. Separation and characterization of saponins
with adjuvant activity fro Quillaja saponaria molina cortex. J. Immunology. 146: p. 431, (1991).

67. S.-K. Kim, G. Ragupathi, C. Musselli, and P.O. Livingston. Comparison of the effect of different
immunological adjuvants on the antibody and T cell response to immunization with MUC1-KLH
and GD3-KLH conjugate vaccines. Vaccine. 18: p. 597–603, (1999).

68. G. Ragupathi, R.R. Koganty, D. Qui, K.O. Lloyd, and P.O. Livingston. A novel and efficient method
for synthetic carbohydrate vaccine preparation: Synthesis of sialyl Tn-KLH conjugate using a



CARBOHYDRATE VACCINES AGAINST CANCER 315

(4-N-maleimido methyl) cyclohexane-1-carboxyl hydrazide (MMCCH) linker arm. Glycoconjugate
J. 15: p. 217–221, (1998).

69. G. Ragupathi, L. Howard, S. Cappello, R.R. Koganty, D. Qiu, B.M. Longenecker, M.A. Reddish,
K.O. Lloyd, and P.O. Livingston. Vaccines prepared with sialyl-Tn and sialyl-Tn trimers using
the 4-(4-maleimidomethyl) cyclohexane-1-carboxyl hydrazide linker group result in optimal
antibody titers against ovine submaxillary mucin and sialyl-Tn-positive tumor cells. Can Immunol
Immunother. 48: p. 1–8, (1999).

70. G. Ragupathi, F. Koide, N. Sathyan, E. Kagan, M. Spassova, W. Bornmann, P. Gregor, C.A. Reis,
H. Clausen, S.J. Danishefsky, and P.O. Livingston. A preclinical study comparing approaches for
augmenting the immunogenicity of a heptavalent KLH-conjugate vaccine against epithelial cancers.
Cancer Immunol Immunother. 52(10): p. 608–16, (2003).

71. P.O. Livingston, E.J. Natoli, M.J. Calves, E. Stockert, H.F. Oettgen, and L.J. Old. Vaccines
containing purified GM2 ganglioside elicit GM2 antibodies in melanoma patients. Proc Natl Acad
Sci U S A. 84(9): p. 2911–5, (1987).

72. J.M. Kirkwood, J.G. Ibrahim, J.A. Sosman, V.K. Sondak, S.S. Agarwala, M.S. Ernstoff, and U. Rao.
High-dose interferon alfa-2b significantly prolongs relapse-free and overall survival compared with
the GM2-KLH/QS-21 vaccine in patients with resected stage IIB-III melanoma: results of intergroup
trial E1694/S9512/C509801. J Clin Oncol. 19(9): p. 2370–80, (2001).

73. M.N. Dickler, G. Ragupathi, N.X. Liu, C. Musselli, D.J. Martino, V.A. Miller, M.G. Kris,
F.T. Brezicka, P.O. Livingston, and S.C. Grant. Immunogenicity of the fucosyl-GM1-keyhole limpet
hemocyanin (KLH) conjugate vaccine in patients with small cell lung cancer. Cancer Res. 5:
p. 2773–2779, (1999).

74. L.M. Krug, G. Ragupathi, C. Hood, M.G. Kris, V.A. Miller, J.R. Allen, S.J. Keding,
S.J. Danishefsky, J. Gomez, L. Tyson, B. Pizzo, V. Baez, and P.O. Livingston. Vaccination of
patients with small-cell lung cancer with synthetic fucosyl GM-1 conjugated to keyhole limpet
hemocyanin. Clin Cancer Res. 10(18 Pt 1): p. 6094–100, (2004).

75. G.A. Nores, T. Dohi, M. Taniguchi, and S. Hakomori. Density-dependent recognition of cell surface
GM3 by a certain anti-melanoma antibody, and GM3 lactone as a possible immunogen: requirements
for tumor-associated antigen and immunogen. J Immunol. 139(9): p. 3171–6, (1987).

76. G. Ragupathi, M. Meyers, S. Adluri, L. Howard, R.K. Yu, G. Ritter, and P.O. Livingston. Phase I
trial with GD3-lactone-KLH conjugate and immunological adjuvant QS-21 vaccine with malignant
melanoma. Int. J. Cancer. 85: p. 659–666, (2000).

77. G. Ragupathi, P.O. Livingston, C. Hood, J. Gathuru, S.E. Krown, P.B. Chapman, J.D. Wolchok,
L.J. Williams, R.C. Oldfield, and W.J. Hwu. Consistent antibody response against ganglioside GD2
induced in patients with melanoma by a GD2 lactone-keyhole limpet hemocyanin conjugate vaccine
plus immunological adjuvant QS-21. Clin Cancer Res. 9(14): p. 5214–20, (2003).

78. V. Behar and S. Danishefsky. A highly convergent synthesis of the Lewis-y blood group determinant
in conjugatable form. Angew Chem Int Ed Engl. 33: p. 1468–1470, (1994).

79. G. Ragupathi, T.K. Park, S. Zhang, I.J. Kim, K. Graeber, S. Adluri, K.O. Lloyd, S.J. Danishefsky,
and P.O. Livingston. Immunization of mice with the synthetic hexasaccharide Globo H results in
antibodies against human cancer cells. Angewandte. Chemie. 36: p. 125–128, (1997).

80. G. Ragupathi, S. Slovin, S. Adluri, D. Sames, I.-J. Kim, H.M. Kim, M. Spassova, W.G. Bornmann,
K. Lloyd, H.I. Scher, P.O. Livingston, and S.J. Danishefsky. A fully synthetic globo H carbohydrate
vaccine induces a focused humoral response in prostate cancer patients. Angewandte. Chemie. 38(A
proof of Principle.): p. 563–566, (1999).

81. V. Kudryashov, H.M. Kim, G. Ragupathi, S.J. Danishefsky, P.O. Livingston, and K.O. Lloyd.
Immunogenicity of synthetic conjugates of Lewisy oligosaccharide with protein in mice: towards
the design of anticancer vaccines. Cancer Immunol. Immunother. 45: p. 281, (1998).

82. T. Gilewski, G. Ragupathi, S. Bhuta, L.J. Williams, C. Musselli, X.F. Zhang, K.P. Bencsath,
K.S. Panageas, J. Chin, L. Norton, A.N. Houghton, P.O. Livingston, and S.J. Danishefsky.
Immunization of metastatic breast cancer patients with a fully synthetic globo H conjugate: a phase
I trial. Proc Natl Acad Sci USA. 98: p. 3270–3275, (2001).



316 LIVINGSTON AND RAGUPATHI

83. S.F. Slovin, G. Ragupathi, S. Adluri, G. Ungers, K. Terry, S. Kim, M. Spassova, W.G. Bornmann,
M. Fazzari, L. Dantis, K. Olkiewicz, K.O. Lloyd, P.O. Livingston, S.J. Danishefsky, and H.I. Scher.
Carbohydrate vaccines in cancer: immunogenicity of a fully synthetic globo H hexasaccharide
conjugate in man. Proc Natl Acad Sci U S A. 96(10): p. 5710–5, (1999).

84. P. Sabbatini, V. Kudryashov, S. Danishefsky, P.O. Livingston, G. Ragupathi, W. Bornmann,
M. Spassova, D. Spriggs, C. Aghajanian, S. Soignet, M. Peyton, C. O’Flaherty, J. Curtin, and
K.O. Lloyd. Immunization of ovarian cancer patients with a synthetic LewisY - protein conjugate
vaccine: clinical and serological results. Int. J. Cancer. 87: p. 79–85, (2000).

85. S. Adluri, F. Helling, M.J. Calves, K.O. Lloyd, and P.O. Livingston. Immunogenicity of synthetic
TF- and sTn-KLH conjugates in colorectal carcinoma patients. Cancer Immunol. Immunother. 41:
p. 185–192, (1995).

86. H. Nakada, M. Inoue, Y. Numata, N. Tanaka, I. Funakoshi, S. Fukui, A. Mellors, and I. Yamashina.
Epitopic structure of Tn glycophorin A for an anti-Tn antibody (MLS 128). Proc Natl Acad Sci
U S A. 90(6): p. 2495–9, (1993).

87. A. Kurosaka, H. Kitagawa, S. Fukui, Y. Numata, H. Nakada, I. Funakoshi, T. Kawasaki, T.
Ogawa, H. Iijima, and I. Yamashina. A monoclonal antibody that recognizes a cluster of a
disaccharide, NeuAc alpha(2—-6)GalNAc, in mucin-type glycoproteins. J Biol Chem. 263(18):
p. 8724–6, (1988).

88. P.O. Livingston, R.R. Koganty, B.M. Longenecker, K.O. Lloyd, and M. Calves. Studies on the
immunogencity of synthetic and natural Thomsen-Friedenreich (TF) antigens in mice: Augmentation
of the response by Quil A and SAF-m adjuvants and analysis of the specificity of the responses.
Vaccine Res. 1: p. 99–109, (1992).

89. T. Gilewski, G. Ragupathi, S. Powell, S. Bhuta, K. Panageas, J. Chin, L. Norton, A.N. Houghton,
and P.O. Livingston. Vaccination of high risk breast cancer patients with sTn (clustered)-keyhole
limpet hemocyanin conjugate plus the immunological adjuvant QS-21. Clin Cancer Res. p. In Press,
(2005).

90. S.F. Slovin, G. Ragupathi, C. Musselli, C. Fernandez, M. Diani, D. Verbel, S. Danishefsky,
P.O. Livingston, and H.I. Scher. Thomsen-Friedendreich (TF) antigen as a target for prostate cancer
vaccine: Results of a phase I trial with TF cluster (c)-KLH-QS-21 conjugate vaccine in biochemi-
cally relapsed prostate cancer. Can Imm Immuno. p. In Press, (2005).

91. S.F. Slovin, G. Ragupathi, C. Musselli, K. Olkiewicz, D. Verbel, S.D. Kuduk, J.B. Schwarz,
D. Sames, S. Danishefsky, P.O. Livingston, and H.I. Scher. Fully synthetic carbohydrate-
based vaccines in biochemically relapsed prostate cancer: clinical trial results with
alpha-N-acetylgalactosamine-O-serine/threonine conjugate vaccine. J Clin Oncol. 21(23):
p. 4292–8, (2003).

92. G.F. Springer, P.R. Desai, H. Tegtmeyer, B.D. Spencer, and E.F. Scanlon. Pancarcinoma T/Tn
antigen detects human carcinoma long before biopsy does and its vaccine prevents breast carcinoma
recurrence. Ann N Y Acad Sci. 690: p. 355–7, (1993).

93. G.D. MacLean, M.B. Bowen-Yacyshyn, J. Samuel, A. Meikle, G. Stuart, J. Nation, S. Poppema,
M. Jerry, R. Koganty, T. Wong, and et al. Active immunization of human ovarian cancer patients
against a common carcinoma (Thomsen-Friedenreich) determinant using a synthetic carbohydrate
antigen. J Immunother. 11(4): p. 292–305, (1992).

94. G.D. MacLean, D.W. Miles, R.D. Rubens, M.A. Reddish, and B.M. Longenecker. Enhancing
the effect of THERATOPE STn-KLH cancer vaccine in patients with metastatic breast cancer
by pretreatment with low-dose intravenous cyclophosphamide. J Immunother Emphasis Tumor
Immunol. 19(4): p. 309–16, (1996).

95. G.D. MacLean, M. Reddish, R.R. Koganty, T. Wong, S. Gandhi, M. Smolenski, J. Samuel,
J.M. Nabholtz, and B.M. Longenecker. Immunization of breast cancer patients using a synthetic
sialyl-Tn glycoconjugate plus Detox adjuvant. Cancer Immunol Immunother. 36(4): p. 215–22,
(1993).

96. R.A. Pon, M. Lussier, Q.-L. Yang, and H.J. Jennings. N-Propionylated group B meningococcal
polysaccharide mimics a Unique bactericidal capsular epitope in group B Neisseria menigitidis. J.
Exp. Med. 185(11): p. 1929–1938, (1997).



CARBOHYDRATE VACCINES AGAINST CANCER 317

97. L.M. Krug, G. Ragupathi, K.K. Ng, C. Hood, H.J. Jennings, Z. Guo, M.G. Kris, V. Miller, B. Pizzo,
L. Tyson, V. Baez, and P.O. Livingston. Vaccination of small cell lung cancer patients with
polysialic acid or N-propionylated polysialic acid conjugated to keyhole limpet hemocyanin. Clin
Cancer Res. 10(3): p. 916–23, (2004).

98. S. Zhang, F. Helling, K.O. Lloyd, and P.O. Livingston. Increased tumor cell reactivity and
complement-dependent cytotoxicity with mixtures of monoclonal antibodies against different
gangliosides. Cancer Immunol Immunother. 40(2): p. 88–94, (1995).



CHAPTER 14

MONOCLONAL ANTIBODY THERAPY OF CANCER

JOSEPH G. JURCIC, DEBORAH A. MULFORD,
AND DAVID A. SCHEINBERG
Memorial Sloan-Kettering Cancer Center and
Weill Medical College of Cornell University
New York, NY 10021

INTRODUCTION

After two decades of preclinical and clinical trials, monoclonal antibodies (mAbs)
are now used routinely in the treatment of cancer. The development of hybridoma
technology, first described by Köhler and Milstein in 1975, allowed the thera-
peutic potential of mAbs to be explored [1]. With the promise to target and
destroy malignant cells selectively, mAbs were initially seen as “magic bullets.”
Early studies, however, revealed various physical, biological, and immunological
limitations to their clinical use. Advances in immunology and molecular biology
allowed many obstacles to the effective use of mAbs to be surmounted. Genet-
ically engineered chimeric, humanized, and fully human antibodies have been
developed to overcome the lack of intrinsic antitumor activity of many murine
mAbs. Because host effector mechanisms are not required for tumor killing,
radioimmunotherapy and antibody-drug conjugates have also become promising
approaches.

IMMUNOGLOBULIN STRUCTURE

Immunoglobulins are separated into five classes or isotypes based on structure
and biologic properties. IgM is the primordial antibody whose expression by B
cells represents the commitment to a particular recognition space that subsequently
narrows during maturation induced by antigen interactions [2]. IgD is normally
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co-expressed with IgM on B cells. IgE, IgA, and IgG are mature immunoglob-
ulins that are expressed after maturation of response and class switch. IgE partici-
pates in immediate-type hypersensitivity reactions and parasite immunity; IgA, in
mucosal immunity, and IgG, in humoral immunity. IgA is further divided into two
subclasses, and IgG, into four subclasses. Most mAbs used clinically belong to the
IgG isotype.

The basic structural elements of all antibodies are heavy chains of 55 to 75
kDa and light chains of 22 kDa. The μ, �, �, �, and � heavy chains correspond
to IgM, IgD, IgG, IgE, and IgA isotypes, respectively. Light chains, distributed
among all immunoglobulin subclasses, are either � or �. The amino-terminal
domain of each chain is the variable (VH or VL) region, composed of subdomains
consisting of framework regions interdigitated with complementarity-determining
regions (CDRs), or hypervariable regions, that make primary contact with antigens
[3]. Each heavy and light chain has three CDRs that may participate in antigen
binding. The remaining domains are constant regions designated CL for light chain
and CH1, CH2, and CH3 for heavy chain (and CH4 for � and �). The smallest

Ig F(ab’)2

scFvFab

A B

DC

VL

CL

VH

CH1

CH2

CH3

Fab

Fc

Figure 1. Structure of antibody fragments. (A) The immunoglobulin G (IgG) molecule consists of four
polypeptide chains, two heavy chains (VH, CH1, CH2, and CH3) and two light chains (VL and CL). The
hypervariable sequences, shown in white, are found with the VH and VL regions and are responsible for
antigen binding. The Fc portion within the constant regions CH1, CH 2, CH3, and CL, shown in black,
mediates effector functions. (B) The F(ab()2 fragment contains both Fab( domains linked by a disulfide
bond. (C) The Fab contains VH and CH1 along with the entire light chain. (D) VH and VL domains can
be joined by a synthetic peptide linker to make a single-chain antibody fragment
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stable unit consists of two pairs of heavy and light chains, (HL)2. IgE and IgG
are composed of a single (HL)2 unit, but IgM exists as a pentamer of (HL)2 units
joined by disulfide bonds with a third J-chain component. IgA exists mainly as a
monomer in serum and as a dimer plus trimer in secretions.

The IgG antibody has been defined in terms of susceptibility to proteases that
cleave in the exposed, unfolded regions of the antibody (Figure 1). The Fab contains
the V region and the first constant domain of the heavy chain and the entire light
chain. Fab´ also includes a portion of the H chain hinge region and one or more free
cysteines. (Fab´)2 is a dimer of Fab´ linked by a disulfide bond. Fv is a semi-stable
fragment including one VH and VL. Genetically engineered products include CH2
deletion constructs that lack the second C domain of the heavy chain, resulting
in more rapid serum clearance, and single-chain Fv (scFv), an Fv with a peptide
linkage engineered to join the C-terminus of one chain to the N-terminus of the
other. More advanced products have been designed that conceptually represent the
antigen-binding domain in a single peptide product [4].

STRATEGIES FOR MONOCLONAL ANTIBODY
THERAPY OF CANCER

Immune-Mediated Cytotoxicity

MAbs can be used to focus an inflammatory response against a tumor cell. The
binding of mAbs to a target cell can result in complement activation, leading to
a number of biologically important effects that include chemotaxis for phagocytic
cells and production of the membrane attack complex. Additionally, cells with
antibody and complement on their surfaces may also be engulfed, or opsonized, by
macrophages. Another important mechanism for tumor cell killing by is antibody-
dependent cell-mediated cytotoxicity (ADCC), in which an effector cell expressing
an Fc receptor binds to a cell-bound mAb and is triggered to kill the target cell.
Monocytes, macrophages, natural killer (NK) cells, and neutrophils can mediate
ADCC.

Chimeric and humanized antibodies have been constructed to overcome the
weak antitumor activity and immunogenicity of many murine mAbs (Figure 2).
These antibodies retain the binding specificity of the original rodent antibody
determined by the variable region but can potentially activate the human immune
system through their human constant region. Bispecific mAbs represent another
approach to enhance ADCC. Created by joining antibodies that react with specific
tumors and mAbs directed against immune effector cells, these constructs can
potentially direct cytotoxic cells to targeted tumor cells [5]. Among the most
effective bispecific mAbs are those which activate T cells by binding to the CD3-
T-cell receptor (TCR) complex and NK cells by binding to the CD16-Fc�RIII
receptor, as well as other lymphocyte activation proteins such as CD28. Although
this approach is promising in experimental systems, clinical trials have been
limited.



324 JURCIC ET AL.

CBA

Murine Chimeric Humanized

Figure 2. Structure of murine, murine-human chimeric, and humanized mAbs. The chimeric antibody
consists of human antibody sequences shown in gray with rodent VH and VL domains shown in black
and white. The humanized antibody is composed of the orginal rodent hypervariable sequences, shown
in white within a human immunoglobulin framework and constant region shown in gray

Anti-idiotypic Antibodies

Recognizing unique idiotypic structure in the variable region of immunoglobulin
molecules, anti-idiotypic mAbs were first used in the treatment of follicular
lymphomas, with the goal of targeting the idiotype expressed by the trans-
formed B-cell clone [6]. Several mechanisms of action have been postulated,
including complement-mediated cytotoxicity (CMC), ADCC, downregulation of the
malignant clone through the idiotypic network, inhibition of cell proliferation, and
induction of apoptosis. In another approach, “mirror-image” anti-idiotypic mAbs
that structurally resemble the antigen recognized by the original immunoglobulin
can be used as surrogate immunogens to induce protective immunity against various
malignancies.

Interference with Cell Growth and Regulation

MAbs can exert cytostatic or cytotoxic effects by binding to growth factors or
cellular receptors needed for tumor survival. Antibodies directed against cytokines,
such as interleukin-2 (IL-2), tumor necrosis factor-� (TNF-�) and IL-6, and growth
factor receptors, such as the IL-2 receptor, vascular endothelial growth factor
(VEGF) and epidermal growth factor receptor (EGFR) have been studied. The
most clinically useful mAbs may operate by several mechanisms. For example, in
addition to mediating cytotoxic effects by complement and cellular mechanisms,
rituximab, a chimeric mAb targeting the B-cell surface antigen CD20, can directly
induce apoptosis in vitro in lymphoma cells.

Delivery of Cytotoxic Agents

Because of the lack of potency of many unconjugated mAbs, they have been used
to deliver radioisotopes, chemotherapeutic agents, and toxins directly to tumor
cells. Since radioisotopes emit particles capable of inducing lethal DNA damage to
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cells lying within a fixed range, radioimmunoconjugates may allow the killing of
antigen-negative tumor variants or tumor cells not reached by mAbs.

Chemotherapeutic agents such as doxorubicin, calicheamicin, methotrexate, and
vinca alkaloids have been conjugated to various mAbs. To increase drug concen-
trations at tumor sites and avoid nonspecific cytotoxic effects, antibody-dependent
enzyme-prodrug therapy (ADEPT) has been developed [7]. In this approach, an
enzyme-conjugated mAb is administered followed by injection of a low-molecular-
weight prodrug after antigen saturation is achieved. The prodrug rapidly penetrates
tumor and is converted to active drug. To reduce the conversion of prodrug outside
the tumor further, unbound antibody may be cleared from circulation by a second
antibody [8].

Toxins used clinically have been derived from either bacterial products, such as
diphtheria toxin (DT) and Pseudomonas exotoxin A (PE), or plant products, such as
ricin, pokeweed antiviral protein (PAP), and gelonin. Ricin, DT, and PE each have
molecular domains responsible for binding to the target cell, translocating the toxin
into the cytosol, and inhibiting protein synthesis through inactivation of elongation
factor 2 [9]. Modifications to these toxins can eliminate or block the adherence
domain, leading to a marked reduction in nonspecific toxicity. Other toxins, such as
PAP, gelonin, and saporin, lack specific binding domains and may be less toxic to
intact cells. The immunotoxin BL22, composed of an anti-CD22 Fv and truncated
PE has shown significant activity in patients with cladribine-refractory hairy-cell
leukemia [10]. Other toxin constructs include B4 (anti-CD19)-blocked ricin for
lymphoma [11], and HuM195 (anti-CD33)-gelonin for acute myeloid leukemia
(AML) [12, 13].

ANTIBODY PHARMACOKINETICS

Tumor Characteristics

Various physical and biological factors can prevent the delivery of mAbs to tumor.
Because of their large size and high molecular weight (typically 150–180 kDa),
mAbs may have difficulty diffusing to sites of bulky disease. In early lymphoma
trials, impaired tumor targeting was reported in patients with bulky adenopathy or
massive splenomegaly [14, 15]. Additionally, variations in tumor vasculature can
limit the distribution of mAbs to only well-perfused areas of tumor. Endothelial
integrity and interstitial back-pressure can also affect mAb delivery. Interstitial
pressure is consistently higher in solid tumors than in normal tissues, which partly
explains the nonuniform distribution of antibody in solid tumors and the increased
antibody uptake in smaller tumor cell clusters [16].
A further obstacle to mAb penetration of a cluster of antigen-positive cells is the
binding-site barrier phenomenon [17]. The binding-site barrier results from a low
antibody concentration in the tumor interstitial space relative to the local antigen
concentration, thereby preventing mAb diffusion into the interior of the solid tumor
until the antigen sites in the periphery are occupied [18]. The use of antibody
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fragments potentially offers improved tumor penetration because of their smaller
size and lower molecular weight. The utility of these constructs, however, may
be limited by rapid serum clearance, decreased binding avidity, and decreased
molecular stability and activity when conjugated to radioisotopes.

Antigen Characteristics

The number of available antigen sites will alter antibody pharmacokinetics and
biodistribution. In a dose-escalation trial of trace-labeled 131I-anti-CD33 mAb M195
for myeloid leukemias, for example, superior targeting to sites of disease as deter-
mined by gamma camera imaging was seen with a comparatively small dose.
This may be explained in part by the relatively low number of binding sites
(approximately 10,000–20,000) on each leukemia cell [19]. Circulating antigenic
targets can also prevent delivery of mAbs to the tumor, as first reported with
anti-idiotypic mAbs directed against surface Ig on B-cell lymphomas [6]. Secreted
idiotype prevented access of antibody to the idiotype on tumor cells, effectively
neutralizing the drug unless high doses were given. Pre-infusions of unlabeled
antibodies have been used to saturate circulating target cells and to increase delivery
of therapeutically radiolabeled mAbs to tumors in several systems, including
131I-p67 (anti-CD33) for AML [20] and 131I-tositumomab (anti-CD20) for
lymphoma [15, 21].

The influence of antigenic modulation on mAb-based treatments relates to
specific therapeutic applications. Differences in the rates of endocytosis, intracel-
lular degradation, and cell surface shedding can affect the selection of mAbs for
therapy. Tumors in which antigen-antibody complexes remain on the cell surface
may be better suited to treatments dependent upon immune-mediated cytotoxicity
or delivery of radioisotopes with long-ranged emissions, such as 131I. Internal-
ization of the antigen-antibody complex after binding can optimize delivery of some
radioisotopes, such as short-ranged 	 particle-emitters, chemotherapeutic agents,
and toxins.

Antibody Characteristics

Most studies suggest that high-affinity mAbs confer a therapeutic advantage, partic-
ularly for small tumors. The affinity of an antibody for substrate relates to the
particular amino acid sequence and spatial presentation of the CDRs. In many
cases, CDR manipulation in humanization causes loss of affinity due to changes
in single, critical residues or carbohydrates [22–24]. Phage display technology,
however, offers a powerful technique to improve affinities by mutating the CDRs.
Fab molecules are expressed on the surface of phage, selected against immobilized
antigen, and enriched in proportion to their affinity [25].

The catabolic rate of an antibody will influence the dose and schedule necessary
to maintain therapeutic blood levels. The Brambell receptor (FcRB, also known
as FcRn), located in endosomes of endocytically active tissues, particularly the



MONOCLONAL ANTIBODY THERAPY OF CANCER 327

vascular endothelium is a key factor in the regulation of IgG catabolism [26]. The
FcRB binds IgG, recycling it to the cell surface and diverting it from the pathway
to lysosomes and catabolism that is the fate of other proteins.

Because most mAbs used clinically are derived from mice, they can generate a
HAMA (human antimouse antibody) response. HAMA has been implicated in poor
therapeutic results by neutralizing mAb on repeated doses and enhancing clearance
of mAb. Usually no additional toxicities are seen; however, with large mAb doses
circulating immune complexes can lead to serum sickness. The use of immuno-
suppressive agents to prevent the development of HAMA has met with variable
results. The use of chimeric and humanized mAbs remains the most promising
strategy to avoid HAMA responses. Additionally, fully “human” IgG have been
produced in vivo in transgenic mice [27,28]. For some humanized mAbs, however, a
prolonged biological half-life may result in nonspecific dose deposition and toxicity
when used to deliver radioisotopes or chemotherapeutic agents.

RADIOIMMUNOTHERAPY

Isotope Selection and Radiolabeling

Targeted radiotherapy offers a promising strategy to increase the potency of mAbs
and overcome tumor antigen heterogeneity. The choice of an appropriate isotope
depends on various factors, including the physical and biological half-life of the
radionuclide and its emission characteristics, and the labeling efficiency of the
isotope and pharmacology of the immunoconjugate (Table 1). The 	 and 
 particles
emitted by these isotopes have different properties that confer theoretical advantages
and disadvantages to each. Since the range of 
-emissions extends for several
millimeters, radioimmunotherapy with 
-emitters can create a “crossfire effect,”
destroying tumor cells to which the radioimmunoconjugate is not directly bound.
Therefore, therapy with 
-emitters is likely to be useful in the setting of bulky tumors
and as conditioning for hematopoietic stem cell transplantation. Alpha particles
are positively charged helium nuclei that have a short range in tissue (50–80 �m)
and a high linear energy transfer (LET) (∼100 keV/�m) compared to 
 particles.
Because the range of an 	 particle measures only a few cell diameters, the use of
	-emitting isotopes may result in more specific tumor cell kill and less damage
to surrounding normal tissue. These characteristics make 	 particles ideal for the
treatment of small-volume or minimal residual disease.

Most clinical studies to date have used the 
 particle-emitters iodine-131 (131I) or
yttrium-90 (90Y). The � emissions from iodine-131 (131I) allow biodistribution and
dosimetry studies to be performed easily using � camera imaging, but treatment
at high doses requires patient isolation. Radiolabeling with 131I can also cause
loss of biological function, particularly at high specific activities. This decrease
in immunoreactivity is directly related to the number of tyrosine residues in the
hypervariable region of the mAb to which radioiodine attaches [29]. 90Y is a pure

-emitter; its lack of gamma emissions allows outpatient administration of high
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Table 1. Characteristics of Selected Radioisotopes for Therapy

Isotope Particle(s) emitted Half-Life Particulate
energy
(KeV)

Mean range
of emission
(mm)


-emitters
Iodine-131 
, � 8.1 days 610 0.8
Yttrium-90 
 2.5 days 2280 2.7
Copper-67 
, � 2.6 days 580 0.9
Rhenium-186 
, � 3.7 days 1100 1.1
Rhenium-188 
, � 17 hours 2100 2.4
	-emitters
Bismuth-212 1 	, 1 
, 1 � 1 hour 7800 0.04–0.10
Bismuth-213 1 	, 2 
, 1 � 46 minutes 8400 0.05–0.08
Astatine-211 1 	, 1 � 7.2 days 6800 0.04–0.10
Actinium-225 4 	, 2 
, 2 � 10 days 6000–8400 0.04–0.08
Radium-223 4 	, 2 
, 3 � 11.4 days 6000–7000 0.04–0.08
Lead-212 1	, 2 
, 1 � 10.6 hours 7800 0.04–0.10

doses. The high-energy, long-range 
-emissions of 90Y result in a lower effective
dose than 131I [30]. Moreover, if the targeted antigen undergoes modulation, 90Y is
more likely to be retained intracellularly than 131I [31]. Therapy with 90Y, however,
poses several difficulties. Unlike 131I, 90Y must be linked to a mAb by a bifunctional
chelator, and because of the absence of � emissions, biodistribution and dosimetry
studies require administration of mAb trace-labeled with a second isotope, usually
indium-111 (111In). The use of quantitative positron emission tomography (PET)
following the administration of 86Y-labeled mAb may permit more precise dose
estimates, thereby maximizing the antitumor effect and minimizing toxicity [32].
Other radiometals, such as rhenium-186 (86Re), rhenium-188 (188Re), and copper-67
(67Cu), have been studied.

Alpha particle-emitting isotopes, such as bismuth-212 (212Bi), bismuth-213
(213Bi), and astatine-211 (211At), have also displayed potent antitumor effects [33].
Finding a suitable approach for labeling these radioisotopes to carrier molecules
has often been a limiting factor in the development of radiolabeled molecules for
therapeutic use. For a labeling technique to be useful, it must produce the immuno-
conjugate in high yield in a time compatible with the half-life of the radioisotope.
Furthermore, it must not alter the specificity and affinity of the carrier molecule
for the target antigen. Finally, the radioimmunoconjugate must be stable in vivo.
The most effective chelator for bismuth has been the cyclohexylbenzyl derivative
of diethylenetriamine pentaacetic acid (CHX-A-DTPA). The safety and feasibility
of 	-particle immunotherapy was first demonstrated using the humanized anti-
CD33 mAb HuM195 labeled with 213Bi in patients with AML [34]. Fourteen of
the 18 patients had a reduction in the percentage of bone marrow blasts after
therapy; however, there were no complete remissions, demonstrating the difficulty
of targeting one or two 213Bi atoms to each leukemic blast at the specific activities
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used in this trial. Subsequently, remissions have been seen in some patients treated
with 213Bi-HuM195 after partial cytoreduction with cytarabine [35].

Produced by the bombardment of bismuth with 	 particles in a cyclotron, the
halogen 211At emits two 	 particles in its decay to stable 107Pb [36]. Due to its
long 7.2 hr half-life, 211At-labeled constructs can be used even when the targeting
molecule does not gain immediate access to tumor cells. Additionally, its daughter,
polonium-211 (211Po), emits K x-rays that allow photon counting of samples and
external imaging for biodistribution studies. Investigators at Duke University have
studied 211At-labeled 81C6, a chimeric mAb that targets tenascin, a glycoprotein
overexpressed on gliomas relative to normal brain tissue. Early results of a phase I
trial suggest that therapy with 211At-81C6 following resection of malignant glioma
prolongs survival compared with historical controls [37].

225Ac decays by 	-emission with a 10-day half-life through three atoms, each of
which also emits an 	 particle. It can be conjugated to a variety of mAbs using
derivatives of the macrocyclic ligand 1,4,7,10-tetraazacyclododecane tetraacetic
acid (DOTA). Therefore, 225Ac-DOTA can act as an atomic nanogenerator, deliv-
ering an 	-particle cascade to a cancer cell when coupled to an internalizing
antibody. As a result of these properties, 225Ac-immunoconjugates are approxi-
mately 1,000 times more potent than 213Bi-containing conjugates [38]. Although
this increased potency could make 225Ac more effective than other 	-emitters, the
possibility of free daughter radioisotopes in circulation after decay of 225Ac raises
concerns about the potential toxicity of this isotope. In nude mice bearing human
prostate carcinoma and lymphoma xenografts, single nanocurie doses of 225Ac-
labeled tumor specific antibodies prolonged survival compared with controls and
cured a substantial proportion of animals.

Dosimetry

Dosimetric studies, usually based on the Medical Internal Radiation Dose model,
are performed routinely in most radioimmunotherapy studies [39]. These techniques
use serial external imaging after administration of the radioimmunoconjugate, along
with measurements of plasma, urine, bone marrow, and occasionally biopsied tumor,
to estimate radiation doses to tumor, marrow, and other normal organs. Cumulated
activity (the total number of decays) for a region of interest is calculated by
integrating the time-activity curve generated from these data over time. The result is
then multiplied by the total energy released per radionuclide decay and by a factor
that accounts for the fraction of emitted energy that is absorbed within the tissue.
This “S factor” depends on the tissue’s geometry as well as the energy and range
of each radionuclide emission. Dividing by the mass of the target tissue yields the
absorbed dose in Grays (energy absorbed per unit mass of tissue). Depending on
the range and type of radionuclide emissions, radioactivity in other organs also may
contribute to the total absorbed dose of a given target organ. Contributions from
other organs are calculated similarly, except that the geometric factor reflects the
fraction of emitted energy in a source organ that is absorbed by the given target
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organ. Models based on dosimetric data may provide information about radiation
doses delivered to tissues not directly sampled and may also be used to estimate
total tumor burden and tumor burden in individual organs.

Conventional methodologies that estimate mean absorbed dose over a specific organ
volume may not always yield biologically meaningful information for short-ranged 	
particles. Cells targeted by an 	-emitter may receive high absorbed radiation doses,
while adjacent cells may receive no radiation at all. Therefore, microdosimetric or
stochastic analyses that account for the spatial distribution of various cell types and the
distribution of 	 decays within the organ are necessary to estimate the absorbed dose
to tumor cells and normal tissues more accurately. Since the geometric relationship
between the radionuclide and the target cell is not uniform, 	 particle hits cannot
be assumed to be a Poisson distribution. Several distributions have been modeled,
and microdosimetric spectra expressed as specific energy probability densities have
been calculated. Based on this work, methods have been developed to perform basic
microdosimetric assessments that account for the probability of the number of hits and
the mean specific energy from a single hit [40].

Pretargeting Methods

In an effort to reduce radiation doses to normal organs and improve tumor-to-normal
organ dose ratios, pretargeted methods of radioimmunotherapy similar to the ADEPT
approach discussed earlier have been developed [41]. First, a mAb or engineered
targeting molecule conjugated to streptavidin is given. After administration of a
biotinylated N-acetylgalactosamine-containing “clearing agent” to remove excess
circulating antibody through the liver, therapeutically radiolabeled biotin is infused.
The radiolabeled biotin can bind specifically to pretargeted streptavidin at the tumor,
while unbound radiolabeled biotin is rapidly excreted in the urine.

This approach has been applied to a xenograft model of adult T-cell
leukemia/lymphoma [42]. Following administration of humanized anti-Tac (anti-
CD25)-streptavidin and the clearing agent, treatment with 213Bi-labeled biotin
improved survival compared with 90Y-labeled biotin. Moreover, mice treated with
213Bi by the pretargeting approach survived longer than those treated with 213Bi
labeled directly to anti-Tac. Significant antitumor effects were also seen using an
anti-Tac single chain Fv-streptavidin fusion protein followed by 213Bi-biotin in
the same xenograft model [43]. Pretargeting methods using an anti-CD20 fusion
protein [44] and a CC49 fusion protein [45] followed by 90Y/111In-DOTA-biotin
have been applied clinically to the treatment of non-Hodgkin’s lymphoma (NHL)
and gastrointestinal malignancies, respectively.

CLINICAL TRIALS

Among the many therapeutic trials with mAbs and other immunoconjugates, those
that illustrate important aspects of mAb therapy or describe pivotal trials that
have altered the standard of care for a certain malignancy will be addressed
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(Table 2). We will focus on the eight mAbs that have been approved by the U.S.
Food and Drug Administration (FDA) for human use in the treatment of specific
malignancies.

Rituximab

Rituximab (Rituxan®, Mabthera®), a chimeric IgG1 anti-CD20 antibody, represents
an important advance in the treatment of B-cell NHL. In the phase II licensing trial,
the overall response rate to single-agent rituximab among patients with relapsed
low-grade lymphoma was 48%, with a 12-month median response duration [46].
Similarly, phase II studies in relapsed or refractory intermediate- and high-grade
NHL demonstrated a 32% overall response with rituximab alone. Hainsworth et al.
studied both the effect of both first-line therapy and maintenance with rituximab for
indolent NHL in a randomized phase II trial [47]. Four weekly doses of rituximab
produced an overall response rate of 39%. Following initial therapy with rituximab,
patients were randomized to receive the same regimen at six month intervals or
re-treatment with rituximab at the time of progression. Although progression-free
survival was longer in the maintenance group (31 mos. vs. 7 mos.), the duration of
rituximab benefit was similar in both groups (31 mos. vs. 27 mos.).

The impressive single-agent activity of rituximab led to the exploration of its use
in combination with standard chemotherapy for treatment of indolent and aggressive
NHL. Czuczman et al. established the safety and efficacy of rituximab when added
to cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) in a phase
II trial of patients with previously treated and newly diagnosed low-grade NHL
[48]. In a large, multi-center, randomized phase III trial, the addition of rituximab
to cyclophosphamide, vincristine, and prednisone (CVP) significantly improved
overall response rate (81% vs. 57%), (CR 40% vs. 10%), and time to treatment
failure (27 mos. vs. 7 mos.) [49]. The benefit of rituximab in combination with
chemotherapy for elderly patients with untreated, diffuse large B-cell lymphoma
was investigated in a randomized phase III trial [50]. With a median follow-up
of three years, those patients treated with rituximab and CHOP (R-CHOP) had a
significantly better CR rate (76% vs. 63%), event-free survival (53% vs. 35%), and
overall survival (62% vs. 51%) than those treated with chemotherapy alone [51]. In
another phase III multicenter trial, a similar patient population was randomized to
R-CHOP versus CHOP followed by a second randomization for maintenance with
rituximab [52]. Although maintenance significantly prolonged time-to-treatment
failure in patients who received CHOP alone, there were no statistically significant
differences in overall survival among the two groups. In general, the addition
of rituximab to standard chemotherapy did not produce an increase in expected
toxicities. As a result of these and other studies, rituximab has become a common
part of many lymphoma treatment regimens.

A number of studies using rituximab at standard doses of 375 mg/m2 weekly
demonstrated an inferior response rate for patients with small lymphocytic leukemia
(SLL) or chronic lymphocytic leukemia (CLL) compared to patients with follicular
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NHL [46,53]. This may be due in part to the low density of CD20 on CLL cells and
to the higher number of circulating tumor cells, resulting in rapid clearance of the
drug [54,55]. Rituximab at standard doses three times weekly [56] or a high doses
(500–2250 mg/m2) weekly [57] overcame the pharmacologic disadvantage seen in
earlier SLL/CLL studies. Currently, the use of rituximab in combination cyclophos-
phamide and either fludarabine [58] or pentostatin [59] is under investigation in
both upfront and relapsed CLL.

Alemtuzumab

Alemtuzumab (Campath®) is humanized mAb that targets CD52, a glycoprotein
expressed on CLL cells, normal B- and T-cells, and monocytes. Initial studies
demonstrated that this agent was effective at clearing tumor cells from the blood
and bone marrow of patients with NHL but did not result in significant reductions
of bulky lymphadenopathy [60]. Additional studies, therefore, were undertaken in
CLL, since it is primarily a malignancy of the peripheral blood and bone marrow. In
a pivotal, multicenter phase II trial, alemtuzumab, given intravenously three times
weekly for 12 weeks, produced responses in 33% of patients with fludarabine-
refractory CLL; however, the CR rate was only 2%. Grade 3–4 infections were
seen in 26% of patients [61]. Subsequently, previously untreated, symptomatic CLL
patients were treated with alemtuzumab subcutaneously in a phase II trial [62].
The overall response and CR rates were 87% and 19%, respectively. Although
significant clearance of tumor cells was noted in the blood, bone marrow and
non-bulky lymphadenopathy, no patient with lymphadenopathy measuring greater
than 5 cm achieved a CR. In an attempt to increase response rates and ultimately
improve survival of CLL patients, investigators at the M.D. Anderson Cancer Center
have examined the use of alemtuzumab in combination therapy with fludarabine,
cyclophosphamide, and rituximab (CFAR) [63]. In a preliminary report, the overall
response and CR rates among 21 patients with relapsed or refractory CLL were
52% and 17%, respectively. Grade 3–4 neutropenia was seen in 62% of patients,
and 24% had CMV reactivation, illustrating the immunosuppressive effects of
this agent.

Alemtuzumab has shown significant activity in other clinical settings. In a retro-
spective analysis of 76 patients with heavily pretreated T cell-prolymphocytic
leukemia (T-PLL), Keating et al. demonstrated a 51% overall response rate and
39.5% CR rate following alemtuzumab [64]. In a prospective phase II trial,
alemtuzumab produced an overall response rate of 76% and a CR rate of 60% in
patients with relapsed T-PLL [65]. Because of its generalized immunosuppressive
effects, alemtuzumab has shown promise in various preparative regimens for non-
myeloablative allogeneic stem cell transplantation [66] and in ex vivo depletion of
T cells before stem cell transplantation [67].
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Trastuzumab

Trastuzumab (Herceptin®) is a humanized IgG1 mAb that targets the her2/neu
antigen, which is overexpressed in 25–30% of breast carcinomas. Trastuzumab
appears to act through multiple mechanisms, including down-regulation of
her-2/neu expression, induction of G1 arrest, initiation of ADCC and
complement-dependent cytotoxicity, and promotion of apoptosis [68]. Trastuzumab
has single-agent activity in patients whose tumors over-express her-2/neu [69, 70].
In combination with standard chemotherapy, such as paclitaxel, docetaxel, or
doxorubicin, response rate, time-to-progression, and overall survival are signifi-
cantly improved in patients with metastatic breast disease [71,72]. Survival benefit,
however, was not observed in patients with her-2/neu-negative tumors assessed
by fluorescence in situ hybridization or immunohistochemical analysis. Based on
these findings, trastuzumab is being studied in combination with chemotherapy
in the adjuvant setting or in conjunction with other targeted therapies. Its use
in other her-2/neu-overexpressing epithelial tumors is another area of active
research.

Bevacizumab

Bevacizumab (Avastin®), a humanized mAb against VEGF, has shown activity in
a variety of solid tumors in early phase I and II trials. It was approved in 2004
for the treatment of metastatic colorectal cancer. VEGF is overexpressed by many
solid tumors and hematologic malignancies and is commonly associated with poor
prognosis. Antibodies that target the VEGF receptor or neutralize VEGF were
developed to block this important regulator of tumor angiogenesis. A randomized,
phase III trial showed that the addition of bevacizumab to irinotecan, fluorouracil,
and leucovorin (IFL) significantly improved median survival (20.3 mos. vs. 15.6
mos.) and progression-free survival (10.6 mos. vs. 6.2 mos.) in patients with
metastatic colorectal cancer [73]. Bevacizumab is under study in a variety of solid
tumors and hematologic malignancies as monotherapy and in combination with
other cytotoxic agents. A randomized, double-blind, phase II trial demonstrated
a significantly longer time to progression in patients with metastatic renal cell
carcinoma who received bevacizumab compared to placebo [74]. Other trials are
planned or ongoing in head and neck cancer, sarcoma, melanoma, hepatocellular
carcinoma, esophageal carcinoma, multiple myeloma, myelodysplastic syndrome
(MDS), AML, NHL, and chronic myeloid leukemia (CML).

Cetuximab

Overexpression of the EGFR, a regulator of cellular growth and survival, has been
observed in multiple epithelial tumors and is a potential target of the chimeric
mAb cetuximab (Erbitux®). In a recent randomized phase III trial, combination
irinotecan and cetuximab resulted in a higher response rate (23% vs. 11%) and
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longer median time to progression (4.1 vs. 1.5 mos.) than cetuximab monotherapy
in patients with irinotecan-refractory, EGFR-positive metastatic colorectal cancer
[75]. Although the level of EGFR expression did not correlate with response, the
previously reported association between skin reactions following cetuximab and
higher response rates was confirmed in this study. Based on these data and previous
studies [76], cetuximab was FDA-approved for the treatment of irinotecan-refractory
metastatic colorectal cancer.

Cetuximab has also displayed activity in advanced head and neck tumors.
Among 75 patients with platinum-refractory head and neck cancer, 11% responded
when cetuximab was added to the platinum regimen, suggesting that cetuximab
can overcome platinum-resistance in some patients [77]. A small randomized
study comparing cisplatin alone to cisplatin and cetuximab showed a more
than doubling of the response rate but only a modest improvement in time to
disease progression in the cetuximab arm [78]. Additionally, a phase III study
of radiation with or without cetuximab in patients with advanced head and neck
tumors has completed accrual. The use of cetuximab is currently being inves-
tigated in other epithelial tumors, including non-small cell lung carcinoma and
pancreatic cancer.

Gemtuzumab Ozogamicin

Gemtuzumab ozogamicin (GO, Mylotarg®) consists of a recombinant humanized
anti-CD33 mAb conjugated to calicheamicin, a potent antitumor antibiotic. Within
the acidic environment of the lysosome following internalization, calicheamicin
dissociates from the antibody and migrates to the nucleus, where it causes double-
stranded DNA breaks. In a phase I trial, eight of 40 patients with relapsed or
refractory AML treated with escalating doses of GO had reductions in marrow blasts
to below 5%, and CRs were seen in three patients [79]. Subsequently, 142 patients
with AML in first relapse were treated with two doses of GO (9 mg/m2) two weeks
apart in three phase II trials. Patients with secondary AML or prior MDS were
excluded. Twenty-three patients (16%) achieved a CR, and 19 patients (13%) had a
CRp (CR with incomplete platelet recovery) [80]. Grade 3 or 4 hyperbilirubinemia
developed in 23% of patients, and elevated serum transaminases were seen in
17%. Hepatic veno-occlusive disease (VOD) occurred in 4% of patients. Based on
this data, GO was approved by the FDA for the treatment of AML patients over
age 60 years in first relapse. When used as a single-agent for newly diagnosed
AML in older patients, complete response rates of approximately 25% have been
reported [81].

VOD remains a major concern with this agent. Among patients who received
GO in first relapse and then underwent stem cell transplantation, 17% developed
VOD [82]. Another study noted that 11 of 23 patients (48%) treated with GO after
stem cell transplantation developed liver injury similar to classical VOD, termed
sinusoidal obstruction syndrome [83]. In a series of 119 patients treated with GO at
the M.D. Anderson Cancer Center, 14 (12%) developed VOD in the absence of stem
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cell transplantation. Most of these patients, however, received GO in combination
with other agents, including investigational drugs, or at more frequent intervals than
originally described [84].

GO-containing combinations are now under investigation for both newly
diagnosed and relapsed AML. Because of its toxicity profile, however, adminis-
tration of full-dose GO with other agents has been difficult. In a study conducted
by the Medical Research Council, 86% of patients with newly diagnosed AML
achieved remission after receiving one of three standard induction regimens along
with GO. The maximum tolerated dose of GO was a single infusion of 3 mg/m2.
Hepatotoxicity and delayed hematopoietic recovery prevented delivery of higher
doses duration induction or repeated administration [85]. Preliminary results suggest
that GO in combination with ATRA in APL can produce high molecular remission
rates as first-line therapy and that its use as consolidation could potentially eliminate
the need for standard anthracycline-based consolidation [86].

Radioimmunotherapy for Hematologic Malignancies

Leukemia and lymphoma are well-suited to radioimmunotherapeutic approaches
because of the accessibility of malignant cells in the blood, bone marrow, lymph
nodes, and spleen, and radiosensitivity of these tumors. Encouraging results in the
treatment of AML have been seen when used in conjunction with bone marrow
transplantation (BMT). The murine anti-CD33 mAb M195, when therapeutically
labeled with 131I, can target leukemia cells and eliminate large leukemic burdens
in patients [87]. Based on these findings, 131I-labeled M195 or its humanized
counterpart, HuM195, was added to busulfan and cyclophosphamide to intensify
conditioning before allogeneic BMT [88]. Three of 16 patients with relapsed or
refractory AML remain in remission for over 5 years following transplant. Investi-
gators at the Fred Hutchinson Cancer Research Center have taken a similar approach
using 131I-BC8, which targets the pan-leukocyte antigen CD45 [89]. In an ongoing
phase I/II trial using a preparative regimen of 131I-BC8, busulfan, and cyclophos-
phamide in patients with AML in first remission, the disease-free survival is 61%
with a median follow-up of 49 months [90]. The use of a murine anti-CD66 mAb
labeled with 188Re as part of a preparative regimen before stem cell transplantation
has also been examined. Because CD66 is expressed on myeloid cells but not
leukemic blasts, the antileukemic effect of this construct must rely on “crossfire”
from the long-ranged 
 particles emitted by 188Re [91]. While these approaches
appear promising, randomized trials are required to determine if the addition of
radioimmunotherapy to standard preparative regimens improve patient outcomes.

The 131I-labeled murine anti-CD20 mAb tositumomab (Bexxar®) has produced
encouraging results in patients with B-cell lymphomas. In initial studies, patients
were treated with escalating doses of trace-labeled mAb to determine an optimal
dose for tumor targeting before receiving therapeutically labeled mAbs. Thera-
peutic doses of 131I were escalated based on estimated whole body radiation
dose [21]. In a subsequent multicenter trial conducted in patients with relapsed
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low-grade or transformed lymphoma, 67% of the patients responded after
131I-tositumomab, compared to only 28% of these patients who responded
after their last chemotherapy regimen [92]. Based on these data, the FDA
approved 131I-tositumomab for the treatment of relapsed, CD20-positive follicular
lymphoma. 131I-tositumomab has also produced high complete remission rates
when used as first-line therapy for follicular lymphoma [93]. Additional studies
using combination or sequential chemotherapy and radioimmunotherapy are now
underway [94].

High doses of 131I-tositumomab have also been used in a myeloablative approach.
Patients were eligible for a therapeutic infusion of 131I-tositumomab followed by
autologous stem cell rescue if biodistribution studies using trace-labeled mAb
showed that tumor sites received greater radiation doses than normal tissues. Among
29 patients treated at the maximum tolerated dose of 131I-tositumomab in phase I
and II trials, 25 patients had major responses, including 23 complete remissions
[95]. Studies combining high-dose 131I-tositumomab with chemotherapy followed by
autologous stem cell transplantation have produced encouraging results in patients
with relapsed NHL [96], particularly mantle cell lymphoma [97].

Similar results have been seen with 90Y-ibritumomab tiuxetan (Zevalin®). Among
51 patients with relapsed or refractory follicular or relapsed aggressive NHL, 73%
responded, including 51% who achieved CR or unconfirmed CR (CRu) [98]. The
median time to progression for patients with either a CR or CRu was 28 months.
The subset of complete responders who received the maximum tolerated dose
of 90Y-ibritumomab tiuxetan (0.4 mCi/kg) had a median time to progression of
45 months. A randomized trial comparing 90Y-ibritumomab tiuxetan to rituximab
showed a higher overall response rate (80% vs. 56%) and CR rate (30% vs. 16%)
for radioimmunotherapy, but the time to disease progression was similar for both
groups [99].

CONCLUSIONS

While mAbs have been proven to be safe and effective anticancer therapies in
some clinical settings, they appear most effective when integrated into treatment
programs involving chemotherapy, radiation therapy, and other biologic therapies.
Early studies showed that single doses rodent mAbs had little antitumor activity
and were highly immunogenic. The development of chimeric, humanized, and fully
human antibodies has overcome a major obstacle to successful mAb-based therapy.
Nevertheless, because of the difficulties in targeting bulky disease, particularly in
solid tumors, the use of many mAbs may be most appropriate as adjuvants or in the
treatment of minimal residual disease. The conjugation of radioisotopes or toxins to
mAbs can enhance the antitumor effects of native antibody. Radioimmunotherapy
with 
-emitting isotopes may be useful for treatment of bulky tumors and marrow
ablation; in contrast, 	-particle immunotherapy may be better suited for treatment
of minimal residual disease or micrometastases because of the short-range, high-
energy emissions. New approaches using mAb fragments or genetically engineered
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single-chain binding proteins may improve delivery of isotopes or toxins to solid
tumors, but the pharmacologic difficulties may still be significant. Additional pre-
clinical and clinical investigations are necessary to define optimal therapeutic
targets, antibody constructs, radioisotopes and toxins, chelation chemistry, dosing
regimens, and therapeutic strategies in order to take full advantage of this promising
therapeutic modality.
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CHAPTER 15

ADOPTIVE CELLULAR THERAPY
FOR THE TREATMENT OF CANCER

CASSIAN YEE
Program in Immunology Clinical Research Division Fred Hutchinson Cancer Research Center
University of Washington Seattle, WA

INTRODUCTION

Over the last decade, advances in the field of tumor immunobiology have led to a
renaissance in the use of adoptively transferred T cells for the treatment of patients
with cancer. These advances include the identification of T cell-defined tumor-
associated antigens, a greater understanding of the underlying molecular principles
governing T cell activation, differentiation and expansion, and the development of
novel strategies to elicit and characterize T cell responses both in vitro, and in
vivo. In this chapter, the ‘principles and practice’ of adoptive cellular therapy are
discussed in the context of translational studies arising from basic immunologic
discoveries.

BIOLOGICAL BASIS FOR ADOPTIVE CELLULAR THERAPY

Adoptive cellular therapy involves the ex vivo expansion of immune cells for
infusion with the goal of increasing the anti-tumor immune response in vivo. The
scientific foundation that adoptive therapy could be directed in an antigen-specific
fashion was established in the 1970’s using mouse models. These studies, using
tumor-bearing mice, led to several important principles that are still relevant today
in developing clinical trials of adoptive cellular therapy.

For several immunogenic tumors, it was observed that the anti-tumor response
could be transferred from previously immunized mice to syngeneic tumor-bearing
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recipients. Although CD8+ cytotoxic T lymphocytes (CTL) were identified as
being the dominant effector cells responsible for the anti-tumor response [1–3],
both CD4+ and CD8+ T cells were found to be essential for optimal efficacy, and
in some cases, CD4+ T cells alone were found to sufficient [4,5] [6,7]. The Friend
murine leukemia virus (FMuLV) tumor model was instructive in this regard. CD8+
CTL and CD4+ T cells recognizing, respectively, the env and gag proteins of the
leukemia virus were found to be highly specific and effective in eradicating the
FMuLV tumor, FBL from mice with micrometastatic disease. Co-administered
CD4+ T helper cells or a source of helper function (e.g. co-administered IL-2) was
required when antigen-specific CTL were used [8–10], whereas CD4+ T cells did
not require exogenous help and were also found to be effective. Furthermore, the
FBL tumor is Class I+, Class II- suggesting that, while CTL can exert a direct
anti-tumor effect by engaging Class I-restricted epitopes, adoptively transferred
CD4 T cells recruit non-specific effectors to mediate tumor killing.

Be they CD4+ or CD8+ T cells, effector cells of high avidity [11, 12] and
sufficient magnitude [13] were required to induce durable remissions. When subop-
timal doses, or T cells of low avidity were used, a limited non-curative effect
was observed. In addition, successful therapy was observed only when recipients
received a pre-infusion conditioning regimen. Tumor-bearing mice that were not
conditioned with cyclophosphamide or irradiation prior to adoptive therapy, failed
to be cured [13–15]. When this observation was made several decades ago, it
was proposed that pre-infusion conditioning provided host immune suppression
to foster an environment that favored the in vivo persistence of adoptively trans-
ferred T cells. With greater understanding of the role of regulatory T cells and
homeostatic lymphoid regulation in tumor immunity, it has since been confirmed
that these early hypotheses were largely accurate and that recipient conditioning
may in fact be a means of suppressing regulatory obstacles to and upregulating
homeostatic signals that lead to the enhanced anti-tumor effect of adoptively
transferred T cells.

One important caveat of these early studies of adoptive therapy is that these
models used ‘immunogenic’ tumors and could be eradicated only at a time when
the tumor burden was relatively low – at the micrometastatic or microscopic
level. An immunogenic tumor is one that is capable of immunizing and eliciting a
specific anti-tumor response that could be adoptively transferred to non-immunized
recipients and reject tumors in such mice. Often, immunogenic tumors express
costimulatory ligands to enhance in vivo immunization and genetically modifying
non-immunogenic tumors to enhance immunity using, for example, retroviral
vectors encoding B7 or GM-CSF was sufficient to render a non-immunogenic
tumor, immunogenic [16,17]. To more faithfully recapitulate the human condition,
more rigorous models of adoptive therapy have since been evaluated using non-
immunogenic tumors, such as B16 melanoma, in the setting of established disease.
In such cases, a combination of pre-infusion immunodepletion (e.g. total body
irradiation) followed by adoptive transfer and vaccination was required to eradicate
established B16 melanoma tumors [18].
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ADOPTIVE CELLULAR THERAPY- STRATEGIES
FOR EX VIVO EXPANSION

Translating the murine studies to clinical trials has not been straightforward.
However some of the principles established in these animal studies have served as
guidelines towards developing more effective treatment. As described above, one of
the major goals is to augment the number of tumor-reactive effectors for adoptive
transfer. This can be achieved by ex vivo expansion - the degree of enrichment
for antigen-specific effectors being dependent on the sophistication of methods and
resources available. On this basis, the spectrum of adoptive therapy strategies can
be divided pragmatically into two camps:
1. Non-specific expansion
2. Antigen-specific enrichment.
Non-specific expansion includes the use of donor lymphocyte infusions (DLI) in
the allogeneic stem cell transplant setting, tumor-infiltrating lymphocytes culled
from tumor sites and expanded ex vivo and the non-specific activation of effector
cells in the peripheral blood using antibodies to the TCR-CD3 complex. Antigen-
specific enrichment involves in vitro manipulation that preferentially expands or
selects for T cells expressing a TCR of given specificity (endogenous receptor) or
genetic modification that endows a population of lymphocytes with desired target
specificity. In the latter case, this specificity can be the result of a transferred
TCR or antibody recognition fragment. Although antigen-specific enrichment often
represents a more labor and resource-intensive process, it may lead to more effective
therapy. It can also provide a unique means of delineating the reasons for success
or failure of a given approach and so, can contribute to a greater understanding in
the development of improved strategies.

NON-SPECIFIC EXPANSION OF CELLULAR EFFECTORS

Donor Lymphocyte Infusions

The first evidence that T cells play a role in mediating anti-tumor responses in
humans was observed in patients receiving T cell replete or T cell-depleted marrow
for allogeneic stem cell transplantation almost 30 years ago [19, 20]. Patients
receiving syngeneic (identical twin) and T-cell depleted marrow cells experienced
rates of leukemia relapse after transplant that were more than twice as high as
patients receiving unmanipulated (T cell replete) marrow from allogeneic donors.
Furthermore, patients developing GVHD were even more likely to experience
leukemia-free remission than those who did not develop GVHD. Taken together,
these results suggest that the allogeneic effect of donor lymphocytes plays an
important role in eradicating residual leukemia. The directed use of donor lympho-
cytes for infusion (DLI) for the treatment of leukemic relapse after transplant repre-
sents an extension of these findings and has been most successfully implemented
in patients who relapse following transplantation for chronic myeloid leukemia
[21, 22]. In general, donor lymphocyte infusions are considered for treatment of
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post-transplant relapse when patients have been tapered off immunosuppression
without evidence of severe GVHD. DLI is administered at target doses of 106 to 108

CD3+ cells/kg. Severe GVHD and myelosuppression can result but these effects
may be ameliorated by using a low initial cell dose and selective depletion of CD8+
T cells while preserving the CD4+ T cell population [23]. Efforts have also been
made to introduce a suicide gene into donor lymphocytes, so that higher T cell
doses to eradicate leukemic cells can be used while reserving the ability to later
eliminate donor lymphocytes in vivo should GVHD be observed [24]. For example,
lymphocytes transduced with the HSV thymidine kinase suicide gene, undergo cell
death as the HSV-TK preferentially converts low-dose ganciclovir (which can be
safely administered to patients), into a toxic intracellular metabolite.

While the use of DLI has been most effective for CML relapse (durable CR
60–75%), it is largely experimental therapy for patients with AML, ALL, myeloma
and lymphoma where responses have been significantly weaker (< 30%) [25]. In
an effort to boost these responses, investigators have turned to the use of donor
lymphocytes that have undergone in vitro activation. In one form of this approach,
microbeads coated with antibodies to the TCR-CDR3 complex (anti-CD3) and
a T cell costimulatory molecule (anti-CD28) were used to activate and expand
pheresis PBMCs collected from donors for infusion. In a Phase I study, this strategy
proved to be particularly effective for patients relapsing post-transplant with ALL,
AML and NHL without excessive GVHD [26].

Tumor-infiltrating Lymphocytes

Tumor-infiltrating lymphocytes are those mononuclear cells harvested from a
tumor excisional biopsy and propagated in vitro, usually with high doses of IL-2
(6000 U/ml). These effectors were shown initially in murine models to be superior to
‘LAK’ cells or lymphokine activated killer cells which were generated by exposing
peripheral mononuclear cells to high-dose IL-2. The Rosenberg lab at the NCI
developed the use of TIL for eventual use in clinical trials and demonstrated an
antitumor response in patients with metastatic melanoma ranging from 22–35%
of patients when given together with high dose IL-2 which was required for TIL
survival [27]. Although these results were promising, it was not apparent that TIL
alone contributed to the response beyond what would be observed with high-dose
IL-2 alone. The modest efficacy observed with TIL may be attributed to the limited
numbers of tumor-reactive effectors in a largely heterogeneous population and the
continued dependence of high doses of IL-2 in vivo.

Efforts to facilitate the expansion of tumor-reactive effectors have also been made
by vaccinating patients and then harvesting TIL from tumor-vaccine draining lymph
nodes followed by anti-CD3-mediated expansion in vitro [28]. Such approaches
have met with modest success. More recently, using methods developed and
optimized by Riddell and others for expanding T cell clones [29,30], the NCI group
devised an improved strategy for expanding TIL effectors in vitro by a ‘Rapid
Expansion Protocol’ involving the use of irradiated feeder cells, anti-CD3 antibody
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and IL-2. TIL expanded in this manner were subsequently used in the treatment
of patients following nonmyeloablative conditioning and found to yield significant
objective clinical responses (see below) [31].

ANTIGEN-SPECIFIC ENRICHMENT OF CELLULAR EFFECTORS

This section introduces two areas – T cell therapy targeting EBV-associated malig-
nancies and the broader topic of T cell therapy targeting tumor-associated antigens.
EBV-specific T cell therapy, as one of the most successful applications of antigen-
specific adoptive cellular therapy for cancer, presents a powerful example of the
clinical benefit that can be achieved.

EBV-specific T Cell Therapy

Patients receiving highly immunosuppressive therapy following stem cell or organ
transplantation are at high risk for EBV-associated post-transplant lymphoprolifer-
ative disease (PTLD). In immunocompetent individuals EBV-infected B cells are
constrained from developing into a lymphoproliferative disorder by the endogenous
EBV-specific CTL population. However, immunosuppressive therapy can lead to
unchecked proliferation of EBV-infected B cells. In the post-stem cell transplant
setting, donor lymphocyte infusions can lead to reconstitution of EBV-specific CTL
response and induce clinical remissions in patients developing PTLD [32]; however,
DLI can often lead to GVHD and myelosuppression – both of which could be elimi-
nated through the use of more specific effectors such as EBV-specific lymphocytes.
Using autologous EBV-transformed lymphpblastoid cell lines (LCLs), Rooney and
others were able generate high numbers of EBV reactive CTL (>107 cells/m2) suffi-
cient for repeated cycles of adoptive transfer and demonstrated that infusions of
EBV-CTL could be used to effectively treat PTLD and prevent PTLD when given
to patients with rising EBV DNA titers post-transplant [33–35]

The use of EBV-transformed B cells as stimulator cells to enrich for the
population of EBV-specific CTL was ideally suited for the treatment of PTLD
since the highly immunogenic immunodominant EBV nuclear antigens-EBNA 3A,
B and C were well-expressed by the proliferating B cells. Treatment of other
EBV-associated malignancies, however, would not be so straightforward

Nasopharyngeal cancer (NPC) and Hodgkin’s Disease (HD) do not express the
immunodominant EBV antigens; instead, less immunogenic antigens are expressed:
EBNA1 in all NPCs and LMP1 and 2 in HD and 50% of NPCs. A recent study of
patients with advanced NPC demonstrated complete and partial responses in patients
receiving EBV-specific CTL [36]. CTL administered to patients with relapsed
EBV+ HD persisted and expanded in vivo and led to significant tumor regression
and long-term responses [37]. To enhance the efficacy of adoptive EBV-specific
T cell therapy, methods being developed by this group include optimizing in vitro
culture methods to elicit desired responses to subdominant cancer-associated viral
antigens and genetic modification of T cells to render them TGF-beta resistant [38].
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Tumor-associated Antigens for T Cell Therapy

A major obstacle to antigen-specific immunotherapy had been the identification
of T cell-defined antigens for vaccine or adoptive therapy strategies. In 1991, the
first human tumor-associated antigen recognized by T cells was discovered. This
antigen, MAGE-1 (for Melanoma Antigen-1), was identified by first generating a
tumor-reactive T cell clone and then using it to screen target cells transfected with
a cosmid library generated using tumor DNA [39]. The transfected sequence from
target cells that were lysed by the T cell clone were recovered and sequenced. Since
this publication, similar strategies has been used to identify several T cell-defined
tumor-associated antigens for both Class I and Class II-restricted targets.

Other approaches to the identification of tumor antigens for cellular
immunotherapy include the use of serological methods to identify autoantibodies
to tumor antigens. This approach, Serological Recombinant Expression cloning
(SEREX) screens potential autoantibodies in patient serum against an expressed
phage cDNA library derived from tumor cells and displayed on nitrocellulose filters
[40]. cDNA from Phage plaques corresponding to the Immunoreactive plaques on
the screening filters could then be recovered and sequenced. In this approach, the
assumption is made that tumor antigens that can elicit an IgG autoantibody response
are also those antigens that are likely to elicit a cellular (T cell) immune response.
Although T cell reactivity to all of the over 2000 SEREX-defined tumor-associated
autoantigens have yet to be confirmed, several T cell-defined antigens have been
identified in this manner. Most notably, many of the cancer-testis antigens (see
below) which represent tumor proteins expressed in both tumor cells and normal
germinal tissues in the testis and fetal ovary [41].

A third approach uses gene expression profiling such as SAGE (Serial Analysis
of Gene Expression), to identify overexpressed genes among tumor cells compared
with benign cells [42]. The identification of such genes does not necessarily imply
that they are immunogenic; Application of algorithms that predict for preferential
binding to a given MHC allele or the use of a library of peptides that overlap the
entire gene sequence may yield putative immunogenic epitopes that can then be
used in efforts to elicit T cell responses. Such epitope or peptides identified in
this manner, may in itself, not be sufficient to confirm that these responses are
relevant until it can be shown that the T cells that are elicited will also recognize
naturally processed peptides by screening against antigen-expressing tumor cells or
transfectants.

Finally, a more resource intensive process of eluting peptides from the surface
of tumor cells, (optionally identifying pools that are T cell-reactive) and then
sequencing individual peptides by tandem mass spectrometric analysis, an enormous
undertaking, is now becoming a more refined and feasible strategy for identi-
fying directly those peptides presented by tumor cells and recognized by T cells
[43–45]. Several tumor-associated antigens and their immunogenic epitopes have
been identified in this manner with the added advantage that the posttranslational
modification, and even peptide splicing and rearrangement observed with some
epitopes that would foil other antigen-identification strategies, would not be an
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obstacle to the direct analysis of MHC-displayed peptide by mass spectrometry.
The identification of T cell targets and, in some cases, the immunogenic epitope,
afforded immunotherapists the opportunity to develop rational approaches to the
generation and expansion of tumor-associated antigen-specific T cells for adoptive
therapy.

STRATEGIES FOR THE IN VITRO GENERATION OF TUMOR
ANTIGEN-SPECIFIC T CELLS

There are two broad approaches to generating tumor antigen-specific T cells for
adoptive therapy. The first, is through the use of methods to cultivate from the
peripheral blood or tumor-infiltrating site those T cells whose endogenous T cell
receptors engage the target of interest. This is usually accomplished through iterative
cycles of in vitro stimulation to further enrich for tumor antigen-specific T cells.
The second, is through the transfer of a T cell receptor or antibody fragment that
recognizes a tumor-derived epitope (in the context of MHC or as a surface protein,
respectively) to lymphocytes to endow a population of T cells with antigen-specific
properties. In recent studies, transfer of antigen-specific receptors has also been
accomplished with other immune effector cells such as NK cells, eosinophils and
even hematopoietic progenitor cells. In the latter case, it is hoped that a nascent
population of potentially highly proliferative memory T cells will eventually develop
in vivo from marrow-engrafted stem cells.

The first approach relies heavily on culture conditions and selection methods
to identify T cells with the appropriate endogenous TCR and is constrained by
the existent repertoire of T cells in any individual. The second approach, once the
desired TCR or antibody fragment has been sequenced and cloned, relies on the
efficiency and fidelity of gene transfer technologies and the appropriate display of
the desired receptor on the cell surface to engage its ligand.

Enrichment of T Cells Expressing Endogenous T Cell Receptor
for Tumor Antigens

The classical approach for eliciting antigen-specific responses in vitro has been
through the use of tumor cell lines that are co-cultivated with autologous T cells.
Due to limitations in generating autologous tumor cell lines of sufficient magnitude
or longevity required for iterative restimulations, tumor-derived immunosuppressive
factors and the generally poor costimulatory property of tumor cells, investigators
have turned to the use of ‘professional’ antigen presenting cells such as dendritic
cells [46, 47], monocytes and activated B cells for use as stimulators in vitro. For
the most part, these APCs upregulate expression of costimulatory molecules and
MHC upon activation or maturation and can be generated reliably, at least short
term, from peripheral blood mononuclear cells. Activated B cells, i.e., those B cells
which have been activated through their CD40 receptor, can be propagated to large
numbers over several weeks to months under the proper conditions [48].
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Dendritic cells, due to its innate capacity in its immature form, collect and/or
phagocytose tumor membrane, apoptotic bodies and necrotic material, and are
well suited to ‘cross-present’ tumor antigens. Lysed tumor cells have been used
as a substrate for DC cross-presentation. However, more effective strategies that
take advantage of specific inherent mechanisms that facilitate antigen uptake
can be employed by exposing tumor cells to UV irradiation, apoptotic inducing
agents (chemotherapy, butyrate), gamma-irradiation and opsonization by antibodies
specific for tumor surface proteins (e.g. MICA [49] and syndecan [50]). These
approaches have been used successfully to generate tumor-reactive CD8+ and CD4+
T cells. Professional APCs (DCs, activated B cells, LCLs) can also be engineered
to express a target antigen of interest, in this way to generate T cells of desired
specificity. Introducing genes encoding the target antigen can be achieved using
a variety of viral vectors. Although retroviral transduction is feasible, genomic
integration is not required, and infection with other viral vectors (adenoviral,
fowlpox, canarypox and vaccinia virus) may be more efficient for immunization or
in vitro stimulation. Non-viral delivery methods include electroporation, cationic
lipid or polymer-mediated transfection, ballistic or hydrodynamic insertion and
RNA transfection. RNA transfection represents one of the more readily available
and potent technologies for engineering Class I and Class II presentation of antigen
in dendritic cells. It has been used successfully to generate antigen-specific T cell
responses against individual novel antigens; transfection of in vitro transcribed RNA
representing the entire tumor cDNA library has also been used to elicit responses
both in vivo and in vitro [51–53].

Generating responses against those antigens for which the immunogenic peptide
epitope and restricting allele have been defined, is a more straightforward process.
APCs pulsed with peptides corresponding to such epitopes have been commonly
used to generate peptide-reactive T cells. However, not all peptide-specific T cells
will engage their targets with sufficient affinity to be able to recognize tumor cells
expressing endogenous antigen whose epitope is displayed at much lower concentra-
tions than exogenously pulsed peptides. The ability to generate high affinity T cells
in vitro is dependent on a number of factors including the T cell repertoire, peptide
concentration, and the modulatory effect of cytokines and accessory signals in the
culture from cells or costimulatory molecules and the peptide sequence itself. Alter-
ations to the wild-type peptide sequence to identify superagonist peptide ligands
have been variably successful in generating enhanced T cell responses against self
antigens [54, 55].

In an effort to standardize optimal conditions for T cell stimulation, inves-
tigators have turned to ‘artificial’ antigen presenting cells (aAPC). Since these
APCs are devoid of potentially allogeneic MHC they may be mass-produced and
commercialized for use obviating the requirement for individually generating APCs
from each patient. Beads coated with anti-CD3 and anti-CD28 and NK cell lines
modified to accommodate antibodies, i.e. through Fc receptors for example, provide
docking sites for anti-CD28 and 4-1BB for example have been used for non-specific
lymphocyte expansion. Antigen specific stimulation using Insect cells (drosophila)
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[56, 57], mouse fibroblast cells [58, 59] and NK cell lines (K562) [60] have been
engineered to express the MHC of interest, and co-stimulatory molecules to enhance
T cell activation e.g. B7.1 (CD80), ICAM-1 (CD54), , 4-1BBL (CD137) and
LFA-3 (CD58) proteins. Since most epitopes are restricted to the A2 allele and its
expression is prevalent among the Caucasian population, HLA-A*0201 MHC is
more often co-expressed, however CD4+ T cell responses can also be elicited using
surfaces coated with recombinant Class II peptide-MHC complexes [61]. Further,
to provide a platform for presenting different antigens and epitopes, the MHC itself
may be designed to easily accommodate peptide substitutions [62] or transfection
strategies may be incorporated into a cell-based aAPC system [63]. Cell-based
systems also provide of means of supplying cytokine such as IL-15, and have the
further advantage of being propagated relatively easily in vitro, although regulatory
constraints may be greater than that of synthetic or bead-based systems.

To date, about a half-dozen clinical trials using T cells generated against specific
tumor-associated antigens have been reported, in all cases, for the treatment of
patients with metastatic melanoma. A survey of these studies reveals that the
method of T cell generation, the source of T cells, whether patients were pre-
conditioned or not (see below) as well as the use of exogenous growth factors can
all impact the in vivo persistence of the transferred T cells, the clinical responses
observed and the severity of adverse events [64]. In one of the first reported
studies using insect cells as APC for in vitro stimulation, adoptively transferred
antigen-specific T cells failed to persist in vivo and only minor responses were
observed, likely due to the absence of any co-administered IL-2 and the relatively
low cell dose (108 cells) that was used [65]. The NCI reported two studies using
antigen-specific T cell clones obtained from previously vaccinated patients failing
peptide vaccine therapy and expanded in vitro with the identical peptide in the
presence of high-dose IL-2 [66, 67]. These T cells failed to persist for any appre-
ciable duration in vivo and no clinical responses were observed even when patients
were pre-conditioned with a lymphodepleting regimen [67]. In these cases, it is
postulated that the shortened period of in vivo T cell persistence (< 48 hr) was due
to the requirement for supraphysiologic does of IL-2 help in vivo and a starting
population of T cells that may have been exhausted by prior in vivo vaccination.
By contrast, clinical studies using antigen-specific T cell clones generated from
the peripheral blood of non-vaccinated patients using autologous dendritic cells,
when administered at doses of up to 3.3 x 109 cells/m2, led to enhanced in vivo
survival, multiple tumor regressions and extended patient survival to more than
2 years in some cases [30]. These results have been confirmed in other studies
using a similar protocol [68, 69]; the duration of in vivo persistence and the
appearance of antigen-loss variants were also consistently observed among these
studies suggesting that a uniform strategy can lead to reproducible results. Among
the most dramatic clinical responses however, were those reported by the NCI
using TIL cells expanded in vitro and infused following patient conditioning with a
nonmyeloablative regimen in which half of all patients experienced partial or near
complete responses [31].
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Transfer of T Cell Receptor or Immunoglobulin Fragment Recognizing
Target Epitope

The antigen specificity of effector cells may be redirected to a target antigen or
epitope by introducing genes encoding the T cell receptor or Ig known to recognize
the desired target. In the case of TCR transfer, antigens (intracellular or surface
in origin) can be targeted so long as they are processed and presented in the
context of its restricting MHC allele on the surface. For Ig receptors, the antigens
must be displayed on the surface. The attractiveness of this strategy arises from
the ability to: 1) rapidly generate large numbers of antigen-specific effectors by
transferring vectors encoding TCR or Ig genes directly into the PBMC population
without the requirement to individually isolate and expand for T cells expressing the
endogenous receptor; 2) target surface antigens in MHC unrestricted fashion using
Ig receptors; 3), select for high affinity receptors (previously isolated or genetically
enhanced); since most tumor-associated antigens identified to date are represented
by self antigens, high affinity endogenous T cell receptors may be difficult to
isolate and introducing mutations to the binding site may enhance affinity over
wild-type receptors; 4), redirect specificity of both helper CD4+ and cytotoxic
CD8+ T cells [70]; 5) redirect specificity of non-T cell effectors, for example,
NK cells, eosinophils, etc thus providing alternative modes of tumor killing; and
6) recruitment of memory or early precursor lymphocytes to directed killing thus
providing a potentially highly proliferative effector pool [71].

TCR transfer

Genes encoding the alpha and beta chains of a T cell receptor can be isolated
from tumor-reactive clones and introduced into lymphocytes using an expression
vector (usually lentiviral or retroviral). For tumor-associated antigens, TCR transfer
leading to productive recognition of the redirected target has been successfully
performed for several melanoma antigens (MART-1, gp100, tyrosinase) [72,73], the
prostate cancer antigen, PSMA [74] , NY-ESO-1 [75], MAGE-3 [76,77], CAMEL
and several more universally expressed targets such as WT-1 [70,78], MDM2 [79].
One drawback has been the pairing of exogenously transferred alpha and beta TCR
chains with endogenous TCR chains leading to non-productive T cell receptors
and dilution of the desired TCR density on the surface. Chimeric TCR genes
generated by fusing the signaling domain of the CD3 zeta chain to the exogenous
TCR has limited pairing with endogenous TCR chains [76]. Other strategies to
exclude endogenous pairing involve the use of mouse constant regions in the TCR
alpha and beta chains and inclusion of unique cysteines to facilitate inter-chain
disulfide bonding [78]. The latter approach has the added advantage of avoiding any
immunogenicity that may arise from mutant or cross-species constructs. TCR-gene
modified T cells have been used in a handful of studies to date [80]. Adoptive
transfer of lymphocytes expressing TCR for the melanoma antigens demonstrated
evidence of in vivo persistence and in some cases significant, measurable responses
in patients with metastatic disease.
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Chimeric antibody receptor transfer

Chimeric antibody or immunoglobulin receptors are comprised of the heavy and
light chain variable regions of an antibody joined to the cytoplasmic signaling
component of the lymphocyte signaling molecule (often CD3zeta). This enables
activation of T cell effector function (lysis, cytokine release, proliferation) when
antigen binds with the chimeric antibody receptor. Theoretically, any antibody that
can be reconstituted in transfected T cells can be used; chimeric antibody receptors
have been used to target CEA [81], Her-2/neu, Folate receptor [80], melanoma
antigens, CD33 [82] and B cell antigens. In the case of B cell malignancies, CD19-
and CD20-directed therapies have been developed by several groups which are
now performing clinical trials. In an effort to augment the survival of T cells in
vivo, the signaling domain of CD28, a costimulatory molecule associated with IL-2
production and induction of anti-apoptotic proteins, has been fused to the chimeric
CD3zeta-antibody construct. Engagement of the target ligand led to IL-2 production
and improved T cell persistence in animal studies [82, 83].

HOST CONDITIONING TO ENHANCE THE EFFECTIVENESS
OF ADOPTIVE CELLULAR THERAPY

The effectiveness of adoptively transferred T cells may be enhanced in an in
vivo environment that has been pre-conditioned by chemotherapy or irradiation.
Tumor-sensitized T cells, when administered to tumor-bearing mice, are capable
of eradicating disseminated cancer and providing long-term protection but only
when recipient mice were pre-treated with cyclophosphamide; cyclophosphamide
alone or T cell therapy alone in these mice failed to protect [13, 14, 84–87].
This was observed for both prophylactic and challenge tumor models (i.e. mice
with ‘large’ tumor burdens) and has repeatedly been observed in a number
of model systems. The immune-enhancing effects were believed to be dose-
dependent and attributed to cyclophosphamide mediated elimination of ‘suppressor’
or ‘regulatory’ T cells [88], a ‘bystander’ effect leading to induction of homeo-
static cytokines that support the growth of transferred T cells [87], or immuno-
logic ‘skewing’ to a more favorable Th1 profile [89], with upregulation of type
I interferon and augmentation in number of memory T cells in vivo [90]. This
suggests that homeostatic regulation contributes to the favorable effects of recipient
conditioning.

The effectiveness of immunotherapy may be enhanced when combined with
conventional cytotoxic agents (cyclophosphamide, doxorubicin, paclitaxel) [89], and
among these, cyclophosphamide (CY) has been the most extensively studied. Since
the original observation almost 40 years ago that cyclophosphamide could augment
immune responses [91], this effect has been evaluated in experimental animals and
clinical studies at doses ranging from 40 to > 6000 mg/m2 [85, 87, 90, 92, 93].
In murine models, some studies report CY immunopotentiation only at high
(175 mg/kg or > 6 g /m2) but not low doses (12.5 mg/kg or 40 mg/m2) claiming
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only a ‘bystander effect, while others demonstrate benefit at low doses (30 mg/kg)
attributable to decreases in Treg numbers and/or function [88, 92]. In adoptive
therapy studies, transferred memory T cells from tumor-sensitized mice are capable
of eradicating disseminated cancer and providing long-term protection but only
when mice were pre-treated with cyclophosphamide (cyclophosphamide alone in
these mice failed to protect) [13, 14, 84–87]; this was observed for both prophy-
lactic and challenge tumor models (i.e. mice with ‘large’ tumor burdens). The
immune-enhancing effects were believed to be dose-dependent and attributed to
cyclophosphamide-mediated elimination of ‘suppressor’ or ‘regulatory’ T cells [88],
a ‘bystander’ effect leading to induction of homeostatic cytokines that support
the growth of transferred T cells [87], or immunologic ‘skewing’ to a more
favorable Th1 profile [89], with upregulation of type I interferon and augmen-
tation in number of memory T cells in vivo [90]. As early as the mid 1980s,
Berd and Mastrangelo first demonstrated in humans cyclophosphamide potenti-
ation of DTH responses to a vaccine in patients with metastatic cancer at doses
of 1000 mg/m2 [94]. They later reported that lower doses (300 mg/m2) were
also adequate, as a result of a reduction in suppressor function based on in
vitro functional studies [95–97]. Other investigators have suggested that lower
does of CY (200-400 mg/m2) can selectively deplete suppressor activity (CD8)
while higher doses may have a ‘bystander’ homeostatic effect [87, 96] although
at the time, regulatory T cell phenotypes had not been defined. Other investi-
gators have suggested the use of low-dose metronomic dosing (50 mg doses)
for vaccine-elicited responses. However, these studies were undertaken to identify
a dose and schedule that would on balance, be sufficient to deplete regulatory
T cells while preserving in vivo response to vaccines. Adoptive therapy involving
the ex vivo manipulation of effector cells would not be not subject to similar
constraints.

It is now believed that a number of mechanisms may be involved in augmenting
or resuscitating the function of tumor-specific T cells, including depletion of
regulatory T cells and homeostatic upregulation of gamma chain-receptor cytokines
such as IL-7 and IL-15 [98–101]. Clinical trials of adoptive therapy have exploited
lymphodepletion as a means of improving T cell survival and function. Most
notably, patients with metastatic melanoma treated with a nonmyeloablative regimen
comprised of fludarabine, cyclophosphamide and low-dose irradiation experienced
prolonged survival and robust engraftment of adoptively transferred TIL (up to
90% of reconstituted T cells) when coadministered with high-dose IL-2. Signif-
icant regressions were observed and about 50% of patients experienced measurable
clinical responses although not all responses were durable and some cases were
accompanied by serious autoimmune and infectious toxicities. A less potent
lymphodepleting regimen comprised of fludarabine alone led to upregulation of IL-7
and IL-15 levels, increase in T cell persistence in vivo, minimal toxicities but a more
modest clinical response. Although these studies are promising, the optimal regimen
for lymphodepletion and patient conditioning (perhaps more selective regulatory
T cell depletion) have yet to be defined in clinical trials.
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CONCLUSION AND FUTURE PROSPECTS

Adoptive cellular therapy of cancer has progressed at a steady pace over the
last decade as more and more benchtop discoveries culminate in clinical trials.
Methods to isolate, modify and expand human tumor-specific T cells have been
successfully developed, and the opportunity to refine and streamline some of these
approaches will foster its evolution into a feasible and more broadly applicable
treatment modality. Combination strategies that incorporate the use of irradiation,
chemotherapy, vaccination and other targeted therapies have been shown to augment
the immune response. Tumor immune escape mechanisms are becoming an increas-
ingly apparent obstacle and reagents designed to reverse immune suppression
(through depletion of regulatory cells [101, 102], counter-inhibitory antibodies
[103, 104], cytokine immunomodulation [100] or downregulation of negative
signaling pathways [105]) may be partnered with adoptive immunotherapy to
mediate more effective and durable responses. As a non-cross-resistant therapy
with the potential for minimal toxicity, high specificity and long-term immunopro-
tection, it is hoped that the advent of these technologies to the clinic will lead to the
development of adoptive therapy as a treatment modality for patients with cancer.
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IMMUNOLOGICAL CHECKPOINTS

The mammalian adaptive immune system is capable of rapid targeted destruction
of a multitude of pathogens. Specificity is endowed by the somatic generation of an
extensive repertoire of T cell receptors (TCRs) and B cell antibodies/receptors, each
exhibiting relatively small segments of highly variable sequence. However, a degree
of cross-reactivity or promiscuity is perhaps a necessary feature of a system that
must respond quickly to such a vast number of environmental antigenic challenges.
Indeed, the clone size of peripheral CD8 T cells appears to be correlated with
TCR promiscuity [1]. This feature broadens response capacity and theoretically
increases the tempo of primary responses, but simultaneously heightens the risk
of autoimmunity. The thymic positive selection model predicts that sub-threshold
recognition of self antigens is an essential requirement for the generation and
survival of both naïve and memory T cells, ultimately generating a system that
is permissive to the persistence of autoreactive T cells of relatively low affinity
following central tolerance induction. Inappropriate activation or targeting of the
immune system would at the very least represent a biologically expensive waste
of resource, but can also result in destruction of host tissues resulting in an array
of autoimmune disorders. Hence it is no surprise that the promotion of protective
immunity against pathogenic organisms or neoplastic cell growth and prevention
of the emergence of autoreactive clonal populations are highly regulated processes.
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This regulation occurs at multiple levels throughout the processes of activation
and termination of immune responses, and involves both mechanisms that are
intrinsic to the activated cell population and mechanisms that are extrinsic to these
cells and mediated via other populations such as regulatory T cells, dendritic cells
(DCs) or macrophages. The molecular basis for the cell intrinsic control of T cell
activation and tolerance resides within groups of activating and inhibitory receptors.
Signalling through these receptors is integrated within a framework of overlapping
or identical downstream signalling pathways. Together these pathways act as a
rheostat for initial T cell activation. The apparent dependency of a productive
immune response on a qualitative second ‘co-stimulatory’ signal mediated via
CD28:B7 signalling provides an initial immunological checkpoint. In addition, co-
stimulation can provide extra signals to promote cell division, augment cell survival,
or induce effector functions such as cytokine secretion or cytotoxicity. Negative
or ‘co-inhibitory’ signals may be more important both for the prevention of the
initiation of inappropriately directed responses and for limiting the size, duration or
premature focusing of immune responses once initiated. As a group the molecules
controlling these signals therefore allow fine-tuning of the response to TCR ligation
by cognate antigen.

Two major groups of co-stimulatory receptors have been described: the
immunoglobulin superfamily, including CD28 and inducible T-cell co-stimulator
(ICOS), and the tumour-necrosis factor receptor (TNFR) superfamily, including
OX40, CD27, 4-1BB, CD30, GITR (glucocorticoid-induced TNFR family related
gene) and HVEM (herpes-virus entry mediator). Members of the immunoglobulin
superfamily share features in both sequence and structure, and the majority bind
members of the B7 ligand family. Negative regulatory elements are likely a prereq-
uisite of a system that is permissive to a degree of promiscuity in TCR recog-
nition. The most well-established inhibitory members of the immunoglobulin ‘co-
stimulatory’ family include cytotoxic T-lymphocyte-associated-antigen 4 (CTLA-4)
and programmed cell death 1 (PD1). B and T lymphocyte attenuator (BTLA) is
the most recently described member of the immunoglobulin superfamily and also
appears to mediate inhibitory effects on T cell activation [2]. The identities of the
receptors for the newer members of the B7 ligand family (B7-H3 and B7x/B7-H4)
remain elusive, but these receptors may also mediate significant inhibitory activity,
perhaps more so in the periphery given the tissue distribution of these more recently
identified ligands.

ENDOGENOUS ANTI-TUMOR RESPONSES – ENHANCING
ANTIGEN PRESENTATION AND IMMUNOGENICITY

Correlative studies in a number of human cancers demonstrating prolonged survival
and/or reduced metastases in patients who have greater levels of tumor infiltrating
T cells provide evidence suggesting the existence of tumor-reactive T cells in vivo
and supporting their role in limiting tumor growth [3–7]. Clearly the presence of
these cells is insufficient to prevent eventual tumor progression in these cases.
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Defects in differentiation and cytotoxic pathways of intra-tumoral CD8+ T cells
have been demonstrated in human melanoma [8]. Numerous immunotherapeutic
strategies aimed at increasing the frequency or activity of these populations have
been postulated or enacted. One group of approaches aims at active immunization
against relevant tumor targets. It is well recognised that tumor-induced defects in
DC differentiation and function, which result in the accumulation of immature DCs
and immature myeloid cells (iMCs) capable of direct suppression of antigen-specific
T cell responses, are an important component of the inability of the immune system
to respond adequately to tumor challenge [9]. Attempts to enhance antigen presen-
tation, including those aimed at enhancing maturation (or, more precisely, immuno-
genicity) of immature precursors, may therefore be essential components of effective
immunotherapies [10]. Prophylactic vaccination has proven an effective strategy
in the combat of infectious pathogens and has also demonstrated considerable
success at preventing tumor engraftment in a number of murine models of cancer
using a variety of vaccination approaches (peptides, peptide- or tumor lysate-pulsed
dendritic cells, GM-CSF secreting autologous or allogeneic tumor vaccines)[11–13].
However, just as vaccination approaches have proven far less effective in estab-
lished infections in humans, such as those with chronic hepatitis or tuberculosis,
recent clinical trials incorporating vaccination using the same approaches in human
cancers have not produced compelling evidence of therapeutic benefit. Whilst T
cell responses directed towards the antigens used for immunization can be detected,
they have proven too weak and transient to eradicate tumors and the gener-
ation of prolonged, objectively quantifiable and clinically meaningful responses in
patients has proven more difficult than initially envisaged [13, 14]. Tumor-reactive
T cells may be expanded quite impressively, but the presence of active peripheral
tolerance mechanisms may restrict responding clones to those of low avidity or
impaired functionality [15,16]. Although part of the difficulty may relate to a tumor
milieu characterised by significant populations of immunosuppressive iMCs within
a background of readily available tumor antigen in tumor-bearing hosts [9], an
additional obstacle to success arises from the fact that the tumors are host-derived
and express mostly the same array of self antigens as the cell types from which
they arise. Many of the molecules identified as potentially therapeutic targets in
human cancers are self or ‘altered self’ antigens, either aberrantly expressed or
over-expressed on malignant cells. Therapeutic interventions aimed at enhancement
of tumor antigen presentation may be insufficient to overcome established immuno-
logical inhibitory checkpoints and might even result in a counter-balancing increase
in inhibitory signaling [17,18]. Indeed, up-regulation of the ligands for the inhibitory
receptors by tumor cells has become recognised as mechanism by which tumors
might evade immunological destruction [19,20]. Overcoming multiple mechanisms
of peripheral tolerance to these tumor-associated targets may therefore prove crucial
for effective recruitment of the immune effectors required for successful immune-
based therapies. Therapeutic manipulation of activation thresholds might recruit
tumor-reactive cells, or enhance their functional capabilities sufficiently to effect
meaningful anti-tumor activity.
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THERAPEUTIC INHIBITION OF T CELL INTRINSIC
CHECKPOINTS: CTLA-4 BLOCKADE

CD28 and CTLA-4 – the Archetypal T Cell Intrinsic Immune Regulators

CD28 is constitutively expressed by most mouse T cells, 90% of human CD4+

T cells and 50% of human CD8+ T cells. Expression of its two structurally-
homologous ligands B7-1(CD80) and B7-2 (CD86) is restricted to lymphoid and
antigen-presenting cells (such as DCs, macrophages and activated B and T cells).
B7-2 is expressed at a low level in non-activated DCs and can be rapidly up-
regulated by a variety of activating stimuli (infection, tissue injury, inflammatory
cytokines, and interaction of DCs with activated T cells). B7-1 is virtually absent
from non-activated DCs, is up-regulated by similar stimuli, but is expressed on
the cell surface later than the peak of B7-2 expression. This compartmentalization
of expression may direct early events in T cell activation to maintain peripheral
tolerance by restricting T cell activation to areas of inflammation or injury.

The interaction between CD28 and B7-1 or B7-2 provides critical co-stimulatory
activity that can rescue T cell clones from TCR-mediated anergy [21–23]. The
importance of the pathway in the induction of immune responses is further
highlighted by studies in which receptor-ligand binding is blocked with monoclonal
antibodies or CTLA-Ig fusion protein. This results in diminution or elimination of
T cell responses to a variety of in vitro and in vivo stimuli [24], although inter-
pretation of the mechanism of inhibition has been complicated by the suggestion
that the ligation of B7-1/B7-2 results in ‘outside-in’ signalling causing indoleamine
2,3-dioxygenase (IDO) induction, tryptophan depletion, production of pro-apoptotic
metabolites, and reduced antigen-presenting function of DCs [25]. In addition,
CD28−/− knockout mice show severe diminution of most T cell responses [26]
and B7-1/B7-2 double knockout mice exhibit a virtual absence of T cell responses
[27]. Isolated CD28 ligation results in transient expression of a restricted number of
the same genes induced by TCR ligation with no discernable dedicated signalling
element, but engagement in concert with TCR ligation strongly amplifies weak
TCR signals and modifies the gene regulation induced by TCR stimulation [28,29].
Thus ligation of CD28 decreases the number of ligated TCRs that are required for a
given biological response [30], resulting in an apparent dependency on a qualitative
second signal when TCR occupancy is low.

CTLA-4 shares the B7-1 and B7-2 ligands with CD28 and acts as a counterbal-
ancing inhibitory receptor. Their inter-dependence, coupled with the tight control
of the temporal and spatial kinetics of their expression, allows fine tuning of the
early events in T cell activation and may confer subtle influences over the shaping
of the immune repertoire. The importance of the co-dependence of its activity on
CD28-mediated signalling is emphasized by gene expression analyses demonstrating
that CTLA-4 engagement selectively blocks augmentation of gene regulation by
CD28-mediated co-stimulation, but does not ablate gene regulation induced by
TCR triggering alone [29]. The function of CTLA-4 as a negative regulator of
CD28-dependent T cell responses is perhaps most strikingly demonstrated by the
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phenotype of CTLA-4 knock-out mice, which succumb to a rapidly lethal polyclonal
CD4-dependent lympho-proliferation within 3–4 weeks of birth [31–33]. CTLA-4
expression is difficult to detect on most resting T cells even though it influences
some of the earliest events in T cell activation [34, 35]. It is mobilised from intra-
cellular vesicles to the immunological synapse rapidly after TCR engagement [36].
Strong TCR agonists induce greater translocation of CTLA-4 suggesting that TCR
signal strength itself may inversely influence subsequent signalling elements. In
contrast to CD28, CTLA-4 has a short cell-surface half-life in activated T cells,
and surface expression is thus tightly linked to gene transcription and/or translation.
In the unphosphorylated state, an intracellular localization motif mediates rapid
binding to AP-2, endocytosis and lysosomal targeting [37].

The structure of co-crystals of CTLA-4 and B7-1 suggests that these molecules
may form extended lattice-like networks, enabled by the distal positioning of CTLA-
4 binding sites from the B7-1 dimer interface [38,39]. Together with its 500–2500
fold higher affinities for both B7 ligands than those of CD28 [40], this provides
one possible physical mechanism of action for CTLA-4 as a negative regulator of
CD28 signalling, i.e. exclusion of CD28 from the immunological synapse and out-
competition for shared ligands [41, 42]. Expression of a mutant CTLA-4 molecule
without a functional intracellular domain partially or completely blocks the massive
lethal proliferation that characterizes CTLA-4−/− mice depending on the surface
expression level [43–45], presumably as a consequence either of competition with
CD28 for B7 ligation or of IDO induction [25]. Such competition may be most
influential when B7 levels are limiting, as direct signalling through the tail appears
to be necessary if B7 levels are high [42]. In addition, an alternatively spliced ligand
independent form of CTLA-4 (liCTLA-4) lacking the B7-1/B7-2 ligand-binding
domain has been reported to be expressed on resting T cells and to inhibit both
T cell proliferation and cytokine production [46]. It has been speculated that this
isoform controls survival and/or homeostasis of naive T cell subsets, althought his
has not been confirmed. Taken together, the results suggest that inhibitory signals
are affected via both ligand-independent and B7 ligation-dependent mechanisms.

Studies of TCR transgenic T cells from CTLA-4-deficient mice indicate that
the inhibitory effect of CTLA-4 is more pronounced during secondary rather than
primary responses in vitro, and indicate a role in both CD4+ and CD8+ T cell
responses [47–49]. Together the data are consistent with a model in which chronic T
cell stimulation results in persistently higher levels of CTLA-4 expression. Adoptive
transfer experiments demonstrate that CTLA-4-deficient T cells show enhanced
responsiveness to antigenic stimulation compared to wild type cells, confirming the
importance of a cell-autonomous mechanism of CTLA-4-mediated inhibition [50].
Thus CTLA-4 blockade offers a potential mechanism by which to try to enhance the
anti-tumor responses of pre-existent chronically stimulated tumor-reactive T cells
by a combination of reducing the threshold for activation of weakly reacting clones
and removal of the attenuation of subsequent T cell proliferation, the effect of
which might be accentuated by prior up-regulation of CTLA-4 in the higher affinity
population. Indeed, blockade might result in the promotion of higher affinity clones
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that would otherwise be more restricted by CTLA-4 signalling. In addition, the
induction of CD8+ T cell tolerance by non-immunogenic DCs requires engagement
of the co-inhibitory molecules CTLA-4 and PD-1 [51]. Blockade could prevent the
induction of tolerance in these cells and may be particularly suited to combination
with vaccination strategies whose efficacy is limited by such inhibitory mechanisms.

Preclinical Models of CTLA-4 Targeted Checkpoint Blockade

Blockade of CTLA-4/B7 interactions with an anti-CTLA-4 monoclonal antibody
is able to induce rejection of several types of established transplantable
tumors in mice when used as a monotherapy. These include colon carcinoma,
fibrosarcoma, prostatic carcinoma, lymphoma and renal carcinoma [52–56]. Anti-
tumor activity appears dependent on inherent tumor immunogenicity and anti-
CTLA-4 monotherapy fails to induce tumor eradication in the less immunogenic
tumors (for example, B16 melanoma, SM1 mammary carcinoma). Irradiated tumor
vaccines that are engineered to produce GM-CSF are highly effective prophylactics
in tumor challenge experiments but poorly effective in treatment models. Combi-
nation with CTLA-4 blockade in treatment models results in synergism of activity,
which can cause tumor rejection even of B16 melanoma [57] or SM1 mammary
carcinoma [58]. In addition, this combination therapy significantly reduces the
incidence of primary prostate tumors in transgenic (TRAMP) mice [59]. Analogous
synergism is observed with DNA vaccines in prophylaxis models [60]. Tumor
rejection following combination therapy in the B16 melanoma model is accom-
panied by depigmentation, reminiscent of the vitiligo seen in patients with melanoma
who respond to immunotherapy, and suggesting that the immune targets for these
responses may be normally expressed differentiation antigens. Depigmentation
is uncommon following vaccination alone, suggesting that CTLA-4 blockade is
important in breaking peripheral tolerance in this system, but importantly is also
not seen with anti-CTLA-4 monotherapy. Vaccination of wild type mice with a
GM-CSF secreting prostate carcinoma cell line together with anti-CTLA-4 similarly
results in marked prostatitis accompanied by destruction of epithelium, suggesting
that the immune response in the TRAMP model is directed, at least in part, against
normal prostate antigens.

Combination of CTLA-4 blockade with a number of other therapeutic modal-
ities has confirmed the enhanced efficacy of combinatorial immunotherapeutics.
Multiple mechanisms may account for this effect including reduced tumor burden,
increased availability of tumor antigen, upregulation of co-stimulatory molecules,
or effects on regulatory T cell or APC function. Radiotherapy and chemotherapy are
both important components of modern anti-tumor therapies, and both may synergise
with CTLA-4 blockade. Survival in the poorly immunogenic metastatic mouse
mammary carcinoma 4T1 model is not improved by either CTLA-4 blockade or
radiotherapy when used as monotherapies [61], but mice treated with combined
modality therapy demonstrate a statistically significant survival advantage, corre-
lating with an inhibition of the formation of metastatic lesions within the lung.
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Anti-CTLA-4 is also ineffective in retarding tumor growth in the murine MOPC-
315 tumor system, but demonstrates significant therapeutic benefits when combined
with a subtherapeutic dose of the chemotherapeutic agent melphalan [62]. Combi-
nation of anti-CTLA-4 with both peptide vaccination and CpG, which activates
innate immunity via Toll like receptor (TLR)-9 signalling, enhances anti-tumor
immunity in the B16 melanoma model [63]. Synergism of therapeutic activity
between CTLA-4 blockade and an agonistic anti-GITR antibody occurs in the
murine Meth A fibrosarcoma model, enabling rejection of larger tumors treated at
later time points following engraftment than with either agent alone [64]. Finally,
depletion of CD4+CD25+ regulatory T cells improves the therapeutic efficacy of a
GM-CSF secreting cellular vaccine plus anti-CTLA-4 in the B16 melanoma model.
Depletion prior to combination therapy results in induction of increased numbers of
TRP-2180−188-specific T cells (correlating with efficacy) and an enhanced ability to
reject larger tumor burdens [65]. These data highlight the relevance of regulatory
T cell populations as non cell-autonomous inhibitory checkpoints of immune
responses in anti-tumor immunotherapeutics.

REGULATORY T CELLS AS A BARRIER TO SUCCESSFUL
IMMUNOTHERAPY

Not all tumor-infiltrating lymphocytes are associated with a favorable prognostic
impact on tumor outcomes. In particular, the functionality of tumor-specific
CD4+ populations can either help or hinder anti-tumor responses according to
the precise cell type [66–70]. This phenomenon is at least partially explained
by regulatory CD4+ T cell subsets. A number of CD4+ T cell subtypes with
regulatory or suppressive activity are now recognized. They fall broadly into one
of two categories: those which are produced by the thymus, express CD4, CD25,
GITR and CTLA-4, and appear crucially dependent on the expression of the X-
linked forkhead/winged helix transcription factor, Foxp3, for their development
(so-called ‘naturally occurring’ regulatory T (TR) cells); and those which arise
from naïve CD4+ T cells as a result of ‘tolerogenic’ encounters in the periphery.
The latter ‘inducible’ or ‘adaptive’ regulatory T cells include interleukin (IL)-10-
producing, Foxp3-negative Tr1 cells [71,72], transforming growth factor-� (TGF�)-
producing Th3 cells [73], and extra-thymically generated CD4+CD25+Foxp3+

T cells [74–78]. In addition, CD4+CD25−Foxp3+T cells with regulatory capabil-
ities have been recognized [79]. To add further to this complexity, CD8+ T cells
with suppressor activity have also been described [80–83]. The dominant inhibitory
potential of regulatory T cell populations in murine models of malignancy is
well established [84], and more recently their potential role in human malig-
nancies has been demonstrated [69]. However, the level of tumor infiltration by
regulatory T cells alone may not be the best predictor of outcome. Hodgkin’s
lymphoma tumors contain significant populations of both IL-10-secreting Tr1 and
CD4+CD25+ regulatory T cells which induce a profoundly immunosuppressive
environment [85]. However, the level of infiltration by Foxp3+ cells may not be
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as good as predictor of outcome as combined assessment of both cells expressing
Foxp3 and cells expressing TIA-1 (cytotoxic granule-associated RNA binding
protein)[86] highlighting the potential importance of assessing the relative preva-
lence of multiple infiltrating populations. Indeed, identification of specific immuno-
logical signatures (based on flow cytometry, PCR or microarray analyses [87]
that predict outcomes, or guide the institution or monitoring of therapies would
be useful adjuncts to modern clinical practice. For example, it is plausible that
tumors that contain few TIL, including TR, will respond well to treatments that
aim to enhance cytotoxic T cell numbers, function or migration, whilst those
that contain significant numbers of TR would benefit from therapies aimed at
reducing TR number or function. In addition, TR represent another regulatory
mechanism that may be enhanced in response to, and hence limit the efficacy of,
current immunotherapeutic interventions. For example, IL-2 has entered clinical
trials for a number of human cancers such as melanoma, renal cell carcinoma,
rhabdomyosarcoma and ovarian cancer. Its initial use was based on the idea that
it may directly enhance effector function of both innate and adaptive immune
systems. However, IL-2 is recognised as crucial for the homeostasis and function
of CD4+CD25+ regulatory T cells in vivo [88–90], and administration to patients
with cancer results in increases in the numbers of peripheral TR cells and stimu-
lation of expression of CXC-chemokine receptor 4 (CXCR4) and CCR4 on TR

cells promoting their migration towards CXCL12 and CCL2 within the tumor
microenvironment [91–93]. In addition, since the targets of many cancer vaccination
strategies are self antigens, it is perhaps no surprise that ‘therapeutic’ cancer vaccines
can induce amplification of tumor-specific regulatory T cells [94]. The ‘immuno-
genicity’ or ‘tolerogenicity’ of DCs also becomes an increasingly important consid-
eration in vaccination programs since even conventionally ‘mature’ DCs can activate
and expand autoantigen-specific TR cells [95]. Overall, current evidence therefore
suggests that regulatory T cells are potentially useful targets for immunotherapeutic
interventions.

The mechanism(s) by which regulatory T cells induce suppression, however,
remain controversial. CD4+CD25+Foxp3+T cells suppress by contact-dependent
mechanisms in vitro independently of TGF-� or IL-10 secretion [96–98], whereas
suppression in vivo is cytokine-dependent. In addition, the mechanism(s) of action
in vivo appear to be model dependent as certain forms of autoimmunity such as
colitis can be suppressed by CD4+CD25+T cells in an IL-10 dependent manner
[99,100], whereas others such as gastritis can be suppressed independently of IL-10
[100]. TGF-� has been implicated in the mechanism of TR mediated suppression
in some studies of autoimmune colitis [101–103] but not others [97]. A possible
role for CTLA-4 in mediating suppression by CD4+CD25−Foxp3+T cells has also
been proposed. Again, this function has been implied by some but not all studies,
including both in vitro and in vivo model systems of CTLA-4 blockade [104,105].
One tentative mechanism for this effect has been provided by the data suggesting
that CTLA-4 can induce backward or “outside-in” signalling following ligation of
B7-1/B7-2 on DCs, resulting in IDO generation [25]. Definitive experimental proof
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of the significance of CTLA-4 blockade in abrogating TR function is currently
lacking, in large part because of the confounding effects that CTLA-4 blockade
has directly on effector T cells within the same systems. For example, normal
mice treated with high doses of anti-CTLA-4 or a mixture of anti-CTLA-4 and
anti-CD25 develop autoimmune gastritis, and the administration of anti-CTLA-
4 reverses the TR-mediated inhibition of CD25− T cell induced colitis in vivo
[104]. However, exclusion of the possibility of a T cell intrinsic cell-autonomous
mechanism of action of anti-CTLA-4 in these studies by a direct blockade of
inhibitory signalling via CTLA-4 on effector populations is difficult. The demon-
stration that bone marrow chimeras generated from CTLA-4−/− and wild type
CTLA-4+/+ donors are protected from the lethal lymphoproliferative disorder that
characterises the CTLA-4−/− mice [106] has also been used to suggest an important
non cell-autonomous role for CTLA-4 in negative regulation of T cell responses.
Wild type CTLA-4 expressing regulatory T cells are clearly intellectually viable
candidate populations to mediate these effects. CTLA-4 could either be required
for the normal development or maintenance of a regulatory population, or could
be essential to the normal inhibitory function of these cells. However, CTLA-4
expression does not appear to be critical for the development of CD4+CD25+ T
cells within the thymus of CTLA-4−/− mice [107], and CD4+CD25+CD62L+ T
cells from CTLA-4-deficient mice bearing a CTLA-4Ig transgene express levels of
Foxp3 that are similarly high to those of wild type TR by Western blot analysis,
suggesting that they represent the same lineage [108]. Both of these CTLA-4−/−

TR populations exhibit regulatory function in suppressor assays that is equivalent
to that of wild type TR cells, although the mechanism of suppression may differ
as they suppress in a partially TGF-�-dependent fashion in these assays, unlike
their wild type counterparts [108]. In addition, anti-CTLA-4 does not successfully
reverse in vitro suppression in all studies, which suggest that CTLA-4 blockade has
only a moderate or no effect on the suppressive function of CD4+CD25+ regulatory
T cells [109–112]. Thus current data suggest that the role of CTLA-4 in both the
development and function of CD4+CD25+ TR is, at least, partially redundant.

An interesting extension of the work suggesting that B7 molecules might be able
to transduce inhibitory signals back into the cells on which they are expressed is
provided by studies of B7 deficient T cells. B7-2 is constitutively expressed on
some resting T cells, and both B7-1 and B7-2 can be up-regulated on activated
T cells. CD4+CD25− effector T cells from B7-1/B7-2−/− mice are resistant to
suppression by CD4+CD25+ TR compared to wild type CD4+CD25− effector T
cells in vitro, and these cells provoke a lethal wasting disease in lymphopenic mice
despite the presence of regulatory T cells [113]. Restoration of the susceptibility of
B7-1/B7-2-deficient cells to suppression is achievable by lentiviral-based expression
of full-length B7-1 or B7-2, but not of truncated molecules lacking the transmem-
brane/cytoplasmic domain, despite restoration of CD28-dependent co-stimulatory
activity by these truncation mutants. In addition, T cells that constitutively over-
express B7-2 exhibit reduced alloreactivity and graft-versus-host disease mortality
in murine transplantation models [114]. Conversely, T cells from B7-1/B7-2−/−
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mice effect accelerated alloresponses and increased graft-versus-host disease-related
mortality. The down-regulation of responsiveness mediated via B7-1/B7-2 appears
to be dependent on interaction with T cell-associated CTLA-4. Collectively these
data suggest that bi-directional signalling may also be important in T-cell regulation
by B7-1/B7-2 -CTLA-4 interactions.

Upregulation of particular molecules on regulatory T cell populations does not
necessarily imply a role in suppressive function. An alternative explanation for
the high levels of CTLA-4 is that its role in CD4+CD25+ TR is the same as
its proposed role in effector T cells i.e. it works in a cell-autonomous fashion
to restrict proliferation of a population of T cells with higher affinities for self
than those of non-regulatory populations, and that the higher levels of CTLA-4
are a manifestation of chronic stimulation by self antigen in vivo. A parallel may
be drawn with CD25 expression. The IL-2 receptor consists of a heterotrimeric
complex consisting of CD25 (� chain), CD122 (� chain) and CD132 (� chain). This
complex has a 100-fold higher affinity for IL-2 than the dimeric form (CD122 and
CD132). Expression of high levels of this heterotrimeric receptor complex on TR

cells led to the suggestion that competition between TR and effector/helper T cells
for IL-2 might be a further mechanism of suppression [115]. The demonstration
that CD4+CD25+ TR can suppress autoimmunity in IL-2 receptor deficient mice
excludes the possibility that competition for IL-2 is an essential mechanism of
suppression in vivo [116].

TARGETING REGULATORY T CELLS

Monoclonal antibodies that result in depletion of regulatory T cell populations (e.g.
anti-CD25 PC61 clone) have demonstrated the therapeutic potential of targeting
regulatory T cells in murine models of cancer. In vivo administration suppresses
growth of a number of murine tumors [84, 117], and combinatorial therapies show
possible additive or synergistic activity [65,118–120]. Importantly, it was recognised
early in these studies that TR depletion was effective as a prophylactic or if given
within 1 day of tumor inoculation, but failed to affect such anti-tumor responses
if given at later time points [117]. Since CD25 is also upregulated on activated
CD4+and CD8+ T cells, it is possible that the failure of delayed therapy relates to
concomitant depletion of both regulatory and effector populations. This clearly has
implications for attempts to clinically harness this approach in humans. Denileukin
diftitox (ONTAK) is a fusion protein designed to direct the cytocidal action of
diphtheria toxin to cells that overexpress the IL-2 receptor. Ex vivo studies indicate
that it interacts with the high- and intermediate-affinity IL-2 receptor on the cell
surface and undergoes internalization. Subsequent cleavage in the endosome releases
the diphtheria toxin into the cytosol, which then inhibits cellular protein synthesis,
resulting in rapid cell death. It is characterized by a relatively short half life (60
minutes) compared with monoclonal antibodies. Preliminary studies in ovarian and
renal cell carcinoma demonstrate an early reduction in circulating TR cells following
denileukin diftitox therapy with preservation of the CD4+CD25int memory T cell
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pool [121], but possible depletion of CD25+ effector cells with prolonged/repeated
administration [122]. Administration prior to tumor RNA-transfected DC vaccines
enhanced tumor immunity as measured by subsequent in vitro analyses of cytokine
production in recall responses to the DC vaccine [121].

Depletion of TR from adoptively transferred lymphocyte populations provides an
alternative therapeutic avenue by which to enhance anti-tumor activity. In a murine
model of B16 melanoma therapy CD4+CD25− T cells helped to break tolerance to a
persisting self-antigen, induce depigmentation and treat established tumors through
an IL-2-dependent mechanism, but this activity required simultaneous absence of
naturally occurring CD4+CD25+ T cells to be effective [123]. These findings have
obvious relevance for clinical studies utilising the adoptive transfer of expanded
populations of tumor infiltrating lymphocytes following lymphodepleting chemora-
diotherapy in humans [124].

The mechanism of action of other monoclonal antibodies that target molecules
considered as activation markers, which are present on both regulatory and effector
populations, is less clear. As previously stated, much of the difficulty arises from the
confounding influences of effects on both populations. Examples include blocking
antibodies to CTLA-4, and the agonistic antibodies to the TNFR family members
GITR and OX40. All are recognised to enhance effector function, and all have
anti-tumor activity in murine models of malignancy [64,125–127]. More recent data
suggest that signalling via GITR or OX40 on regulatory T cells may block their
inhibitory activity [128, 129]. However, in a situation somewhat akin to that with
CTLA-4 blockade, others have questioned the interpretation of some of the data
from these studies. In particular, GITR−/− CD4+CD25+ T cells suppress to the same
extent as wild type CD4+CD25+ T cells in suppressor assays [130]. In addition,
experiments using GITR−/− CD4+CD25− T cells suggest that GITR-L provides
an important signal for CD25− T cells, rendering them resistant to CD4+CD25+-
mediated regulation at the initiation of the immune response, and that engagement
of GITR on CD4+CD25+ T cells plays no role in abrogation of the suppressive
activity of CD4+CD25+ T cells in vitro [130]. Whilst debates about mechanism
do not detract from the possible therapeutic efficacy of these approaches, a mecha-
nistic understanding has relevance for the informed development of combinatorial
approaches, and this becomes increasingly important in the midst of a proliferation
of possible immunotherapeutic manipulations.

TOWARDS AN UNDERSTANDING OF THE MECHANISM
OF COMBINATORIAL IMMUNOTHERAPIES: CTLA-4 BLOCKADE
AND GM-CSF SECRETING CELLULAR VACCINES

GM-CSF secreting cellular vaccines have shown promise as anti-cancer
immunotherapeutics in murine models and early clinical studies, inducing infil-
trates of DCs, macrophages, eosinophils and lymphocytes at vaccination sites, and
enhancing tumor infiltration by CD4+ and CD8+ lymphocytes [131]. In poorly
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immunogenic murine tumors such as B16BL6 melanoma vaccination alone is insuf-
ficient to cure pre-established tumors, whilst combination with CTLA-4 blockade
results in tumor elimination [57]. Chronic anti-CTLA-4 therapy in vivo induces
the accumulation of intra-nodal TR, suggesting a direct cell-autonomous effect
of blockade of CTLA-4-mediated inhibitory signalling on the TR [112]. Growth
of B16 tumor also induces the accumulation of TR in the lymph nodes, which
is further enhanced by anti-CTLA-4 monotherapy [112]. However, anti-CTLA-4
monotherapy does not result in increased intra-tumoral T cell infiltration. GM-
CSF-expressing B16 cellular vaccine enhances tumor infiltration by CD8+ T cells,
but intra-tumoral proliferation is still presumably under the restraints imposed by
CTLA-4 mediated signalling and tumor growth is not prevented. Combination with
CTLA-4 blockade results in maximal effects on non-regulatory T cell numbers
by allowing unrestrained proliferation driven by tumor antigens, resulting in the
inversion of the ratio of effectors to regulators [112]. These data suggest that the
priming induced by the cellular vaccine results in a massive increase in the effector
compartment within the tumor and once the inhibitory cellular restraints imposed by
CTLA-4 signalling are removed the inhibitory activities of the TR are overwhelmed,
resulting in tumor rejection. In the absence of the cellular vaccine, insufficient
effector T cells infiltrate the tumor and the outcome of CTLA-4 blockade still
favors TR over the effector populations resulting in continued tumor growth. Hence,
the overall outcome will depend on the priming history of the T cell populations
and the local antigenic milieu. We believe that these results favor a T cell intrinsic
cell-autonomous mode of action of anti-CTLA-4 on both the effector and regulatory
compartments, although it remains difficult to completely exclude an additional non
cell-autonomous effect mediated via inhibition of TR function. If additional effects
on TR are absent or relatively modest then these cells may be good targets for
further combinatorial therapies. The synergistic effect of TR depletion and CTLA-4
blockade have already been demonstrated in murine models [65].

CLINICAL TRIALS OF CTLA-4 BLOCKADE

Early clinical trials incorporating human anti-CTLA-4 antibodies (MDX-010 or
CP-675,206) developed using transgenic mouse technologies have predominantly
focused on patients with metastatic melanoma or renal carcinoma, although smaller
studies have also included patients with prostatic, ovarian, breast or colonic carci-
nomas [132–137]. A number of preliminary observations can be made from these
phase 1 and early phase 2 protocols. When used as a monotherapy anti-CTLA-4
is capable of inducing objective tumor response rates of 7-15% in heavily pre-
treated patients with melanoma or renal carcinoma and responses have involved
multiple visceral sites including the lung and brain [138]. Evidence of immuno-
logical activity can be demonstrated in a larger number of patients who do not reach
conventional objective response criteria. This includes the generation of immune
cell infiltrates into the tumors and tumor necrosis [133]. Softer indices of benefit
including disease stabilization and symptomatic improvements have also been noted
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in many studies [136]. Although not all responses have been maintained they have
proven apparently durable in some cases, and most studies document ongoing
responses at 18-35+ months. The dosing and scheduling of anti-CTLA-4 has varied
between studies and the optimal approach remains unclear. Resolution of this issue
would be considerably aided by the existence of a suitable biomarker for its activity
other than response rate.

Data from preclinical models, in which monotherapy has proven insufficient
in the more poorly immunogenic tumors and combinatorial therapies have shown
synergistic activity, have pre-empted and informed the development of clinical trials
combining CTLA-4 blockade with other therapeutic modalities. The majority of
published studies to date have focused on co-administration of anti-CTLA-4 and
melanoma peptides [132,134,135]. Both the rates and durations of responses appear
similar to those in studies of anti-CTLA-4 monotherapy [134], as does the incidence,
severity and pattern of adverse events. Interestingly, CTLA-4 blockade has not
resulted in measurable increases in anti-peptide responses in peripheral blood over
those demonstrated with peptide vaccine alone [134, 135]. One possible interpre-
tation of this data is that anti-tumor responses with this combinatorial approach
might be attributable to anti-CTLA-4 alone. However, these results could also
reflect the sampling site (i.e. peripheral blood sampling may not reflect intra-tumoral
populations) or, alternatively, vaccination with peptide vaccines may indirectly
result in the activation of tumor specific T cells with specificity different from
the tumor antigen immunogen [139]. A phase III trial will compare response
rates among groups treated with vaccine alone, MDX-010 alone, and MDX-010
together with vaccine. Combination of CTLA-4 blockade with high dose bolus
IL-2 is also being studied [140]. The latter is an approved treatment for metastatic
melanoma and results in response rates of ∼15% of which a high percentage
can be durable [141, 142]. Preliminary results suggest that the combination may
give additive therapeutic benefits [140]. Preliminary results from studies combining
GM-CSF expressing cellular vaccines and CTLA-4 blockade have given similarly
encouraging data in support of synergistic activity [131, 143].

ADVERSE IMMUNE MANIFESTATIONS OF CTLA-4 BLOCKADE
IN PRE-CLINICAL MODELS AND CLINICAL TRIALS

Since immunological checkpoints have a vital physiological role in limiting the
potential for damage inherent in harbouring an auto-reactive T cell repertoire,
checkpoint blockade might theoretically result in uncontrolled auto-reactivity and
significant toxicity. Anti-CTLA-4 can exacerbate autoimmunity in a variety of
experimental models [144], although this has generally occurred when mice were
vaccinated with self antigens in combination with CTLA-4 blockade (145, 146,
147, 148). Pre-clinical studies also illustrate the possibility of induction of autoim-
munity. However, toxicities were essentially limited to predicted ‘target’ tissues
sharing the same antigenic determinants as the cellular vaccines (depigmentation
in the melanoma model [57], prostatitis in the prostate cancer model [59]. More
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serious systemic toxicities were not documented, perhaps in part due to the shorter
duration of therapy, and shorter half life of the original hamster anti-mouse antibody
(clone 9H10) used in these studies as compared to that of the fully human antibody
used for subsequent clinical studies. Non-human primates treated with CTLA-4
blockade and a human melanoma whole cell vaccine showed enhanced devel-
opment of antibodies to some self antigens, in particular to those present in lysates
prepared from their melanocyte rich iris tissue [149]. Continued administration of
anti-CTLA-4 in high doses for up to six months, however, did not result in any
clinically or pathologically detectable end organ damage, even in those animals
with detectable humoral anti-self responses.

In contrast to the limited autoreactive toxicities seen in preclinical models adverse
immune events (AIE) have been a prominent feature of the early clinical studies
with anti-CTLA-4. The commonest side effect in the initial study of MDX-010
was development of an asymptomatic, grade 1 reticular and erythematous rash on
the trunk and extremities, particularly in the patients with melanoma [133]. Histo-
logical examination revealed perivascular lymphoid aggregates of both CD4+ and
CD8+ T cells juxtaposed with dying melanocytes suggesting a loss of tolerance
to melanocyte differentiation antigens. The generation of low titers of autoanti-
bodies in a number of patients demonstrated that the therapy may at least partially
compromise systemic tolerance, but no evidence for autoimmune disease was noted.
Subsequent studies have confirmed that the most common AIE involve the skin and
the gastrointestinal tract and that these adverse events are also due to inflammatory
T cell infiltrates. Grade 3 and 4 adverse immune events, especially colitis, have been
observed, with occasional cases of colonic perforation [137,150]. Immune mediated
hypophysitis, uveitis, and hepatitis have also been documented [132,136,151,152].
Management of these adverse events includes cessation of drug and treatment with
high dose steroids. The majority resolve with systemic immune suppression without
long term sequelae, and anti-tumor responses do not appear to be compromised.
Adverse events may also resolve without intervention [136] in keeping with the
lack of progression of vitiligo in the murine melanoma model following cessation
of therapy and antibody clearance, and suggesting a reversible effect on T cell
function. In addition, the demonstration that CD4+CD25+ T cells isolated from mice
following chronic CTLA-4 blockade in vivo are capable of suppressing normally
in ex vivo assays mitigates against irreversible suppression of their function if they
are involved in any way in the activity of CTLA-4 blockade [112].

Much has been written concerning the correlation of serious AIE (Grade 3 or 4)
with anti-tumor responses [134] or freedom from relapse [135]. It has been suggested
that this indicates either that TCR specificities are directed at antigens shared by
tumor and normal cellular counterparts (as may be the case for melanoma differenti-
ation antigens), or that the coincident development of separate populations mediating
anti-tumor and anti-host activities is closely linked. It is, however, possible that
non self-specific activation and subsequent infiltration of T cells propagates at least
some of these AIE. The antigen specificity of T cell infiltrates in tissue where AIE
are observed, as well as that of tumor-infiltrating T cells remains to be analyzed.
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However, resolving the issue of whether such adverse events are an inherent part of
effective checkpoint blockade, or whether they can be dissociated by manipulation
of dose scheduling, or by targeting immunological rather than clinical endpoints
as a primary objective is currently a vital imperative. Combinatorial approaches
involving strategies that will enhance presentation of tumor-selective antigens to
the immune system over-and-above those of normal tissues might help to improve
the therapeutic index.

OTHER POTENTIAL CO-INHIBITORY TARGETS
FOR CHECKPOINT BLOCKADE

Other members of the immunoglobulin superfamily that act as inhibitory check-
points are also potential targets for therapeutic blockade. These include PD-1 and
its ligands PD-L1 (B7-H1) and PD-L2 (B7-DC), and more speculatively B7-H3,
B7x/B7-H4 and BTLA. PD-1 is more broadly expressed than CD28/CTLA-4.
It is expressed on activated CD4+ and CD8+ T cells, B cells and monocytes,
and at low levels on NK-T cells. PD-L1 is expressed on resting and up-
regulated on activated B, T, myeloid and dendritic cells, and on CD4+CD25+

TR cells. It is also expressed on non-haematopoietic cells including microvas-
cular endothelial cells and in non-lymphoid organs including heart, lung, pancreas,
muscle and placenta. This distribution suggests that interactions of ligands
and receptors may be important in regulating effector T cell responses in
the peripheral tissues by antigen presenting cells such as DCs, macrophages
and also endothelial cells. PD-L2 is induced by cytokines on macrophages
and DCs.

PD-L1 is expressed on many human malignancies [19,20,153,154]. Its expression
is associated with poor prognosis in renal and esophageal cancer [19, 155]. By
contrast, PD-L2 is the best genomic discriminator between primary mediastinal B
cell lymphoma and other less favourable diffuse large B cell lymphomas [156].
Transfection of murine tumors with PD-L1 renders them less susceptible to
lysis by cytotoxic T cells in vitro, and markedly enhances tumor growth and
invasiveness in vivo [157]. Both effects are reversed by blockade with anti-PD-
L1 antibody [157, 158]. Murine myeloma cell lines naturally express PD-L1, and
their growth in vivo is also inhibited significantly by the administration of anti-PD-
L1 antibody. Their growth is suppressed completely in syngeneic PD-1-deficient
mice [157]. In addition, PD-1−/−CD8+ TCR transgenic T cells cause tumor rejection
in an adoptive transfer model in which wild type and CTLA-4−/− T cells fail to
mediate rejection [20]. Activation of human T cells isolated from the ascites of
patients with ovarian cancer, either in the presence or absence of PD-L1 blockade,
followed by adoptive transfer into tumor-bearing NOD-SCID mice, also demon-
strated enhanced anti-tumor activity of the cells that had been conditioned in the
presence of anti-PD-L1 [159]. Overall, these results are consistent with a model
in which CTLA-4 is more vital for regulation of CD4+ T cell responses, partic-
ularly early at the APC interface, whereas PD-1 has a relatively minor role at



378 PEGGS ET AL.

this stage (when CD28 co-stimulation can overcome its inhibitory effects [160]
but a more critical role in suppressing the execution of T cell effector function
against cells that do not express CD80/86. Intriguingly, PD-L2 expression on J558
plasmacytoma cells actually enhances CD8-mediated immunity, tumor rejection
and establishment of immunological memory to subsequent re-challenge [161].
The effect is evident for PD-1−/−as well as wild type T cells, suggesting that
it may be mediated by interaction with a receptor other than PD-1. A limited
number of studies have examined the ability of anti-PD-1 antibodies to promote
anti-tumor responses directly. Two metastatic models have been shown to be
sensitive to PD-1 blockade [162]. Growth of the colonic carcinoma cell line
CT26 was inhibited by 50% after treatment with anti-PD-1 antibody, and B16
melanoma metastasis to the liver after intrasplenic injection of tumor cells was also
inhibited.

B7-H3 (B7-RP2) and B7x (B7-H4, B7-S1) are the most recently described
B7 family members. Both currently remain orphan ligands and both appear to
mediate inhibitory effects on immune responses [163–166]. They display greater
similarity to each other than other family members and appear to bind to a
receptor(s) expressed on activated but not naïve T cells, but the identity of
the receptor(s) remains unclear. Expression of mRNA for either ligand is seen
in both lymphoid and non-lymphoid tissues. The broad tissue distribution and
inducible nature of both ligands has led to the suggestion that they down-regulate
immune responses in the periphery and play a role in regulating T cell tolerance.
B7x is expressed on several human tumors (e.g. ovarian and lung carcinoma)
at higher levels than in the normal tissue counterparts [167–169] suggesting a
possible role in immune evasion as suggested for PD-L1. The expression levels
on antigen presenting cells are currently controversial. It has been suggested
that human regulatory T cells may induce IL-10 production by APCs and an
autocrine up-regulation of B7x, which is then inhibitory to subsequent T cell
activation [170, 171]. If expression on either tumor cells or APCs mediates signif-
icant inhibition of tumor-reactive T cells, blockade may prove to be therapeutically
beneficial.

Finally, BTLA is the most recently described member of the costimulatory
immunoglobulin superfamily. It is expressed on activated T and B cells, shows
high expression by resting B cells, is induced on anergic CD4+ T cells and has
lower expression on macrophages, DCs and NK cells [2, 172, 173]. Its ligand has
recently been identified as HVEM [174]. HVEM is constitutively expressed by
naïve T cells, is down-regulated after activation, and then re-expressed as the T
cell returns towards a resting (memory) state. BTLA exerts inhibitory effects on
both B and T cells [2]. Both cell types show moderately enhanced responsiveness
in BTLA−/− mice and blockade leads to inhibition of transplantation tolerance.
Thus, the negative regulation induced by BTLA ligation on B cells and T cells
can potently regulate the strength of the immune response and alter the balance
governing immune tolerance. The consequences of immunological blockade in
tumor models await further study.
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CONCLUSIONS: ACCENTUATE THE POSITIVE, ELIMINATE
THE NEGATIVE

The potential for therapeutic immunological checkpoint blockade has been amply
demonstrated in pre-clinical murine models of a variety of cancers and in
combination with a variety of other therapeutic interventions. Early clinical
studies demonstrate an ability to elicit responses in a proportion of heavily
pre-treated patients with advanced stage disease. The association of clinical
responses with immune related adverse events is perhaps not surprising given
the mode of action of these therapies. Whether such adverse events are an
inherent part of effective checkpoint blockade, or whether they can be disso-
ciated remains an area for future study. These reactions have been organ-
specific and no clinical evidence of generalized systemic autoimmunity has been
documented to date. The majority resolve with systemic immune suppression
without long term sequelae, and anti-tumor responses do not appear to be
compromised. Whilst CTLA-4 blockade remains the archetypal example of
these approaches, other immunological checkpoints offer further targets for
intervention.

Given the multitude of inhibitory checkpoints involved in the regulation of
immune responses that can potentially impact negatively on interventions aimed
at enhancing antigen presentation and augmenting T cell effector functions it
is possible that the most effective immunotherapies will involve combinatorial
approaches targeting multiple elements of the immune pathway. We are perhaps
moving towards an era characterised by attempts to not only accentuate the
positive but also simultaneously to eliminate the negative. Therapies aimed at
enhancing tumor antigen presentation (dendritic cell vaccines, GM-CSF secreting
cellular vaccines, CpG oligonucleotides, imiquimod), inhibiting cell-autonomous
and non cell-autonomous negative immune regulation (e.g. CTLA-4 and PD-1/PD-
L1 blockade, depletion or inhibition of TR), and amplifying T cell effector functions
(e.g. agonistic anti-GITR, anti-OX40, anti-4-1BB antibodies) have been shown to
enhance immune responses directed towards tumors and should yield synergistic
anti-cancer effects. Proof of principle for the idea of combinatorial therapeutics is
available from murine models (e.g. CTLA-4 blockade with GM-CSF expressing
cellular vaccines, anti-CD25 mediated regulatory T cell depletion, or agonistic
anti-GITR antibody [57, 59, 64, 65], or cellular vaccines co-transfected with GM-
CSF and OX-40L [175] and is currently being explored in the next phase of
clinical studies [143]. Combined or sequential manipulation of multiple members
of the co-stimulatory family may ultimately prove more effective in generation
of sustained responses and immunological memory. It is hoped that combinatorial
therapies may also offer the best balance of benefits and toxicities by directing
the immune responses unleashed by blockade of inhibitory pathways towards
relevant tumor targets. It is anticipated that the results from pre-clinical studies of
combinatorial approaches will continue to inform the rational evolution of clinical
strategies.
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INTRODUCTION

Our understanding of the T cell immune response directed against tumors
has advanced significantly over the past several years. As a result, a host of
immune-based strategies for treating and preventing cancer are being tested in the
clinic. The development of reproducible and quantitative methods for monitoring
tumor-specific immunity has also become better defined. Assays, such as ELISPOT
and MHC tetramers, that a few years ago were used only by a very few investi-
gators, have now become standard tools for tumor immunologists. Standard quanti-
tative methods are undergoing a reevaluation as newer approaches are developed
which focus on potential functions of the induced immune response. In the future,
assessment of the tumor-specific immune response will entail a combination of
assays directed against both measuring the direct effect of the immune manipu-
lation as well as methods that assess the effect of such interventions on the immune
microenvironment.

QUANTITATIVE ASSAYS FOR THE MEASUREMENT
OF CELLULAR IMMUNITY

The ability to enumerate T cells specific for tumors has become standard and
quite reproducible. The three methods most commonly used for the quantitative
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measurement of antigen-specific T cell responses include ELISPOT, intracellular
cytokine staining by flow cytometry (CFC), and MHC tetramer analysis. ELISPOT
and CFC measure parameters in T cells that are potentially related to antigen-
induced function. Tetramer assays enumerate all potential antigen-specific T cells
based on their peptide-MHC specificity.

The detection of cytokines secreted by antigen-specific T cells has driven
the development of several assays to detect tumor antigen-specific responses.
Common methods are to measure either cytokine production by an enzyme-linked
immunosorbent assay (ELISA) or to enumerate individual cytokine-producing T
cells by enzyme-linked immunospot assay (ELISPOT) [1]. The ELISA measures
cytokine production from a bulk population of cells and therefore, it does not give
information about individual cells and can not be used to enumerate antigen-specific
T cells. An alternative to the ELISA is the ELISPOT assay, which can be used to
directly determine the frequency of antigen-specific T cells within peripheral blood
samples. The basic ELISPOT assay entails six sequential steps: (1) coating a 96-well
nitrocellulose-backed microtiter plate with cytokine-specific antibody; (2) blocking
the plate to prevent nonspecific binding of cellular proteins; (3) incubating the
cytokine-secreting T cells with stimulator cells or antigens; (4) lysing and removing
the cells from the plate; (5) adding a labeled second antibody; and (6) detecting the
antibody-cytokine complex. The final detection step is typically an enzyme/substrate
reaction that generates a colored spot, which represents a permanent mark that can be
quantitated microscopically, visually, or electronically. Each spot presumably repre-
sents a single cytokine-secreting cell. The number of spots (i.e., cytokine-secreting
cells), after subtraction of non-specific spots, is divided by the number of cells
placed in each well which yields the antigen-specific T cell precursor frequency.
ELISPOT can detect antigen-specific T cell precursors at levels as low as 1:100,000.
The assay has also been shown to reliably detect the number of antigen-specific
T cells in experiments in which known quantities of antigen-specific T cells were
added to bulk PBMC preparations [2] and has been shown to correlate to the CD8+
T cell precursor frequency obtained by limiting dilution analysis [3]. Originally, the
predominant use of ELISPOT was to measure the CD8 T cell immune responses
to HLA class I peptides, but it has been applied to tumor cells, tumor cell lysates,
HLA class II peptides, and protein antigens. The majority of ELISPOT assays are
conducted to measure for IFN-gamma-secreting cells, but antibody pairs are being
defined that permit measuring other cytokines such as TNF-alpha, IL-4, and IL-5.

A significant advantage of the ELISPOT, when compared to assays requiring
flow cytometric readout, is that the limits of detection are typically low, ranging
from 1:300,000 to 1:100,000. However, an in vitro stimulation step is often added
and may introduce artifact. Two major formats for the ELISPOT are used to
evaluate precursor frequencies, the 3-day and 10-day formats. The 3-day format
is useful if the precursor frequencies are high, such as with the case of viral
antigens [4]. In this assay, the effector cells are stimulated with antigen and antigen-
presenting cells (APC) for 24 hours followed by an overnight incubation with the
secondary detection antibody. Secreted cytokine bound to the nitrocellulose plate is
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then detected. In contrast, the longer 10-day ELISPOT developed by McCutcheon
and colleagues requires an intermediate in vitro sensitization step [5]. The shorter
assay format has been used successfully to monitor immunologic responses to viral
vaccines. For example, Smith and colleagues used it to monitor the increase in
varicella-zoster virus-specific immunity in elderly individuals following booster
immunizations. The precursor frequencies of varicella zoster-specific T cells are
typically measured in the range of 1:20,000 to 1:2,000 [4]. We have used the
10-day format to monitor low level CD8 T cell precursor frequencies that were
specific for HLA-A2 motifs contained with the tumor antigen HER-2/neu. Patients
with advanced stage breast and ovarian cancer received a vaccine that consisted of
three helper peptides 14–18 amino acids in length, all of which encompassed HLA-
A2 binding 9-mer peptides [6]. Prior to immunization, less than 10% of patients
had preexistent immunity to either the full-length helper peptides or the HLA-A2
peptides. After immunization, the 10-day IFN-gamma ELISPOT demonstrated that
CTL precursors specific for the encompassed HLA-A2 peptides could be detected
in greater than 60% of subjects following vaccination. The assay was taken through
validation steps prior to use in the clinical trial with IFN-gamma-coated beads
which revealed that the assay had a detection limit of 1:100,000 and a detection
efficiency of about 93%. Preliminary assays evaluating for CTL precursors specific
for the HLA-A2 influenza matrix peptide using a range of PBMC concentrations
showed that the assay was linear over a PBMC range of 1.0–3.5 x 105 cells.

ELISPOT, like most assays that measure T cell function, has a higher variability
than assays that do not directly measure a functional response. The variability of
ELISPOT has been reported [7]. Lathey studied the intra-assay, inter-assay, and
biological variability of ELISPOT. He analyzed the background (i.e. no antigen,
low) spots, response to Candida antigen (intermediate), and PHA (high). If the
spot counts were below 20, the intra-assay coefficient of variation was >30. The
variability, however, decreases with increasing numbers of spots until a plateau of
200 spots is achieved, at which time the CV is 7–8. The mean CV at baseline
in the absence of antigen is high at 45–50%. Lathey also observed that the inter-
assay variability CVs were approximately double of the intra-assay variability CVs,
suggesting the assays be done in batch rather than sequentially. The inability of
the assay to reproducibly detect response at lower precursor frequencies has led
to the development of strategies to improve the signal without extending the time
of in vitro stimulation by the inclusion of IL-7 and IL-15 [8]. The addition of the
cytokines to the 3-day format improved detection of antigen-specific CD4 T cells
up to 2.4-fold, and antigen-specific CD8 T cells up to 7.5-fold.

Although ELISPOT has become the “comparator” assay for immunologic
monitoring, the sensitivity and limits of detection of the assay vary greatly from
laboratory to laboratory. Obstacles to be overcome to translate ELISPOT from a
laboratory tool to a clinical grade monitoring technique include maximizing assay
parameters to avoid any in vitro expansion step, developing the assay for use in
cryopreserved cells, determining optimal antigen preparations used in analysis, and
defining the reliability of the assay to perform over time in multiple clinical samples.
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Despite such obstacles, T cell immunity detected by ELISPOT assay has been
correlated with survival in some studies. For example, Enk and colleagues reported
that MAGE-specific T cell precursor frequencies detected by ELISPOT in patients
who received IFN-alpha following melanoma resection correlated with improved
survival [9]. In another study, Reynolds and colleagues immunized melanoma
patients with a polyvalent vaccine and quantified the MAGE3 and Melan-A/MART-
1 specific IFN� secreting T cells. Those who had demonstrated antigen-specific T
cell precursors had a longer recurrence-free survival (greater than 12 months) than
non-responders (3–5 months) [10]. Thus, ELISPOT may be a useful tool in the
readout of cancer-specific immunotherapy clinical trials.

CFC is another cytokine-based assay that has evolved into a method that can
be applied directly to the monitoring of human clinical trials of immune-based
therapies. CFC has the unique advantage of providing a rapid simultaneous determi-
nation of cytokine production as well as the identification of leukocyte subsets. In
addition, quantitation of cytokine production is not compromised by the presence of
variable concentrations of cellular or soluble receptors. The overall approach of the
assay is to stimulate the T cells with antigen, leading to the production of cytokines
which are then trapped in the cell with the use of chemicals that block intracel-
lular transit and secretion. The cytokines are stained with fluorochrome-conjugated
specific antibodies following permeabilization and fixation of the cells. Several
cytokine-specific antibodies are now commercially available that are conjugated
to a wide variety of fluorochromes. Co-staining is performed with antibodies that
detect cell surface markers or other surface molecules that demonstrate phenotype
(e.g. CD4, CD8, and CD45). The cells are analyzed using flow cytometry. With
the technological improvements in flow cytometers allowing for the simultaneous
detection of multiple colors, exquisite phenotypic detail of the cytokine-producing
cells can be obtained. A typical CFC assay uses three- or four-color staining, for
example, cytokine FITC, CD69 PE, and CD4 PerCP-Cy5.5. The fourth color is
reserved for an additional phenotypic marker or for use as an “exclusion channel”
to reduce non-specific background. CD69, an early activation antigen, is used to
ensure that the cells registered as cytokine-positive have an activated phenotype, and
to allow easier clustering of small populations of responsive cells. The cytokines
most frequently analyzed, because they yield the highest frequency of positive cells,
are TNF-alpha, IFN-gamma, and IL-2. Cells are gated on CD4 (or CD8), and the
proportion of CD69+cytokine+ cells in a resting control sample is subtracted from
that in an antigen-stimulated sample to report the percent of specifically responsive
cells.

A significant advantage of CFC is that it has been adapted for measurement of
cytokine-producing cells from whole blood without prior processing with agents
such as ficoll [11]. The CFC assay has a limit of detection at greater than 1 antigen-
specific T cells in 10,000 PBMC or other (e.g. CD3, CD4 T cells). Nonspecific
background staining, which is likely attributable to many potential sources, is a
major shortcoming of CFC, keeping its limit of detection/quantification relatively
high at >1:10,000 (antigen-specific T cells per total cell count). One source of error
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that has been identified is cytokine production by platelets and monocytes. Nomura
and colleagues developed an exclusion gating strategy to minimize the signal
contributed by monocytes and platelets. Staining with either CD33- or CD62P-
specific 4th-color antibodies allowed them to filter out activated monocytes and
platelets, respectively [11]. Although CFC is advantageous because it has been
adapted to measuring responses after only short periods (e.g. 6–8 hrs) of in vitro
manipulation, this could pose a limitation on its ability to accurately measure all
of the antigen-specific precursors since it would be expected that there would be a
broad variability in the amount of time it takes to generate an immune response.
Some studies indicate that different cytokines are elevated at different times during
the recall response [12]. Furthermore, there are noted differences in the time required
to activate a CD4 T cell as compared to a CD8 T cell [13]. The duration of exposure
to toxic uncoupling agents such as Brefeldin or Monensin is one limitation to
extended in vitro stimulation. Efforts have been made to enhance the response to
antigen. Waldrop and colleagues showed enhanced activation of antigen-specific
T cells by inclusion of monoclonal antibodies to the CD28 and CD49b costimu-
latory molecules [14]. Nomura and colleagues reported that the intra-assay CVs
for IFN-gamma and TNF-alpha were 8.4 and 4.1, respectively [11]. However, the
inter-assay variability was somewhat higher for both cytokines at 23.7% and 18.4%.

Tetramers represent a direct approach to the identification and visualization of
antigen-specific T cells. Tetramers are composed of four MHC class I molecules,
each bound to a specific peptide of interest. The MHC molecules are held together
by biotinylating each monomer followed by binding to fluorochrome-conjugated
avidin. As a tetramer, the MHC class I molecules bind with greater affinity to the
TCR than they would as monomers [15–16]. Recently, MHC class II tetramers
have been developed to identify CD4 T cells [17]. The limit of detection of the
assay has been reported to be greater than 1 CD8+ T cell per 10,000 freshly
prepared peripheral blood mononuclear cells, which is consistent with limitations
of flow cytometry-based methods such as CFC [15–16]. Cells are typically co-
stained with fluorochrome-conjugated anti-CD8 T cells in order to enumerate only
those cells that co-express both CD8 and the antigen-specific TCR. When used
alone with CD8 staining, tetramers provide only information about the TCR of the
CD8 T cell but nothing related to the overall phenotype or function of the cell.
Because tetramer staining of cells does not require activation of the T cells, the
variability is similar to regular flow-cytometry with intra- and inter-assay variability
typically less than 10%. A problem with this strategy is that activated T cells tend
to down regulate surface expression of the TCR following activation. An alter-
native approach would be to run parallel samples, one stained with tetramers and
the other taken through a CFC assay, ELISPOT, or CTL assay. Studies comparing
tetramer assays to these other assays have, however, revealed that the tetramer
assays consistently tend to show higher precursor frequencies [18–21]. Although
the reason for these discrepancies is unclear, there are some potential mechanisms
that may be implicated in the observation. First, as previously mentioned, if the
cytokine-based assays to be used as comparators are not optimized to detect all of
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the responding cells, discrepancies may become apparent. Alternatively, it could be
possible that not all of the tetramer binding antigen-specific T cells are functional
as has been reported [22]. Whatever the mechanism for the discrepancy, one
caveat to tetramer analysis is that it may overestimate functional immunity. There
are other obstacles associated with the use of tetramers: the need for knowledge
of biologically relevant MHC epitopes contained within tumor antigens, and the
limited sources for obtaining tetramers. Tetramer analysis as a tool for immunologic
monitoring is typically confined to clinical trials involving immunization with the
peptides to which the tetramers are targeted. The bulk of the human clinical trials in
which tetramers were used focused on melanoma where many biologically relevant
tumor antigen-derived peptides have been identified, including Mart-1, gp-100, and
tyrosinase [15–16].

Both benefits and pitfalls have been described for all three of these quantitative
assays; however, each one is well adapted to use in clinical trials. A recent report
demonstrated that the assays corresponded well with each other, suggesting any of
the assays would be useful in the readout of immune interventions for cancer [29].

ANTIBODY IMMUNITY AS A MEASURE
OF THE INDUCED RESPONSE

Antigen-specific antibodies are a surrogate measure of immunologic and clinical
efficacy in infectious disease vaccine models. For some infectious diseases,
especially those with relatively long incubation periods, induction of serocon-
version by vaccines is paralleled by the induction of immunologic memory. It is
the induction of a memory response that provides the mechanisms for long-term
protection even if the antibody levels wane [30].
Antibody levels, in some instances, may even serve as a reflection of the T cell
response generated. In many infectious disease models, the total levels of antigen-
specific IgG or IgA has been shown to correlate with protection from disease in the
clinical setting [31]. A classic example is that of diphtheria vaccine antigen (DT).
The degree of protection against clinical disease has been shown to be correlated
well to the level of serum antibody against the toxin [30]. The assays to measure
antibodies are stringently standardized and, although a level of 0.01 IU anti-D/ml is
accepted as a protective levels, >0.05 IU anti-D/ml is considered to indicate optimal
protection [32]. Likewise, viral antigens systems also have developed immunologic
correlates.The inductionof>10mIUanti-HBs/mlhasbecomeacceptedas thecorrelate
of efficacy for Hepatitis B vaccines. This level of antibody has been associated with
the generation of T cell memory more than five years after primary immunization
as validated by ELISPOT analysis and by the ability of a booster shot to elicit a
rapid anti-HBs response [33]. Thus, the total quantitative level of antibody induced,
particularly a class of antibody that indicates Ig class switch and cognate T cell
help such as IgG or IgA, may serve as a surrogate for the development of a T cell
response and memory. There is some suggestion, in these early phase studies, that the
generation of antibody immunity to tumors may have a positive clinical effect [34,35].
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Antigen-specific antibody isotype is a potential indicator of the T-helper
phenotype elicited after immunization. Cytokines induced in the immune
environment play a major role in selecting the isotypes of antibody that are produced
in an immune response [36]. Two dominant cytokines influencing the generation
of specific antibody responses are IL-4 and IFN-gamma. Studies have demon-
strated that IL-4 can induce activated B cells to secrete IgE as well as IgG1

and that IFN-gamma would inhibit that secretion [37]. In addition IFN-gamma
has been shown to impact Ig isotype selection in both T cell dependent and T
cell independent systems, stimulating IgG2a production [37]. Most investigations
evaluating the correlation between T helper subsets and IgG isotype have been
performed in animal models. For example, one recent study immunized mice with
Hepatitis antigens and evaluated both T helper cytokine secretion and IgG isotypic
antibody response [38]. Results demonstrated a strong correlation between IFN-
gamma production and IgG2a and, between IL-4 production and IgG1. Furthermore,
both T cell cytokine production and the associated antibody responses could be
modulated by in vivo cytokine treatment. Other investigators propose using the
development of a specific IgG isotype response as a surrogate for the T cell helper
subset stimulated during lipid vesicle immunization with ova [39]. In these studies,
not only did IFN-gamma/IgG2a and IL-4/IgG1 correlate, but both responses could
be manipulated by the delivery vehicle of the antigen. No clear parallel has been
made in the human system to IL-4 and IFN-gamma control of IgG1 and IgG2a as it
has in the mouse. Lack of established antigen systems with known correlations and
difficulty in establishing quantitative isotype antibody analysis might contribute to
the lack of data in human models. If tumor antigen-specific antibody immunity
were a reflection of the development of T cell immunity, perhaps a simple serologic
analysis could replace more complex T cell assays.

EXPERIMENTAL METHODS FOR THE ASSESSMENT
OF CELLULAR IMMUNITY

The next generation of assays is, for the most part, based on increasing the sensitivity
of detection of the immune response while maximizing the amount of information
obtained concerning the character of the immune response. In addition, newer
techniques are being developed that more closely simulate the terminal function of
tumor antigen-specific effector cells such as proliferation and lysis.

The analysis of the cellular immune response by real time PCR (RT-PCR) can
be quantitative and sensitive. The method can be used not only to assess changes in
PBMC after active immunization, but also changes in the tumor itself. RT-PCR has
been used to determine a comprehensive cytokine profile in stimulated PBMC after
immunization. A benefit of RT-PCR in immunologic monitoring is that the method
is sensitive and can detect approximately 1/20,000–1/50,000 antigen-specific T
cells. Furthermore the assay does not require in vitro expansion and yields a great
deal of information about the phenotype of the response [40]. Most notably, RT-
PCR can be performed on very minimal amounts of material. In fact, using RT-PCR
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to analyze the cellular immune response occurring after vaccination against a tumor
antigen in mice can be monitored serially in murine blood without euthanizing the
animal [41]. The disadvantage of RT-PCR is that, while the assay can give compre-
hensive information concerning gene expression, the method does not provide any
indication of actual protein expression and can not discriminate between various
cell subsets [40]. Methods have been developed to detect secreted cytokines in
small samples of peripheral blood [42]. Beads coupled with antibodies specific for
a variety of cytokines can be used to capture secreted proteins found in blood after
the activation of a specific immune response. Techniques have been developed to
allow the simultaneous detection of 15 immune-related cytokines in a single blood
sample. This type of analysis has demonstrated performance characteristics well
within guidelines for a clinical assay [42]. The use of antibody-coated beads will
allow adaptation to flow cytometric analysis where specific evaluation of cellular
subsets can be performed readily. Development of highly reproducible assays that
can determine multiple immune response-related parameters will allow exquisite
characterization of the tumor antigen-specific immune response generated after
vaccination. Both these newer methods give a broad based analysis of the tumor
antigen-specific immune response evaluating multiple parameters simultaneously.

Newer methods of measuring cellular immunity focus on function, such as T cell
proliferation and lysis and the development of immunologic memory. Techniques
have been developed, such as the measurement of serial halving of the fluorescent
intensity of the vital dye carboxyfluorescein diacetate succinimidyl ester (CFSE),
that reflect a lifespan of proliferation in a highly quantitative fashion. CSFE diffuses
through the cell membrane, and the protein has a very low turnover rate. One can
assess the rate of proliferation by measuring the serial halving of the number of
CFSE staining cells. Studies have demonstrated that this method of analysis can
detect 8–10 cycles of cell division by flow cytometry [43]. Not only can CFSE
analysis assess the proliferative potential of the immune response, the technique
can also determine the kinetics of that response. Likewise, effective immunization
results in the development of immunological memory which is antigen-specific.
After immunization, T cells undergo quantitative and qualitative changes which
result in the development of memory T cells. First, there is an increase in
the frequency of antigen-reactive T cells, and this increased frequency can be
maintained for long periods of time. Secondly, unlike naïve T cells, memory T cells
express different cell surface markers and behave in functionally different ways
[44, 45]. The characteristic surface phenotype of memory T cells includes upreg-
ulation of CD44 and integrins and downregulation of CD62L and high molecular
weight CD45 isoforms [44]. Based on their proliferation in vivo and the expression
of activation markers, memory T cells comprise two distinct subsets, “central
memory” T cells (TCM ) and “effector memory” T cells (TEM ). TCM express the lymph
node homing receptors CD62L and CCR7 and lack immediate effector function.
However, upon a secondary challenge, they can stimulate DCs and also differen-
tiate into effector T cells. TEM do not express CD62L or CCR7 but rather express
receptors for migration to non-lymphoid peripheral tissues to mediate inflammatory
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reactions or cytotoxicity. The molecular definition of the changes that occur in a
T cell to make it a memory cell have allowed the development of methods that
can more specifically quantitate and phenotype memory cells, e.g. flow cytometric
methods. Memory/effector subsets of CD4+ T cells are delineated by differential
expression of CD45RO isoforms which can be easily characterized with flow
cytometry. In addition, other surface markers, specifically CD62L and CCR7, can
be evaluated to differentiate between effector memory T cells and central memory
T cells. Thus, phenotyping the antigen-specific memory T cell can be performed by
using flow cytometry evaluating surface markers or be coupled to a more functional
assay such as CFC.

The lytic potential of an antigen-specific T cell has long been acknowledged
as the functional measure of viral eradication. Likewise, the generation of cancer-
specific CTL has been touted as the major goal of a tumor antigen-specific vaccine.
Quantitative assays are being developed that measure specific lytic and apoptotic
functions ascribed to antigen-specific CTL. The release of chromium from labeled
target cells after they have been destroyed by cytolytic T cells has been the gold
standard for the assessment of CTL activity. Unfortunately, chromium release (51Cr)
assays are fraught with technical problems that make them difficult to adapt to
analysis of multiple specimens and even more difficult to standardize. Investigators
have circumvented the need for 51Cr by developing non-toxic methods of cell
labeling. Snyder and colleagues describe a “Lysispot” assay as a measure of direct
target cell killing [46]. In the Lysispot, target cells are transduced to express a
foreign marker, in this case Escherichia coli �-galactosidase or �-gal. Simply, �-gal
is introduced into a target cell via a viral vector such as herpes simplex. Maximal
amounts of �-gal are produced in the target cell within three hours; thus, the lytic
assay can be performed in a minimal period of time. If CTL specific for the target
are present, the target cell will be lysed, �-gal will be released and imbedded on
a nitrocellulose membrane impregnated with anti-�-gal antibodies. Complementary
antibodies specific for �-gal can be used to develop the membrane, and then spots
are counted that correspond to individual lyse target cells. Results demonstrate that
the Lysispot compares favorably to both ELISPOT and chromium release assays.
Further variations on the analysis of lytic activity actually focus on the measurement
of enzymes. The measurement of granzyme B production and release by CTL
has been adapted to a highly quantitative format [47]. The development of the
assay is based on the basic biologic function of antigen-specific CTL that release
granzyme B and perforin when they recognize antigen in the context of MHC.
Similar to the Lysispot described above, nitrocellulose membranes are impregnated
with antibodies specific for granzyme B. When the enzyme is released by activated T
cells in the presence of their specific target, secreted granzyme is bound to antibody
and presumably can be detected by an additional granzyme B-specific antibody.
Individual spots on plates represent an activated T cell in the process of lysing
its target [47]. Measurement of granzyme B release results in markedly decreased
assay backgrounds as compared with the standard chromium release assay.
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Abbreviations: APC: antigen-presenting cell
CFC: cytokine flow cytometry
CMV: cytomegalovirus
CTL: cytotoxic T cell
IFN: interferon
IL: interleukin
MHC: major histocompatibility complex
PBMC: peripheral blood mononuclear cells

CONCLUSION

Our ability to measure and characterize the tumor-specific cellular immune response
has advanced rapidly in the last decade. Assays such as ELISPOT which were highly
experimental years ago are now standard tools in most immunologic laboratories.
Newer cell-based assays further define the potential therapeutic function of the
induced immune response. Finally, simultaneous analysis of tumor-specific antibody
and T cell immunity may indicate a simple serologic method which might predict
a robust T cell response.
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INTRODUCTION

In 1957, Issacs and Lindenmann discovered that cells previously infected with
a virus are resistant to infection by another virus. This phenomenon, termed
interference, was attributed to a substance, called interferon (IFN) [1]. Despite
unsuccessful attempts to isolate the protein for more than 20 years it soon became
known that IFN is not a single molecule but a family of structurally related
molecules which have a broader than the originally discovered antiviral role with
important cytostatic, direct antitumor and indirect immunomodulatory effects. The
interaction of the type I IFN system with the phylogenetically more recently
developed specialized immune system imply a role of type I IFNs in the integrity
of the organism by allogeneic inhibition [2, 3]. Purification to heterogeneity and
cloning of the first interferon gene [4] further advanced IFN research field and IFN
was the first protein to become available for the clinical treatment of malignancies.

THE MOLECULES AND THEIR RECEPTORS

The Interferon Superfamily

IFNs are divided in two groups, based on structural, physicochemical, and biological
properties. IFN-� is the only type II and 8 type I IFNs families have been described
in mammals, namely IFN-�, IFN-�, IFN-�, IFN-�, IFN-�, IFN-�, IFN-	, IFN-
.
Among these families IFN-	 and IFN-� are not produced in humans. In the human
IFN system there are 21 functional non-allelic genes encoding for different IFN
species; 13 subtypes for IFN-�, 3 for IFN-� and single species of IFN-��
����.
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Type I IFNs have likely diverged from a common ancestral gene through gene
duplication and are evolutionary conserved, except for INF-�, as reflected by their
common intron-less structure and their clustering in the short arm of chromosome 9.
It has therefore been suggested that type I IFNs may be divided in two subgroups,
designated Ia (IFN-����
����.) and Ib (IFN-�) [5]. The physiologic significance
of the large number of type I IFN subtypes (especially IFN-�) remains obscure
but given that individual subtypes show quantitatively distinct patterns of antiviral,
anti-proliferative and natural killer (NK) stimulatory activities, it is tempting to
speculate that this redundancy of alternative defense pathways provides a survival
advantage for protection.

Production of Endogenous IFNs

Recent progress on the pathways regulating IFN production has more firmly estab-
lished that type I IFNs are an important link between innate and adaptive immunity
and by their constitutive, low-level production they contribute to immunosurveil-
lance against tumors and exogenous pathogens [2, 6]. Upon exposure to ‘danger’
stimuli type I IFNs are produced by almost all cells of the body “sounding the
alarm”. IFN gene induction is the end result from activation of signaling pathways
originating from several pathogen recognition receptors, termed toll-like receptors
(TLRs), expressed on the surface of antigen presenting cells (APCs). These receptors
‘sense’ specific pathogen-associated molecular, non-protein patterns normally not
expressed by host tissues or endogenous molecules released from ‘stressed’ cells.
TLRs are transmembrane proteins with a cytoplasmic domain that is conserved
between the members of the interleukin-1 receptor (IL-1R) family (Toll/IL-1R
or TIR domain). The TLR expression profile on APCs varies accounting for
the induction of different sets of pro-inflammatory cytokines in response to the
respective TLR ligands from invading pathogens. All TLRs use the adaptor MyD88
for signaling, but different TLRs also use different additional adaptors, such as
the TIR domain-containing adaptor inducing IFN-� (TRIF or TICAM-1) or the
tumor necrosis factor receptor-associated factor (TRAF) 6 resulting in activation of
divergent signaling cascades, such as the MAPK and NF-�B [7]. The TLR adaptor
complex interacts with several members of a growing family of transcription factors,
termed interferon regulatory factors (IRFs), which bind to the regulatory sequences
of IFN-� and IFN-� genes, termed virus-inducible enhancer-like response elements
(VREs) and regulate their transcription. To date, IRF-3 [8], IRF-5 [9], and IRF-7 [10]
positively regulate whereas IRF-2 is a negative regulator of IFN production
[11]. Cross-talk with other signaling pathways is required for full activation of
IRFs [12].

Type I IFN production has been most extensively studied in the model of viral
infection. Although IRF-1 and IRF-2 are constitutively expressed at low levels
intracellularly, the negative regulator IRF-2 accumulates due to its longer half life
than IRF-1 and therefore allows only for low-level constitutive IFN production
[6]. In the early phase of viral infection IRF-3, is activated and induces weak
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expression of IFN-�4 and IFN-� genes, as well as IRF-7 and IRF-1 gene expression.
In the late phase of viral induction both IRF-3 and IRF-7 amplify the induction
of IFN-� and certain other IFN-� genes. This autocrine-paracrine loop not only
amplifies type I IFN production but also the production of other inflammatory
cytokines via IFN or TLR-mediated signaling pathways which activate immune
and other cells [13–16] and result in a more efficient activation of the immune
system. In fact, defects in IFN� gene transcription related with inactivity of the
IFN-�2 and �4 promoter have recently been associated with melanoma devel-
opment [17].

Although all cells are capable of producing type I IFNs, a distinct subset of
bone marrow-derived dendritic cells (DCs), termed plasmacytoid dendritic cells
(pDCs), express large amounts (100-1,000 fold more than any other cell type) of
type I IFNs in response to viral infection [18]. pDCs express lymphoid rather than
myeloid surface markers, have a distinct pattern of TLR expression (TLR7, TLR9�
TLR1, TLR6, TLR10, CD303/BDCA2) and are dependent on FLT3 ligand for
their development. These differences between pDCs and CD11c+ immature DCs
suggest that they may have been developed through different evolutionary trails
to preferentially recognize viruses and bacteria, respectively. The mechanism of
rapid and robust transcription of type I IFNs by pDCs is probably related with the
constitutive rather than inducible expression of IRF-7 in pDCs and therefore the
independence of IFN� production on the positive feedback of IFN� [19]. pDCs have
recently shown to play an important role beyond viral immunity and preliminary data
in several cancer types suggest that they are recruited in the tumor microenvironment
[20], but they become dysfunctional [21, 22], remain immature [23] and in some
cases have been associated with adverse overall survival [24].

The Interferon Receptors

All IFN receptors belong to the class II cytokine receptor family, which also
contains receptors for signaling by IL-10 related proteins. Human IFNs utilize
three different receptors. The type Ia cytokines bind to a common receptor, termed
IFN-AR, whereas IFN-� (type Ib) exploits a different receptor, termed IFN-LR,
and IFN-� (type II) binds to a distinct receptor, termed IFN-GR. Each receptor
is comprised of two transmembrane polypeptide chains, termed R1 and R2, with
distinct complementary functions, but, in general, one subunit has ligand-binding
property and the other has a signal-transducing one. Of note, the R2 subunit for
IFN-LR is shared with the IL-10 and the IL-22 receptor complexes, accounting for
the close functional relationship between IL-10 and IFN-�. The clinical importance
of IFNAR expression is reflected by recent data showing that the expression level of
IFNAR1 subunit and/or its downregulation with IFN� treatment has been correlated
with response to treatment in various diseases [25, 26]. Moreover, free circulating
IFNARs were found to be higher in patients with a variety of malignancies compared
with normal individuals [27] and specific IFNAR haplotypes have been correlated
with higher incidence of several nonmalignant diseases [28].
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Type I Interferon Signaling

Delineation of the signal transduction pathways following IFN-R stimulation has
significantly contributed in better understanding of the anti-tumor mechanisms of
type I IFNs. Binding of type I IFNs to IFN-AR results in activation of the two Jak
proteins, Jak1 and Tyk2, which are non-covalently pre-associated with each IFN-AR
subunit. Jak activation induces tyrosine phosphorylation of both receptor subunits
and activation of several STAT proteins, such as STAT-1 and STAT-2. STATs
then form homo- and/or hetero-dimers and translocate to the nucleus regulating
gene transcription [29]. Recent studies have shown that both IFN-AR subunits
may directly affect gene transcription independent of other signal transduction
pathways. More specifically, the R2 subunit of the IFN-AR undergoes regulated
intramembrane proteolysis releasing the intracellular domain which translocates to
the nucleus and modulates gene transcription [30] whereas the R1 subunit contains
a nuclear localization sequence which mediates its translocation to the nucleus after
type I IFN stimulation [31]. Moreover, intracellular type I IFNs were shown to
equally activate Jak-STAT pathway compared with extracellular IFNs implying
a more prompt effect of IFN on the IFN producing cells compared with the
slower classic IFN-AR pathway triggered in an autocrine, paracrine or endocrine
fashion [32].

Although the Jak-STAT pathway is the most extensively studied, other pathways
are also important for type I IFN-mediated effects which collaborate with the Jak-
STAT pathway (reviewed in [33]). Protein kinase delta (PKC�) is also activated
by IFN and further phosphorylates STAT-1, a necessary step for full STAT-1
activation. CrkL and CrkII, members of the Crk-family of adaptor proteins which
link cytokine receptors to downstream signaling elements, act via STAT-dependent
and independent effects. IFN activated CrkL regulates the transcriptional function
of STAT-5 and by indirectly antagonizing the Ras pathway has tumor suppressor
activity. IFN-AR also activates insulin receptor substrate (IRS) -1 and 2, members
of the IRS family of docking proteins which associate with STAT-3 and further
activate PI 3’-kinase. PI 3’-kinase regulates the 40S ribosomal S6 protein which
plays an important role in the regulation of cell cycle progression, cell survival and
mRNA translation and transduces signals through Akt activation which is involved
in cell survival.

ACTIONS AND “RE”-ACTIONS OF TYPE I IFNS

The Role of Interferon in Intracellular Functions

IFN� has long been considered as a ‘negative growth factor’ which contributes to
the eradication of pathogens or cancer-‘allogeneic’ cells by inducing cell cycle arrest
or apoptosis [34]. This is predominantly mediated by modulating gene expression
of number or key proteins involved in cell cycle, and apoptosis. More specifi-
cally, induction of p53 expression confers cells a more dynamic response to a
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variety of ‘stress’ signals [35]. Induction of the retinoblastoma protein pRBb [36]
or cdk inhibitors [37] with concomitant downregulation of cyclins [38] results in
prolongation of cell cycle and cell cycle arrest.

IFN-induced apoptosis has been well established in several physiologic processes
[39,40] and is an important mechanism for elimination of pathogens and cancer cells
[41]. Type I IFNs induce direct expression of pro-apoptotic genes, such as members
of the tumor necrosis factor receptor family (Fas/CD95, TRAIL/Apo2L), caspases
(caspase-4 and -8), the double strand-activated kinase PKR, the 2-5A oligoadenylate
synthetase pathway, and others (reviewed in [42]). The clinical significance of
apoptosis induction is reflected in a recent study of patients with multiple sclerosis
which showed that IFN-�1a responders compared to non-responders had an increase
in soluble TRAIL protein [43]. Type I IFNs may indirectly induce apoptosis either
by endothelial cell apoptosis and therefore anti-angiogenesis or augmentation of
cell mediated cytotoxicity against cancer cells or pathogens.

Escape Mechanisms to Antiproliferative or Apoptotic Effects of IFN�

The magnitude and duration of the transcriptional activation of IFN responsive
genes should be physiologically controlled to minimize pathology. STAT signaling
induces expression of genes encoding suppressors of cytokine signaling (SOCS)-1
and 3 which negatively regulate the Jak-STAT pathway by blocking access of
STATs to the receptor sites. Constitutive SOCS expression has been correlated
with impaired DC antigen presentation [44] and resistance to IFN� therapy
in several malignancies including melanoma [45, 46]. Two cytoplasmic protein
tyrosine phosphatases, termed Shp-1 and -2, provide additional negative feedback
by dephosphorylating STATs and other IFNAR-associated kinases and have
been associated with protection of cells from the cytotoxic effects of IFN�.
A third physiologic mechanism of both type I and type II IFN signaling is
the expression of the protein inhibitor of activated STATs (PIAS-1), which
has been similarly associated with impairment of innate immunity against
pathogens [47].

Apart from the physiologic feedback regulation of type I IFN signaling, a
number of pathologic mechanisms confer resistance to endogenously or exoge-
nously administered IFNs. Although the Jak/STAT pathway is important for IFN�‘s
immunomodulatory [48, 49] and direct antiproliferative effects, STAT signaling
is not sufficient to sustain antitumor effect in cell lines [50] and tumors [51].
Moreover, high throughput analysis in IFN� resistant and sensitive melanoma cell
lines suggests that induction of IFN� stimulated genes is more complicated than
previously thought [52]. Also, cancer cells may have acquired a survival benefit
secondary to more widespread defects in their IFN� signaling [53] or apoptotic
machinery [54] and therefore combination IFN�-based strategies to overcome IFN�
resistance may be an important consideration for treatment of cancer (see rational
combinations of interferons with other agents).
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Immunoregulatory Mechanisms of IFN� Action

Effect on life, death, cell cycle, and activation

Type IFNs exert multiple direct and indirect effects on the innate and adaptive
immune system. More specifically, IFN� prevents apoptosis of neutrophils [55],
T lymphocytes [56], and B cells [57] and attenuated proliferation of NK cells
at any developmental stage [58]. However, in lymphocytes the balance between
proliferation and cell death is more complex [39]; their anti-proliferative effect in
lymphocytes is dynamic [59] and may be partially overcome by mitogenic stimuli
resulting in an overall shaping of immune response during activation and prevention
of activation-induced cell death [60].

Intuitively, the negative effects of type I IFNs in cell proliferation and prevention
of apoptosis may serve the purpose of differentiation, antigen presentation and
overall activation. Type I IFNs are major inducers of major histocompatibility
molecules (MHC, especially class HLA-I) [61] and by restoring their expression
in cancer cells may become more amenable to cytotoxic induced cell death. This
has been suggested as one of the mechanisms to explain the therapeutic benefit of
adjuvant high dose interferon (HDI) in melanoma [62].

Induction of NK cell proliferation and cytotoxicity are the earliest described
immunological effects of type I IFNs [63–65] and similar observations have now
been extended to lymphocytes and macrophages [66]. More specifically, IFN�
induces polyclonal activation of CD8+ cells during viral infections [67], and
antitumor cell-mediated cytotoxicity [68, 69] and increases perforin and granzyme
A expression in NK cells of patients with melanoma [70]. IFN� also upregulates
the B lymphocyte stimulator protein (BLyS) and the proliferation-inducing ligand
(APRIL) both of which activate a CD40–like pathway thereby enhancing B cell
survival and inducing isotype class switch DNA recombination in IgD+ and/IgM+

B cells [57]. The induction of humoral immune responses may partially explain the
increased autoantibody production frequently associated with IFN� therapy.

Maturation-polarization

Exogenously administered type I IFNs enhance function of antigen presenting
and effector cells via a variety of mechanisms. Thus, type I IFNs upregulate
expression of several TLRs on macrophages optimizing their antigen presenting
function [71] and may induce differentiation to myeloid DCs [72]. In patients
with completely resected, high risk for relapse melanoma adjuvant IFN� treatment
upregulates expression of transport proteins associated with antigen processing
(TAP1 and TAP2) and proteasome activator 28 in peripheral blood mononuclear
cells [73]. Activation of TLRs on antigen presenting cells (APCs) induces type
I IFN production by DC subsets [74–76] and further production of more type I
IFNs as well as other DC-derived cytokines, such as IL-15, which have a dual
activation–survival effect on DCs [77–79]. Type I IFNs act as maturation factors
for DCs by upregulating class I and class II MHC (HLA-A, -B, -C, -DR) and
costimulatory molecules (CD80, CD 83 and CD86) [80,81]. IFN� stimulates DCs to
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promote differentiation of naïve CD4 cells, expands non-polarized antigen-primed
IL-2 secreting T cells towards Th1 response [82,83], and cooperates with NK cells
to prime anti-tumor CD8 cells [84]. The mechanism of promoting Th1 cell response
by type I IFNs is secondary to a combination of antagonism of the suppressive
effect of IL-4, suppression of IL-5 production on IFN-� secreting CD4+ cells, and
upregulation of the �2 chain of IL-12 receptor in CD4+ cells [85–87].

IFN� also contributes to the formation and maintenance of immunologic memory.
Adenoviral–IFN� engineered DCs delivered into intracranial tumors in mice
enhanced antitumor efficacy of prior vaccination with an ovalbumin-derived MHC
class II-restricted epitope [88]. Administration of high-dose interferon �2b (HDI)
following vaccination leads to immunologic recall of gp100-specific CD8+ T cells
[89]. This finding has important implications for the maintenance of memory T
lymphocytes, and suggests that IFN� may potentially be useful in cancer vaccines
to assist in overcoming immunologic tolerance to tumor antigens.

Migration

IFN induces chemokinesis of T cells at various stages of differentiation by upreg-
ulating integrins, such as LFA-1, VLA-4, and ICAM-1 [90] and induces different
sets of chemokines with their corresponding receptors on APCs thereby affecting
their maturation-trafficking pattern. More specifically, type I IFNs upregulate the
anaphylatoxin C3a receptor, the chemokine receptor CCR7, its natural ligand, MIP-
3�, the Th1 chemokine, IP-10, the MCP-1/CCL2, and the interferon-induced protein
10 (IP10,CXCL10) on the maturing antigen-loaded pDCs facilitating their homing
to draining lymph nodes to encounter CCR7-expressing specific T cells among
others [91–93]. They also upregulate the expression of CCR1 and CCR3 chemokine
receptors on monocyte-derived cell subsets [94]. Thus, locally produced IFN induces
a large number of cytokines to recruit early NK cells and macrophages which may
contribute to the influx of Th1 rather than Th2 lymphocytes expressing the corre-
sponding chemokine receptor CXCR3 into tissue [95–97]. The clinical importance
of the IFN-induced enhanced migration and enhanced cell survival is reflected by the
correlation of increased the number of lymphocytes and/or monocytes/macrophages
infiltrating the tumor in patients with melanoma receiving interferon [98, 99] .

Interferon and autoimmunity

Given the diverse effects of type I IFNs in the innate and adaptive immune
responses, it is not surprising that these cytokines play a pivotal pathogenic role
in the exacerbation of pre-existing or de novo induction of a wide variety of
clinical autoimmune disorders (reviewed in [100]). Systemic lupus erythematosus
(SLE) is the most prevalent autoimmune disease in which increased serum levels
of IFN� have been correlated with induction [101] or disease exacerbations [102].
Treatment-related autoimmunity has been recently correlated with higher incidence
of antitumor responses [103] and HDI has shown prolonged overall survival in
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patients with melanoma [104]. Therefore, understanding the mechanisms of IFN�-
induced autoimmunity in cancer may help select patients most likely to respond to
IFN� therapy.

In patients with SLE, high serum levels of IFNa have not been fully explained
but both exogenous and endogenous inducers may be considered. Exogenous
agents may consist of pathogens (viruses, bacteria) or ultraviolet light exposure
whereas endogenous agents may be products of apoptotic-necrotic cells or immune
complexes (anti-ribonucleoprotein, anti-DNA) which trigger IFN� production in
pDCs. Peripheral blood pDCs are reduced presumably owing to their migration to
tissues following acquisition of IFN�/�-induced chemokine receptors and normally
quiescent monocytes are differentiated under the influence of circulating IFN�/�
into DCs. These DCs may capture apoptotic cells and nucleosomes in the SLE
patients’ blood and subsequently presentautoantigens to CD4+ T cells thereby
initiating the expansion of autoreactive T cells,followed by differentiation of
autoantibody-producing B cells [105]. In psoriasis, pDCs were abundantly present
and activated in primary plaque lesions and were producing IFNa early during the
disease [106]. Interestingly, TNF-� which frequently overexpressed in late stages
of cancer antagonizes IFN �/�- by inhibiting generation of pDCs, or inhibiting
IFN-� release from immature pDCs [107].

Risk for development of chronic autoimmunity is inherited as a complex
polygenic trait and is partially associated with the MHC class II region, which
per se is not sufficient for clinically significant manifestation of autoimmune
disease. Development of chronic autoimmunity during IFN� treatment is favored in
individuals who carry important genetic susceptibility genes frequently contained
in the MHC class II region. Indeed, specific haplotypes [108] or single nucleotide
polymorphisms of cytokines [109], immune suppressive molecules [110], or
members of the interferon signaling pathway [111] have been correlated with thera-
peutic response to type I IFNs in a variety of human diseases. Moreover, a study on
the peripheral blood lymphocyte immune response in patients with IFN�-induced
autoimmune thyroiditis showed that Th1 response was predominant only in patients
who developed autoimmune dysfunction [112] suggesting that all the immunoreg-
ulatory properties of IFN� are also potentially relevant for autoimmunity.

INTERFERON IN THE TREATMENT OF HUMAN CANCERS

Introduction

IFN� has been the second biologic agent after insulin to be tested for treatment of
human illnesses. It was originally considered only as a ‘viral penicillin’ for therapy
of a variety of viral-related illnesses, and in fact, in medical practice, type I IFNs
have now been approved for diseases such as viral hepatitis, multiple sclerosis, and
condyloma accuminatum. The application of IFNs in the treatment of malignancies
was led by a clinical observation that partially purified IFN� could regress a variety
of tumors [113].
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Toxicity and Pharmacokinetics of IFNs; Results of Phase I Trials

Administration of IFNs results in wide range side effects reflecting the multitude
of organs it affects (reviewed in [114]). The incidence and severity of these side
effects are dose-, route-, and duration-related and in most cases predictable and fully
reversible upon treatment discontinuation. Acutely, nearly all patients experience
flu-like symptoms, such as fever, chills, myalgia, headache, nausea, vomiting which
are overall manageable and abate over time (tachyphylaxis). Over time, constitu-
tional symptoms, such as fatigue, appetite loss, and weight loss accumulate which
may significantly affect patient’s quality of life and may call for dose reduction or
even treatment discontinuation. At any time hematologic toxicities may occur as a
result of a direct cytostatic effect of IFNs, with neutropenia being the most frequent.
Other laboratory abnormalities, such as liver function tests or CPK elevations may
occur which may or may not be associated with clinical rhabdomyolysis. Neuro-
logical effects may affect behavior, cognition, mood or personality with depression
being most frequent.

In the pivotal HDI trial E1684, approximately 78% of patients experienced grade
3 toxicity, and 24% discontinued therapy because of toxicity and despite proper
dose reduction and symptomatic management. The management and prevention of
HDI-related toxicities is one of the greatest challenges in broadening and improving
the efficacy of this regimen because low dose interferon regimens though less toxic
are also less effective [115]. During the recent years understanding the mechanisms
of IFN-induced toxicity and identifying the patient subgroups most likely to develop
symptoms has contributed to treatment, prevention or palliation of several of these
side effects. Exogenously administered IFN�-induced releases of cytokines, such
as TNF�, IL-1, IL-2, IL-6, IFN�, and alteration of several hypothalamo-pituitary
endocrine axes, such as the thyroid and the adrenal account for most of the constitu-
tional symptoms observed. IFN�-induced depression was associated with induction
of indoleamine-2,3-dioxygenase (IDO), the enzyme for the rate-limiting step of
tryptophan conversion to kynurenine. In other words, IFN� shuttles tryptophan
metabolism away from conversion to serotonin, a important neurotransmitter for
mood stability [116]. Proactive treatment with antidepressants may prevent or
minimize mood disorders, a hypothesis currently being tested in a prospective
fashion in patients with high risk for relapse melanoma who are actively treated with
HDI (UPCI 01-163). The mechanism of fatigue is not clear but anti-inflammatory
agents are inefficient whereas low grade exercise and methylphenidate may moder-
ately increased functional ability of IFN� treated patients in a small size preliminary
study [117]. IFN� mediated suppression of hematopoietic progenitor cell prolifer-
ation, increased autoimmune mediated destruction of erythroid precursor cells and
renal dysfunction with resultant reduction of erythropoietin release are the most
account for most of IFN’s hematologic side effects [118].

In phase I trials of patients with solid tumors, IFN� was administered using
variable schedules, and by different routes. The most intensely studied route of
administration was intramuscular but it was associated with higher incidence of
toxicities without clear benefit at higher doses (reviewed in [119]). A single phase
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I study comparing intramuscular with intravenous administration of IFN� in solid
tumors showed that the reason for the lower tolerance to intramuscular treatment
was increasing serum IFN� levels whereas daily intravenous administration was
more tolerable and achieved higher peak serum levels than the intramuscular route
[120]. Moreover, IFN� treatment in this study was associated with a 17% response
rate (4/23) in patients with melanoma which provided the basis for the adjuvant
trials of high dose IFN� therapy in melanoma.

Early Successess of Type I IFNs in the Treatment of Hematologic
Malignancies

Hairy cell leukemia (HCL), a rare B-cell neoplasm for which no treatment existed
in 1982 except for splenectomy, was the first neoplasm to be successfully treated
with IFN� based on the ability of type I IFNs to induce remission in some patients
with well-differentiated B-cell tumors. IFN� showed 70-85% hematologic response,
resolution of splenomegaly and recovery of immunologic function, although partial
remission was rare, infiltration of bone marrow by hairy cells was persistent, and
relapse rate or disease progression following its discontinuation was high [121]. The
effect of IFN� in HCL may be more direct on hairy cells, inducing malignant cell
differentiation toward a stage less responsive to growth stimulation and therefore
cytostasis [122].

More impressive clinical benefit of IFN� was shown in chronic myelogenous
leukemia (CML) which was initially investigated in single institution studies [123]
and was subsequently confirmed in several international large prospective
randomized trials comparing IFN�-based vs. standard chemotherapeutic agents,
such as busulfan and hydroxyurea (Italian, French, UK-MRC, Benelux, German).
A meta-analysis of these trials showed that IFN� treatment significantly improved
overall survival [124]. IFN� may restore the differentiation program of CML cells
by suppressing Bcr-abl expression and cell proliferation and by increasing adhesion
of CML progenitors to the bone marrow stroma [125]. IFN� reduces the number
of CD34+ bone marrow stem cells, increases cytotoxicity of NK and CD8+ T cells,
stimulates generation of DCs that can present CML-specific antigens and polarizes
T cells responses towards a Th1 pro-inflammatory phenotype [126].

Effect of Interferon in the Treatment of Several Solid Tumors

Type I IFNs have been successfully used for treatment of several solid tumors. In
renal cell carcinoma (RCC) single agent IFN� had up to 30% response rate in
earlier phase II studies with a few durable responses which led to its evaluation in
randomized controlled trials alone or in combination with other treatment modal-
ities. The response rate from these IFN�-based combinations was low and survival
benefit was noted in a few of them [127–129]. Interestingly, IFN� following
nephrectomy prolongs overall survival in the metastatic but not the adjuvant
setting [130]. Addition of other agents to IFN� for RCC was associated with
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increased toxicity and clinical benefit in only a few of the studies [131,132]. Kaposi
sarcoma (KS), an angiogenic-inflammatory neoplasm and one of the most frequent
oncologic manifestations of AIDS, was responsive to IFN� [133]. Response rates
were superior with higher doses [134] and in patients with higher peripheral blood
CD4+ counts[135]. Combination with concurrent antiretroviral therapy was superior
to IFN� alone irrespective of the HIV-related immune dysfunction [136]. Single
agent IFN� given in patients with neuroendocrine tumors resulted in biochemical
and objective tumor responses and improved OS in small underpowered studies
[137] and were confirmed in larger studies comparing variable doses of IFN� vs.
chemotherapy [138]. In hepatocellular carcinoma the greatest benefit was seen in
treatment of chronic hepatitis C infection, an important etiologic factor for devel-
opment HCC with rising incidence in the United States. IFN� treatment decreased
incidence of HCC in patients with chronic hepatitis C in a large retrospective
Japanese study [139] whereas a prospective randomized Japanese study showed
that in patients with compensated HCV-related liver cirrhosis, low HCV RNA load,
and completely resected HCC nodules, IFN� improved 5-year OS [140]. Similar to
hepatocellular carcinoma, studies of IFNa in head and neck cancer (HNC) showed
an overall survival benefit in chemoprevention. One-year of IFN� combined with
oral isotretitoin and oral a-tocopherol in patients with advanced premalignant lesions
of the upper aerodigestive tract resulted in a 30% response rate in 12 months of
observation [141]. A similar regimen used as adjuvant therapy in patients previ-
ously treated for advanced stage III and IV HNC was associated with 91% 2-year
survival rate which needs to be confirmed in a phase III randomized trial [142].

Adjuvant Applications of IFN� in the Treatment of Melanoma

The early pharmacokinetic analysis of IFN� given in daily or three-times-weekly
schedules via intramuscular, subcutaneous or intravenous routes had consistently
shown responses of up to 20% in patients with metastatic melanoma [120]. Because
therapeutic benefit to IFN� was noted only in patients with metastatic disease but
small tumor burden it was hypothesized that the highest benefit from IFN� therapy
would be in the adjuvant setting. A large number of international and cooperative
group trials utilizing IFN� at varying dosages and schedules were begun in the
United States and Europe. (Table 1)

In the E1684 trial, adjuvant HDI (20 MU/m2/d, intravenously 5 days a week for
4 weeks, followed by 10 MU/m2 subcutaneously, three times a week for 48 weeks)
was compared to observation in patients with previously resected deep primary
melanoma (AJCC, T4N0M0) or regional lymph node positive disease (AJCC, any
TN1) [143]. The study accrued 287 patients and reported a significant 5-year relapse-
free survival (RFS, 37% vs. 26%, p=0.0023) and 5-year overall survival rate (OS,
46% vs. 37%, p=0.0237) in patients who received IFN� vs. observation. HDI was
associated with dosing delays or reductions in about 50% of patients whereas 2/3
of patients experienced severe (grade 3) toxicity during the year of treatment. The
high incidence of adverse events along with the overall cost against the small but
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Table 1. International and Cooperative Group Trials Utilizing IFN�

Study (ref) Patient number Stage Treatment arm¹ Outcome

DFS OS

High dose
Eastern Cooperative

Oncology
Group (ECOG)-
E1684 [143]

287 IIB III IFN�-2b 20 MU/m²
iv qd 5d/wk, x4 wks
then 10 MU/m² sc
tiw, x48 wks

S² S

Eastern
COG-E1690 [144]

642 IIB III IFN�-2b 20 MU/m²
iv qd 5d/wk, x4 wks
then 10 MU/m² sc
tiw, x48 wks vs.
3 MU tiw, x2 yrs

S NS

Eastern
COG-E1694 [145]

774 IIB III IFN�-2b 20 MU/m²
iv qd 5d/wk, x4 wks
then 10 MU/m² sc
tiw, x48 wks vs.
GMK vaccine 1cc sc
on d1, 8, 15, 22 q12
wks (wks 12 to 96)

NS NS

North Central Cancer
Treatment Group
83-7052 [146]

262 IIB III IFN�-2a 20 MU/m²
im qd, x3 m

NS NS

Intermediate dose
European

Organization for
Research and
Treatment of
Cancer (EORTC)

IFN�-2b 10 MU sc
5d/wk, x4 wks then
10 MU sc tiw, x1
yr vs.

NS NS

Melanoma Trial
18952

1418 IIB III IFN�-2b 10 MU sc
5d/wk, x4 wks then
5 MU sc tiw, x2 yrs

Low dose
Scottish Melanoma

Cooperative
Trial [147]

96 II III IFN�-2b 3 MU sc
tiw, x6 m

NS NS

Austrian Melanoma
Cooperative
Trial [148]

311 II IFN�-2a 3 MU sc qd
x3 wks then 3 MU
sc tiw, x1 yr

S NS

French Melanoma
Cooperative
Trial [149]

499 II IFN�-2a 3 MU sc
tiw, x18 m

NSNS NS

World Health
Organization-
Melanoma
Trial-16 [150]

444 IIB III IFN�-2a 3 MU sc
tiw, x3 yrs

NSNS NS

AIM HIGH
(UKCCCR) [151]

654 IIB III IFN�-2a 3 MU sc
tiw, x2 yrs

NS NS
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EORTC
18871/DKG-
80 [152]

830 IIB III IFN�-2b 1 MU sc
alternate days, x1
yr vs.
IFN� 0.2 mg sc
alternate days, x1
yr vs.
Iscador M®

NS NS

Abbreviations: MRC, Medical Research Council; MPA, medroxyprogesterone acetate; po, orally; qd,
every day; bid, twice a day; VLB, vinblastine; 5-FU, 5-fluouracil; civ, continuous intravenous infusion;
DGCIN, German Cooperative Renal Carcinoma Chemoimmunotherapy Group 1statistically significant
unless reported otherwise

significant overall survival benefit raised serious societal questions regarding the
overall benefit. A series of quality of life (QOL) analyses were performed based on
the E1684 trial which showed that IFN�-treated patients had more QOL-adjusted
survival time than the observation group [153] and overall costs per life-year of
quality-adjusted life-years which are less compared to other accepted adjuvant
therapies of breast and colorectal cancer [154]. However the severe toxicity profile
and the non-uniform acceptance of HDI by the medical community led to testing of
less intense IFN� schedules. The E1690 trial was designed to compare high dose
and low dose IFNa (LDI). 642 patients with completely resected deep primary or
regional lymph node involvement were randomized to receive either standard HDI,
or LDI given for longer periods (IFN�2b, 3 MU s.c., tiw for two-years) or obser-
vation [144]. At a median follow up of 52 months, comparison of the hazard ratios of
the treatment arms vs. observation for RFS showed statistical significance only for
the HDI arm (1.28 vs. 1.19) whereas neither study arm showed any OS benefit. The
paradoxical absence of any OS benefit in the E1690 compared to the E1684 trial,
while the RFS benefit of HDI was the same was mainly attributed to the confounding
effect of post-relapse ‘crossover’ to HDI treatment of patients who were assigned
to the observation arm and relapsed, since the E1690 trial was conducted in part
before, but in part after, the FDA approval of HDI. The Intergroup E1694 study
attempted to resolve the discrepancy regarding the overall survival benefit or not
by HDI of the previous 2 HDI trials. Furthermore, it compared the efficacy of a
vaccine preparation designed against the most immunogenic ganglioside expressed
on melanoma cells (ganglioside GM2, GMK vaccine, Progenics, Inc, Tarrytown
NY), which had earlier shown in a single-institution phase III study to induce
antibody response against GM2 that was correlated with improved RFS and OS
in stage III melanoma patients [155]. 880 patients with stage IIB/III melanoma
were assigned to either the GMK vaccine (for 96 weeks) or the standard HDI
treatment [145]. The study was unblinded at a median follow up of 1.3 yrs at the
decision of the external data safety and monitoring committee, when the interim
analysis revealed the superiority of HDI in both DFS and OS.

The updated results (median follow up intervals of 2.1-12.6 years) of all major 3
trials showed that although the HDI-induced RFS benefit is consistent and durable
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compared with observation there is not OS benefit associated with HDI [156].
This may be because of development of HDI-related long term side effects that
have not been studied beyond the time of follow up [157]. However, no other
IFN� regimen in melanoma has ever shown consistent OS benefit in prospective
randomized controlled studies except for inconsistent DFS benefit [148].

The molecular mechanism accounting for the clinical benefit of HDI in the
adjuvant setting for melanoma was examined in a neoadjuvant study of 20 patients
with palpable regional lymphadenopathy (AJCC Stage IIIB & C) who had initial
pretreatment excisional biopsy followed by the standard induction-intravenous HDI.
The intravenous phase was then followed by definitive lymph node dissection and
subsequent completion of standard subcutaneous maintenance HDI. At 4 weeks
of assessment standard intravenous HDI was associated with 55% response rate.
Moreover, clinical responders compared to non-responders had a longer DFS and OS
and more significant increase in the number CD3+ and CD11c+ mononuclear cells
infiltrating the tumor detected by immunohistochemistry on tumor biopsies before
and after 4 weeks of treatment. There were no significant changes in angiogenesis
or expression of melanoma antigens, overall suggesting that the effect of HDI may
be more indirect and immunomodulatory rather than direct and cytotoxic. Future
studies need to address the issue of predictive markers of IFN� response in order
to apply this treatment schedule to a more selective group of patients who would
most likely respond to treatment.

The Past: Failed Combinations of IFN with other Agents

It was thought that the efficacy of IFN� treatment would increase if IFN� would
be combined with other treatment modalities. Based on preclinical studies that
type I IFNs were thought to exert a radiosensitizing effect on tumor cells external
beam radiation therapy was combined with IFNs in non small cell lung cancer
[158], melanoma [159] and rectal cancer [160] with uniform significantly increased
toxicity without any overall benefit. The combination of IFN� with other conven-
tional chemotherapeutic agents and biologic agents (biochemotherapy) significantly
increased overall toxicity of the regimen although the results from several phase
II studies were promising with high objective response rates [161]. However, no
phase III randomized cooperative group controlled study in melanoma and other
tumors ever showed improvement in overall survival [162, 163]. The reason(s) for
this failure may be twofold: In the overall regimen administered the fractional dose
of IFN� given was small, which we now know plays significant role based on
the direct experience from the randomized prospective studies of adjuvant IFN� in
melanoma and other indirect evidence [164]. Also, several of the chemotherapeutic
agents added may antagonize the immunomodulatory role of IFN� and promote
immunosuppression [165]. Although in preclinical studies retinoids may synergize
with IFNs in promoting differentiation, combination of IFN� with retinoids has
shown conflicting results in different malignancies [141, 142, 166]. Finally IFN�
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did not potentiate the anti-angiogenic effect of endostatin in patients with metastatic
melanoma [167].

The Future: Rational Combinations of Interferons with other Agents.

The clinical benefit of HDI in stage III melanoma combined with its limited efficacy
in stage IV disease implies that IFN� resistance may be potentially overcome
by building other molecularly targeted therapies upon HDI (reviewed in [115]).
Melanoma vaccines have been investigated for more than 40 years and most of
the vaccine-induced immune responses have been transient and with no correlation
with clinical outcomes. Only recently have melanoma vaccines became more well
defined and evaluated in terms of intermediate immunological endpoints resulting
in their testing by Cooperative Group evaluations, such as in the recent phase II trial
E1696 and the ongoing E4697 in which preliminary analysis showed suggestion for
overall survival benefit in patients who have been successfully vaccinated [168].
A number of murine [169, 170] as well as small clinical studies [171, 172] have
suggested that type I IFNs may enhance immune response to vaccination or may
recall immune response of previously vaccinated subjects resulting in objective
tumor responses. Based on these results we have initiated a clinical study of HDI in
patients with metastatic melanoma (UPCI 04-125) who were previously vaccinated
with defined melanoma epitopes, but have clinically progressed at the time of study
entry. The primary aim of the study is to assess whether HDI can recall previously
recorded immunologic responses, defined by ELISPOT.

Gangliosides are complex membranous amphipathic structures specifically
overexpressed in a variety of tumors including melanoma. GD3 is one of the most
abundant gangliosides in melanoma cells [173] and has been shown to ‘shed’
into the tumor environment where it is passively incorporated by nearby immune
cells causing immunosuppression and apoptosis [174]. Anti-GD3 murine monoclonal
antibody (mAb) R24 therapy was used for treatment of metastatic melanoma with
a modest (˜10%) response rate [175, 176]. The latter was primarily attributed to
the development of human anti-mouse antibodies (HAMA), which decreased serum
levels of anti-GD3 mAb in serum. The more recently developed chimeric anti-GD3

mAb (KW2871) exhibits a superior cytotoxic, pharmacodynamic, and pharmacoki-
netic profile owing in large part to the absence of any detectable HAMA response,
long serum half life and superior bioavailability [177]. However these superior
properties were not translated into meaningful clinical antitumor response in a recent
phase I study of KW2871 in patients with metastatic melanoma [178]. We hypoth-
esize that the lack of antibody efficacy is secondary to tumor-induced immuno-
suppression which suppresses effector cells in mediating antibody-dependent cell
cytotoxicity (ADCC), among other mechanisms. Preliminary results in our lab
suggest that IFN at clinically relevant concentrations augments KW2871-mediated
cytotoxicity against a GD3 expressing melanoma cell line. We therefore plan to
investigate the effect of concurrent administration of HDI and KW2871 in response
rate and time-to-progression in patients with metastatic melanoma (UPCI-193).
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IFN�-mediated induction of apoptosis activates survival and proliferative
pathways in tumor cells, such as the epidermal growth factor receptor (EGF-
R) pathway [179, 180], which abrogates IFN�-induced apoptosis [181, 182]. This
adaptive cellular response to IFN� treatment has been clinically exploited in
lung cancer. Cancer cells exposed to IFN� became highly sensitive to specific
signaling inhibitors (“target prioritization”), such as EGFR inhibitors (ZD1839
Iressa™) [182].

Research on the “two signal model” of T cell activation established that the
engagement of CD28 on the T cell surface by the B7-1 and B7-2 on the APC
provides the necessary costimulatory signal for T cell activation. The discovery of
the cytotoxic T lymphocyte antigen (CTLA-4) [183] originally left more questions
than answers about its function until the advent of monoclonal antibodies specific
for CTLA-4 which suggested that it plays a negative costimulatory role by atten-
uating T cell activation and expansion (reviewed in [184]). The first clinical trials
of CTLA-4 antibody therapy in patients with advanced metastatic melanoma have
shown significant response rates, with several durable responses at the cost of
significant autoimmune manifestations [103,185]. CTLA-4 blockade and IFN� have
common, though complementary mechanisms of action. Their effect is immunomod-
ulatory, promote Th1 rather than Th2 responses [186, 187], they affect tryptophan
metabolism[188], and promote autoimmunity. Therefore, we plan to study the effect
of combination IFN� with CTLA-4 in patients with metastatic melanoma.
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INTRODUCTION

Interleukin-2 (IL-2) is a cytokine that is produced predominantly by activated T
lymphocytes and acts in an autocrine manner to promote the proliferation and
effector function of T cells. The recognition that T cells depended on IL-2 for
growth and differentiation revolutionized the field of T cell biology since exposure
of T cells to IL-2 in vitro provided a mechanism for prolonging T cell survival
and manipulating T cell responses under experimental conditions. Following the
availability of recombinant IL-2 in the late 1970’s, studies documented the ability
of IL-2 to support the development of lymphocyte activated killer (LAK) cells from
peripheral blood and later tumor-infiltrating lymphocytes (TIL) from established
tumors. In early clinical studies pioneered by Steven A. Rosenberg patients with
cancer were treated with adoptively transferred LAK or TIL cells and survival
of these cells in vivo was maintained by adjuvant IL-2. Careful analysis of these
early clinical trials suggested that metastatic melanoma and renal cell carcinoma
were the most responsive tumors to this form of immunotherapy. Further analysis
also revealed that IL-2 alone was responsible for much of the therapeutic activity
of the regimen, and this was subsequently confirmed in several animal models.
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The effects of high-dose IL-2 was later confirmed in clinical trials conducted by
the Cytokine Working Group. In general, high-dose, bolus IL-2 administration
results in a defined objective clinical response in 15–20% of melanoma and renal
cell carcinoma patients with durable complete responses in 5–10% of patients.
These data resulted in FDA approval of high-dose IL-2 for metastatic renal cell
carcinoma in 1992 and for metastatic melanoma in 1998.

While high-dose IL-2 resulted in durable clinical responses, treatment was often
associated with significant toxicity. In early studies a mortality rate of approxi-
mately 2% was reported with high-dose IL-2 administration. The deaths reported
in early IL-2 studies was largely related to bacterial sepsis as it was not recog-
nized that patients receiving high-dose IL-2 are susceptible to infection due to a
limited period of neutrophil dysfunction. In 1990 the use of gram positive antibiotic
coverage became routine and the number of deaths from IL-2 in experienced centers
decreased dramatically. Furthermore, the induction of a capillary leak syndrome by
IL-2 characterized by hypotension, decreased vascular tone and third space fluid
sequestration has allowed a more rationale management plan for preventing and/or
treating the adverse effects of IL-2. Despite our understanding of IL-2 pharma-
cology and toxicology, high-dose IL-2 is still best administered at centers with
expertise and facilities designed for managing patients undergoing intensive therapy
with immunologic agents. The availability of physicians and nurses with such
expertise and patient access to such centers currently limit the number of patients
receiving IL-2.

In 2006, an estimated 59,580 new cases of metastatic melanoma and 31,160
new cases of renal cell carcinoma will be diagnosed in the United States [1].
Together, they will account for more than 20,000 deaths. Melanoma and renal
cell carcinoma have both been highly resistant to chemotherapy although recent
evidence does support the role of tyrosine kinase inhibitors as potential therapeutic
agents, especially in renal cell carcinoma. There has not, however, been consistent
evidence that these agents result in survival benefit. Thus, high-dose IL-2 remains
the treatment of choice for patients with metastatic melanoma or renal cell carcinoma
who can tolerate treatment. Additional investigation combining IL-2 with molecular
pathway inhibitors will be a furtive area of research. Ideally, a biomarker that can
identify patients likely to respond to IL-2 prior to treatment would significantly
improve our management of these patients.

Although IL-2 was introduced to clinical trials over 20 years ago and has been
approved since 1992 the mechanism responsible for tumor regression in IL-2 treated
patients is not entirely defined. Preliminary data strongly supported a role for
activated T cells or natural killer (NK) cells in IL-2 mediated tumor rejection. There
is now, however, data suggesting that IL-2 may actually promote the activity of a
naturally occurring regulatory T cell population that suppresses anti-tumor T cell
responses. These new insights into the biology of IL-2 need to be reconciled with the
clinical observations of therapeutic benefit in selected patients [2]. Clearly, a better
understanding of the biology of IL-2 is needed to select appropriate patients for
treatment with IL-2 and to increase the likelihood of beneficial responses for those



HIGH DOSE INTERLEUKIN-2 THERAPY 433

patients receiving IL-2 therapy. This chapter will focus on the clinical management
of patients treated with high-dose IL-2, particularly those with metastatic melanoma
or renal cell carcinoma. The chapter will emphasize our current understanding of
IL-2 biology, the clinical evidence supporting high-dose IL-2, the indications for
IL-2, selection of patients for treatment and management of IL-2 related toxicity.

BIOLOGY OF INTERLEUKIN-2

Interleukin-2 is a four bundle �-helical cytokine produced mainly by activated
T lymphocytes. It binds to the high-affinity IL-2 receptor (IL-2R), which
consists of three subunits—the �-chain (CD25), the �-chain (CD122), and the
common cytokine receptor �c-chain (CD132), of which only the latter two
are required for signal transduction. Janus activated kinase (JAK) 1 and 3
are associated with the IL-2R� and �c chains, respectively, and phosphorylate
tyrosine kinase residues in the cytoplasmic tail of the IL-2R after trimerization
of the receptor complex. These events amplify downstream pathways of the
mitogen-activated protein kinase (MAPK) and signal transducers and activators of
transcription (STAT) pathways initiating T-cell proliferation and cytokine release
[3]. Activated T cells and regulatory T cells express high levels of IL-2R�,
whereas, IL-2R� and �c are shared by other cytokine receptors. For example, the
IL-2R� is a component of the IL-15 receptor and is also expressed on NK
cells, NKT cells and CD8+ memory T cells. The �c chain is expressed on most
hemoatopoietic cells and is a subunit of the receptors for IL-4, IL-7, IL-9, IL-15, and
IL-21 [4, 5].

IL-2 was first described and studied as a growth factor and promoter of T-cell
immunity. The ability of IL-2 to provide a stimulus for T cell survival led to
its use in vivo as an agent for supporting the survival of adoptively transferred
lymphokine-activated killer (LAK) and tumor-infiltrating lymphocyte (TIL) cells
[6]. Subsequent studies demonstrated that single agent IL-2 had anti-tumor activity
in murine tumor models and in patients with metastatic renal cell carcinoma and
melanoma. The mechanism of this effect was thought to be related to the T-cell
growth promoting effects of IL-2 on naturally occurring tumor-specific T cells.
This was supported by the frequent finding of infiltrating T cells at sites of tumor
regression following treatment with IL-2 [7]. This mechanism was questioned when
IL-2 and IL-2R knockout mice showed unexpected lymphoproliferation followed by
lethal autoimmunity [8–10] suggesting that IL-2 played a critical role in regulating
T-cell homeostasis and may be even more important for maintenance of tolerance.
Thus, it was hypothesized that lymphoproliferation in IL-2 deficient mice was due
to failure of IL-2 to sensitize autoreactive T cells to undergo apoptosis. Further
studies, however, implicated the role of IL-2 in maintaining CD4+CD25+ regulatory
T (Treg) cells, a population that inhibits autoreactive and tumor-reactive T cells.
There is increasing evidence that IL-2/IL-2R signaling plays a major role in the
development and activation of Tregs. In fact, the number of Tregs is markedly
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reduced in mice that are deficient in IL-2, IL-2R, or STAT5, and administration of
IL-2 or re-introduction of IL-2-producing cells to IL-2-deficient mice restores the
production of Tregs and lymphoid homeostasis [11–14]. Adoptive transfer of wild-
type Treg cells to IL-2R� or STAT5-deficient mice prevents lymphoproliferation
and lethal autoimmunity [12–18]. Thymic expression of IL-2R� in IL-2R� knockout
mice reconstitutes the production of Tregs and prevents lymphoproliferation and
lethal autoimmunity [11, 12].

There is also data to support the role of IL-2 in regulating Treg function. CD62L
is a Treg-cell ligand necessary for lymphocyte homing to lymph nodes. It has been
shown that IL-2 is necessary for optimal CD62L expression on these cells, and
its lack of expression in IL-2- and IL-2R-deficient animals might lead to improper
trafficking of Tregs accounting for their low numbers [13].

In contrast to the effects of IL-2 on Tregs, IL-2 also plays a role in promoting
effector T cells functions and thus induction of T cell immunity. This is supported
by three significant observations from in vitro studies. First, IL-2 has potent T
cell growth-factor activity as documented by the effects of exogenous IL-2 on
recently activated CD4+ and CD8+ T cells, which undergo clonal expansion
in the presence of IL-2. Second, T cell proliferation and function can be
inhibited by monoclonal antibodies specific for IL-2 or the IL-2R [14, 15] with
blockade of the IL-2/IL-2R interaction abrogating T-cell proliferation. Finally,
IL-2 sensitizes activated T cells to undergo apoptosis or activation-induced cell
death (AICD) by fas- and TNF-dependent pathways, which was postulated to
account for the lymphoproliferation and autoimmunity associated with IL-2- and
IL-2R-deficiency [16].

These findings, however, were not borne out in in vivo studies, where IL-2 has
been shown to be dispensable for T-cell immunity. IL-2 knockout mice developed
protective immunity and recall responses after infection with various immune-
stimulating agents [17, 20]. In many of these studies, both antigen-specific clonal
expansion and contraction were observed, suggesting that IL-2 is not mandatory
for either function in vivo, despite earlier in vitro findings. Studies have shown
that IL-2 may be required for optimal late stage effector responses, however, and
the absence of signaling induced by IL-2 leads to an almost normal increase in
the number of antigen-specific T cells in secondary lymphoid tissues but lower
levels of effector-cell responses and fewer antigen-specific T cells in non-lymphoid
tissues [18, 19]. Malek and colleagues postulated a model in which TCR and co-
stimulatory molecules induce limited clonal expansion of T cells, but that their
extensive amplification and differentiation into effector cells requires signaling
through the IL-2R in vitro but not in vivo - likely due to sufficient redundancy
obviating the need for IL-2 [13]. Thus, the emerging data suggests that IL-2 has
a mandatory role in Treg expansion and functional regulation, but a non-essential
role in T cell proliferation and activation. Further research is needed to better
understand how IL-2 mediates T cell homeostasis in vivo and this information can
be used to better apply IL-2 as a therapeutic agent alone or in combination with
other immunotherapeutic and non-immunotherapeutic drugs.
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CLINICAL TRIALS SUPPORTING HIGH DOSE INTERLEUKIN-2
FOR METASTATIC MELANOMA

Recombinant IL-2 became available in 1976 and Rosenberg and colleagues injected
mice with IL-2 stimulated lymphocytes, demonstrating regression of pulmonary
metastases derived from sarcoma and melanoma cell lines [21, 22]. They went on
to show that directly administered high-dose IL-2 generated LAK cell-mediated
regression of metastases with a strong-dose response relationship [22]. A phase
I clinical study conducted by Rosenberg and colleagues confirmed the safety of
administering IL-2 and LAK cells in 1985 [23]. In this study, they treated 25 patients
with a variety of refractory tumors, including seven with melanoma. Eleven of the 25
patients had a partial response, with 7 of the 11 responding patients being melanoma
patients, and these responses seemed to be durable. Lotze and colleagues treated ten
patients with high-dose IL-2 alone, six of whom had melanoma [24]. They found
that three of the six melanoma patients showed disease regression, whereas the
remaining patients, with colorectal or ovarian cancer, showed no response. Biopsy
material from regressing lesions showed marked lymphocytic infiltrate. Following
this, 157 patients were treated with either high-dose IL-2 alone or with autologous
transfer of LAK cells [25]. Of the 106 patients treated with combination therapy,
21.6% had an objective response with 7.5% having a complete response. Of the 46
patients treated with IL-2 alone, 13% had an objective response with a complete
response seen in only one patient (2.1%). The complete responses were durable in
both arms of the study.

Between 1985 and 1993, clinical trials investigated the efficacy of single-agent
high-dose IL-2. These studies included a total of 270 patients with metastatic
melanoma. IL-2 was administered at doses ranging from 360,000 to 720,000 IU/kg
given intravenously over 15 minutes every 8 hours for up to 14 doses over five
days as tolerated. IL-2 was administered in settings with maximal supportive care,
including pressor support for hypotension. The first cycle was followed by a second
cycle after six to nine days of recovery. The two cycles comprised one course of IL-
2 treatment, and further courses were given every six to twelve weeks as tolerated.
Atkins and colleagues followed the patients through 1996 with a follow-up interval
ranging from three to eleven years [26]. The overall objective response rate was
16%, including 17 complete responders (6%). Median duration of response was six
months for partial responders and had not been reached by the time of analysis for
the complete responders. By a median follow-up of five years, nearly half of the
responders were still alive with 15 having survived more than five years. The median
survival for the entire group was 11.4 months. Toxicities included hypotension
(64%), grade four hypotension (1%), mental status changes, tachyarrhythmias,
and respiratory events (<4%). Nausea, vomiting, and diarrhea were common but
not life threatening. While serum creatinine and bilirubin frequently rose, there
was no evidence for chronic renal or hepatic dysfunction. The infection rate was
15% with Staphylococcus aureas sepsis leading to six deaths. These deaths all
occurred before 1990, when antibiotic prophylaxis became standard practice during
therapy.



436 PETRULIO ET AL.

Rosenberg and colleagues further studied high-dose IL-2 (720,000 IU/kg every
eight hours, up to 14 doses over five days) in 409 patients with melanoma or
renal cell carcinoma between 1985 and 1996 [27]. Of the 11.7% of melanoma
patients who had a complete response, 83.3% remained in remission by the time of
publication with a range of duration from 70 to 148 months. On the basis of these
findings, the FDA approved high-dose bolus IL-2 for the treatment of metastatic
melanoma in 1998.

Other clinical trials have focused on combining high-dose IL-2 with other
cytokines and chemotherapeutic agents (biochemotherapy) in order to improve
response rates or lessen toxicity (by using lower doses of IL-2). A phase III study
of high-dose IL-2 with or without interferon-(IFN)-alpha was conducted with 85
patients with advanced metastatic melanoma [28] and showed an overall partial
response rate of only 7.1% for the whole study population, without a significant
difference between two groups. There were no complete responders, and the median
duration of response was 11.5 months. Therefore, co-administration of these two
cytokines remains investigational.

Several small, single-institution trials reporting high response rates with
biochemotherapy have led to at least five randomized trials evaluating various
doses and schedules of IL-2, IFN-alpha, and chemotherapy agents such as
dacarbazine, cisplatin, and vinblastine. The group at M.D Anderson randomized

Course 1, Cycle 1 

Course 1, Cycle 2 

Course 2, Cycle 1 Off Treatment 

Treatment break 9–14 days  

Restaging scans 4 weeks 
Progression  Stable/ Regression 

Course 2, Cycle 2 
Restaging

scans 4
weeks 

Figure 1. The standard treatment regimen for high-dose IL-2 (600,000 or 720,000 I.U./kg) is given by
15 minute I.V. bolus administration every 8 hours to a maximum of 14 doses or irreversible Grade 3
toxicity. The cycle is repeated in 9–14 days to complete one course of therapy. Courses are repeated if
patients exhibit objective responses or stable disease on re-staging scans
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patients to treatment with chemotherapy comprising cisplatin, vinblastine, and
dacarbazine, or the same regimen combined with high-dose continuous infusion
IL-2 and subcutaneous IFN-alpha [28]. The biochemotherapy arm boasted statisti-
cally significant improvements in response rate, time to progression, and median
survival. However, hemodynamic, constitutional, and myelosuppressive toxicity
was significantly worse in this arm. Four other studies, including a large
intergroup trial, however, have not confirmed these results [29–33]. Therefore,
biochemotherapy remains an experimental option for highly selected patients
with symptomatic or rapidly progressive disease in whom tumor response might
palliate specific symptoms or allow further immunotherapy or other clinical trial
involvement.

A large number of trials exploring low doses of intravenous or subcutaneous
IL-2 have shown no therapeutic benefit compare to high-dose IL-2. Similarly,
alternative infusion regimens, including continuous dosing schedules, have not been
effective in patients with melanoma. Thus, the standard of care continues to be
high-dose bolus IL-2 (see Figure 1).

CLINICAL TRIALS SUPPORTING HIGH DOSE INTERLEUKIN-2
FOR RENAL CELL CARCINOMA

As with melanoma, partial responses were noted in patients with metastatic renal
cell carcinoma in the initial studies using autologous LAK cells and IL-2 [23]. In
the follow-up report of 157 patients treated with LAK cells and IL-2, the highest
response rates were seen in 36 patients with metastatic renal cell carcinoma, with
33% having a complete or partial response [25]. A separate phase II trial of IL-2
with LAK cells in 32 patients with metastatic renal cell carcinoma found an overall
response rate of 16% with disease-free survival of 4 to 16+ months [34]. In 1995,
Fyfe and colleagues initially reported the results of seven independent phase II
studies evaluating single agent bolus high-dose IL-2 conducted at 21 institutions
[35]. Long term follow-up became available in 2000 [35]. In these trials, 255 patients
were treated with the same high-dose bolus regimens used for metastatic melanoma.
Five to nine days after completion of the first cycle of therapy a second cycle of was
administered. Complete and partial responses were noted in 17 (7%) and 20 (8%)
patients, respectively. Grade three and four toxicity rates were similar to those noted
in the melanoma studies. Toxicities included hypotension (74%), oliguria/anuria
(46%), mental status changes (28%), nausea and vomiting (25%), fever/chills (24%),
diarrhea (22%), elevated bilirubin (21%), thrombocytopenia (21%), anemia (18%),
dyspnea (17%), elevated BUN/creatinine (14%), and elevated transaminase levels
(10%). Coma was noted in 2% and sepsis in 6%. These toxicities were generally
reversed with discontinuation of therapy. Mortality, however, was 4% in these seven
phase II studies. The median survival for the entire population was 16.3 months,
and the median duration of response was 20 months for partial responders and 54
months for all responders, and had yet to be reached for complete responders by 131
months. The FDA approved high-dose bolus IL-2 for the treatment of metastatic
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renal cell carcinoma in 1992 based on these seven studies. Subsequent studies have
confirmed the response rates and durability of response for high-dose bolus IL-2
[36, 37].

In contrast to melanoma, renal cell carcinoma patients treated with low doses of
IL-2 appear to have clinical benefit, although the response rates are lower than that
observed for high-dose IL-2. Yang, et al. conducted a three arm randomized clinical
trial comparing high-dose bolus IL-2 (720,000 I.U./kg i.v.), low-dose bolus IL-2
(72,000 I.U./kg i.v.) and subcutaneous IL-2 (250,000 I.U./kg s.c. first week, then
125,000 I.U./Kg sc for 5 weeks) [38]. Overall there was a statistically significant
benefit favoring the high-dose Il–2 treated group but meaningful responses were
also reported in the other two groups. The authors concluded that high-dose IL-2
should remain the standard of care for patients with metastatic renal cell carcinoma
who can tolerate therapy. The data, however, also supports the use of lower doses
of IL-2 in patients with renal cell carcinoma who might not be able to tolerate
high-dose regimens.

A particular challenge in renal cell carcinoma has been the management of
patients who present with metastatic disease and a synchronous primary tumor.
The clinical benefit of nephrectomy for metastatic renal cell carcinoma has long
been debated. Arguments against pre-treatment nephrectomy cite the high morbidity
and mortality associated with surgery and the potential delay of systemic therapy.
Arguments for pre-treatment nephrectomy cite evidence of spontaneous regression
in some tumors and better responses to immunotherapy in situations of lower
tumor burden. In 1989, the Southwest Oncology Group (SWOG) initiated a study
to determine whether nephrectomy affects survival in metastatic renal-cell cancer
[39]. They compared the outcomes of 120 metastatic renal cell carcinoma patients
randomized to receive IFN-alpha 2b alone or following nephrectomy with endpoints
being survival and tumor regression. The nephrectomy arm of the study had a
significant survival advantage (11.1 months vs. 8.1 months). The authors found
no delays in systemic therapy and only one surgery-related death, and concluded
that nephrectomy should remain the standard of care before immunotherapy in
patients with a primary tumor. The UCLA group has also reported a survival
benefit of 16.5 months for patients treated with IL-2 following nephrectomy,
confirming the conclusion that survival is improved when immunotherapy is given
after nephrectomy [40].

BIOMARKERS PREDICTIVE OF RESPONSE TO IL-2 THERAPY

A variety of factors likely modulates the response to IL-2 and could be potentially
useful as markers to predict response rates to IL-2 therapy. Although there are
no prospectively validated markers to date, several putative biomarkers have been
proposed. This includes such factors as HLA type since induction of HLA-DR has
been associated with response to high-dose IL-2 therapy [41,42]. Other parameters
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being investigated in melanoma patients include lactate dehydrogenase (LDH), 5-
S-cysteinyldopa, melanoma-inhibiting activity (MIA), S100-beta, and the presence
of circulating melanoma cells, as well as molecular profiling of metastatic lesions,
but none has yet been proven clinically relevant in patient selection [43–48].

Patient characteristics before, during, and after high-dose IL-2 therapy have
also been evaluated to identify correlates of treatment response. Heretofore, no
factors have been identified that consistently predict response to therapy. Atkins
and colleagues found that prior systemic therapy and baseline performance status
(PS) were the only factors predictive of response to high-dose IL-2 therapy in
patient with metastatic melanoma [26]. Fifteen of the 17 complete responses were
in treatment-naïve patients, and the response rate in patients with an ECOG PS of
0 was twice that of those with a PS of 1. Factors found not to be associated with
response were visceral involvement, number of involved organs, and dose intensity
of IL-2. Rosenberg and colleagues reported that prior immunotherapy was the only
factor negatively correlated with complete response in both melanoma and renal cell
carcinoma patients [23]. These investigators also reported that the total cumulative
dose of IL-2 and a high rebound lymphocytosis after treatment were associated
with complete tumor regression. A follow-up study at the National Cancer Institute
revealed several factors associated with response to IL-2 in melanoma patients: the
presence of subcutaneous or cutaneous only metastases, increased number of doses
received during the first course, rebound lymphocytosis, abnormal thyroid function,
and the development of autoimmune vitiligo [44].

Analysis performed on the data from trials of high-dose IL-2 in patients
with renal cell carcinoma have similarly found variable associations between
response rates and pretreatment or treatment related factors. Pretreatment factors
that have been associated with higher response rates for renal cell carcinoma
to high-dose IL-2 include performance status, prior nephrectomy, erythropoietin
production, treatment-related thrombocytopenia, no thyroid dysfunction, rebound
lymphocytosis, post-treatment elevations of blood TNF-a and IL-1 levels, no prior
immunotherapy, fewer sites of disease, retention of the primary tumor in place,
and bone or liver metastases [25, 34, 35, 45, 46]. Study of Atkins et al. reviewing
pathology slides of 163 RCC patients from seven separate clinical trials revealed
that patients with clear cell carcinomas having alveolar features and the absence of
papillary and granular features correlated to response to IL-2, while patients with
non-clear cell cancers did not respond well to IL-2 [47].

A novel renal cell carcinoma marker, carbonic anydrase IX (CA IX) has been
investigated as a prognostic factor. In non-metastatic RCC patients, low CA IX
predicted a worse outcome similar to patients with metastatic disease. Overall CA
IX expression was found to decrease with the development of metastases [48].
CA IX is expressed in 94% of clear cell RCC specimens, and early studies at UCLA
revealed that all patients who had a complete response to IL-2 had high CA IX
expression [48]. The biological role of CA IX in tumor progression or response to
IL-2 is not defined. However, CA IX-specific cytotoxic T cells have been generated,
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and this may provide a target for vaccine development and explain why CA IX
expression may predict a better response to IL-2 therapy [50].

SELECTION OF PATIENTS FOR IL-2 THERAPY

Il–2 is indicated for the treatment of patients with metastatic melanoma and renal
cell carcinoma. The safe administration of IL-2 depends on careful patient selection,
constant management of clinical toxicity and treatment in experienced centers. In
considering IL-2 therapy the overall clinical condition of the patient, including
performance status, comorbid conditions, location of metastatic disease and wishes
of the patient need to be carefully considered. Table 1 lists the contraindications
to high-dose IL-2 therapy. In general, a poor performance status or presence of
significant underlying cardiac, pulmonary or autoimmune disease is a contraindi-
cation to IL-2 therapy. Patients with significant cardiac disease, especially those
with reversible ischemic damage or heart failure, are also not candidates for IL-
2 because they will not tolerate the hypotension and fluid shifts that typically
occur during treatment. Patients with supraventricular dysrhythmias, however, can
often be safely treated but require careful evaluation and cardiology consultation.
Similarly, significant pulmonary disease may result in rapid onset shortness of
breath and early pulmonary edema. Patients with underlying pulmonary disease or
a history of smoking should undergo pre-treatment pulmonary function studies to
assess their eligibility for treatment and to provide a baseline level of pulmonary
status in case of change induced during IL-2 therapy [1].

Patients with unsuspected brain metastases may be at risk for seizure, coma and
death if treated with high-dose IL-2. Thus, pre-treatment brain MRI is mandatory
before starting therapy. In selected cases of brain metastasis, IL-2 may be safely
administered following craniotomy and surgical resection or local radiation therapy

Table 1. Contraindications to IL-2 Therapy

Contraindication Comment

Poor performance status (< ECOG 1) Need to assess before each cycle
Untreated brain metastasis Can consider IL-2 if treated

and minimal residual edema
is present

Concurrent infection Can result in uncontrolled sepsis and death
Chronic beta blocker use Can potentiate hypotension during treatment
Congestive heart failure Cannot tolerate fluid shifts
Ischemic heart disease Can precipitate MI during hypotension
Significant pulmonary disease Can result in pulmonary

edema and need for
mechanical ventilation

Ulcerative colitis Can result in bowel perforation
Autoimmune disease Can worsen with IL-2
Chronic steroid medication Counteracts the effects of IL-2
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provided there is no residual edema and patients do not require steroids [52]. There
is also a significantly increased risk of complications if patients have underlying
infections at the time of IL-2 administration. This can usually be avoided by careful
history and physical examination in concert with a pre-treatment chest X-ray,
urinalysis and complete blood count. Patients should also avoid steroid medications,
which can counteract the effects of IL-2, and beta blockers, which can potentiate
hypotension during therapy.

The initial pre-treatment screening for patients being considered for high-dose
IL-2 therapy are shown in Table 2. In addition to a careful history and physical
examination, routine blood work (including thyroid function studies), brain MRI,
staging CT scans, EKG, urinalysis and chest X-rays are obtained on all patients.
Patients with a history of cardiac disease or over the age of 50 should also have a
stress test to document the lack of reversible ischemic disease. Pulmonary function
studies are also useful in patients with underlying chronic lung disease. Although
major organ dysfunction and autoimmunity are relative contraindications to IL-2
treatment, each case may need to be evaluated independently and in consultation
with an expert. For example, while IL-2 can be safely given to patients with well
controlled diabetes mellitus, those patients with brittle diabetes may experience an
exacerbation of their disease upon exposure to IL-2. The risk-benefit ratio may
need to be carefully considered in those with known mild autoimmune disease or
borderline performance status.

Table 2. IL-2 Screening

Screening Test Indication

Brain MRI All patients
Cardiac stress test All patients over 50 years old or any patient

with a history of cardiac disease
Pulmonary function studies Any patient with extensive lung disease or

history of heavy smoking
EKG All patients for baseline
Chest X-ray All patients to rule out infection, verify

central line placement
Urinalysis All patients to rule out urinary tract infection
Complete blood count,

electrolytes, blood urea
nitrogen, creatinine, liver
function studies

All patients to rule out infection or other
organ dysfunction

Thyroid function studies All patients to rule out autoimmunity and
have a baseline level

CT scans of chest, abdomen and pelvis All patients for staging and response evalu-
ation

History and physical examination All patients to document unsuspected
infection or steroid use, confirm performance
status
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The management of patients being treated with high-dose IL-2 usually requires
intensive nursing care and close clinical monitoring. Although many centers utilize
an intensive care unit or step-down setting, patients can be managed safely on a
hospital unit with skilled nurses and telemetry monitoring. Frequent vital signs with
attention to daily weight, pulse, blood pressure, urine output and oxygen saturation
are required. In contrast to many drug regimens, patients must be clinically evaluated
before each dose of IL-2 and decisions to give the dose must consider the physiologic
status of the patient, presence of underlying toxicity, mental status and psychological
state of the patient and availability of physician and nurse support in the event of
toxicity. Daily weights and lab studies are needed to identify shifts in fluid status
and organ dysfunction. Most IL-2 side effects are reversible and it is possible to
hold a dose for grade 3 or greater toxicity and resume treatment if the effect resolved
within 12-24 hours.

The guidelines for management of IL-2 patients are shown in Table 3. Patients are
monitored by continuous cardiac telemetry with daily weights and vital signs, urine
output and oxygen saturation tested as needed during therapy. Routine medications
administered prior to IL-2 include acetaminophen and indomethacin to prevent
fever/chills, famotidine to avoid gastric irritation, anti-emetics and gram positive
antibiotic prophylaxis. Patients are evaluated before each dose and if parameters are
favorable the dose is given. If grade 3 or greater toxicity is observed the dose may
be held until the side effect resolves. Failure to resolve within 24 hours, however,
is usually an indication to halt further IL-2 treatment during the cycle. Patients
will return in 9-14 days for a second cycle and the length of this interval depends

Table 3. Management of IL-2 Patients During Therapy

Pre-treatment labs CBC with diff, electrolytes, blood urea nitrogen, creatinine, liver function
studies, prothrombin and partial thromboplastin times, LDH (melanoma
patients) and thyroid panel

Pre-treatment tests Electrocardiogram
Chest X-ray
Brain MRI
Cardiac stress test for age>50
Pulmonary function studies for patients with chronic lung disease

Pre-treatment medications Acetaminophen 650 mg po q 6 hours
Indomethacin 50 mg po q 8 hours
Famotidine 20 mg po/IV q 12 hours
Granisetron 1 mg po or 0.7 mg IV q day
Oxacillin 2 grams IV q 6 hours
Vancomycin 1 gram IV q 12 hours (If allergic to penicillin)
Discontinue antihypertensives

During treatment Continuous cardiac telemetry
Periodic vital signs, Strict urine output and oxygen saturation

Daily weight
Daily blood work (cbc, electrolytes, creatinine and liver function studies)

1 dose may be held for grade III or IV toxicity; If toxicity not improved
or resolved within 24 hours IL-2 therapy should be stopped.
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on resolution of symptoms and organ dysfunction induced by the first cycle of
IL-2. Re-staging scans are typically performed four or more weeks after the second
cycle of treatment since IL-2 often takes a longer time to induce regression when
compared to cytotoxic chemotherapy agents. This is an important point and often
stable disease on re-staging may imply an early objective response to IL-2 and
generally warrants further treatment if the patient is able to tolerate further therapy.

MANAGEMENT OF HIGH DOSE INTERLEUKIN-2 TOXICITY

The management of IL-2-related side effects is well established, and most patients
can be treated with minimal morbidity. Safe administration of IL-2 begins with
vigilant patient selection. As mentioned, only patients with adequate cardiac,
pulmonary, renal, and hepatic function should be offered therapy. As previously
stated, performance status has been shown to be a predictor of response, and patients
with ECOG performance status of 2 or higher should be excluded. Patients over age
50 should undergo stress testing. Respiratory complaints, smoking history, heavy
tumor burden, or known pulmonary disease (FEV1 and FVC < 65% predicted)
mandate pulmonary function testing. Untreated cerebral metastases predispose to
altered mental status and other neurological complications due to IL-2, so all patients
should undergo pre-treatment brain MRI screening. Many of the adverse effects of
IL-2 can be prevented or treated with proper fluid and pharmacologic management,
and nearly all adverse effects are reversible upon cessation of therapy. Guidelines
for safe administration of high-dose IL-2 have been previously published [51]. A
list of common IL-2-related side effects and their management are listed in Table 4.

Cardiac and Hemodynamic Side Effects. IL-2 induces a capillary leak
syndrome that leads to hypotension, decreased systemic vascular resistance, tachy-
cardia, increased cardiac index, and third space fluid sequestration. The pathophys-
iology of this effect is not well described. Significant hypotension is common,
occurring in 85% of IL-2 treated patients. Initial management includes fluid
challenge and most patients will respond to this, although careful attention should
be paid to the pulmonary status since excess fluid can result in pulmonary edema
and respiratory compromise. Those patients who do not respond to fluid or who
cannot tolerate excessive fluid may be treated with vasopressors such as dopamine
or phenylephrine. Hypotension tends to occur gradually and will often manifest
several hours after IL-2 dosing. Most patients will tolerate further IL-2 dosing
once the hypotensive episode has been properly treated or corrected with fluid
or vasopressors. While tachycardia is common, overt arrhythmias are not. Atrial
arrhythmias associated with hypotension occur in about 10% of patients and usually
respond to supportive management.

The capillary leak syndrome also results in significant third space sequestration
of fluid during therapy. This typically manifests as peripheral edema although
fluid may accumulate in any organ, including the lungs where pulmonary edema
is possible. Patients often gain 10–20 kg during a single cycle of IL-2 and the
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Table 4. Management of IL-2 Related Toxicity

Hypotension If systolic BP < 80–90 mmHg hold dose 250cc NS fluid bolus; repeat as
necessary up to 1.5 L per day Phenlyephrine or dopamine drip

Pulmonary edema If unresolved in 8 hours chest X-ray
Persistence, then hold dose
Lasix

Arrhythmias Cardiac monitor
Obtain 12 lead EKG
Stop IL-2 treatment
Check cardiac enzymes
Replace electrolytes
Supportive care

Altered mental status Observe
Anti-anxiolytics
If severe, stop treatment
If persistent, obtain brain MRI

Elevated creatinine If > 4.0 mg/dl, hold dose
If > 8.0 mg/dl stop therapy
Replace electrolytes, correct acidosis
Careful fluid management

Elevated bilirubin If > 3.7 mg/dl consider holding dose
If > 7.5 mg/dl consider stopping therapy

Nausea and vomiting Anti-emetics
Mucositis Magic mouthwash
Diarrhea Lomotil

Tincture of opium
Pruritus Eucerin cream

Diphenhydramine 50 mg po q 6 hrs
Hydroxyzine 50 mg po q 8 hrs
Oatmeal baths

Anemia Observe after fluid sequestration
Check for rectal bleeding
Consider transfusion if persistent and symptomatic

Electrolyte imbalances Replete Mg2+, Ca2+, Phosphorus daily
Thrombocytopenia If < 75 k/ul and > 50 k/ul hold dose

If < 50 k/ul consider stopping therapy

weight is a sensitive indicator of the fluid status in these patients. Most patients
with normal cardiac reserve will mobilize this fluid once the capillary leak stops.
In some cases, however, this can be hastened by administration of diuretics. This
must be done cautiously and only after the capillary leak has resolved.

Based on these hemodynamic changes, adequate cardiac reserve is essential.
Thus, IL-2 administration should be considered on an individual basis for patients
over 50 and these patients should have a normal cardiac stress test. Patients over
the age of 70 have difficulty tolerating IL-2 and should be considered on an
individual basis and only at experienced centers. Children have been given IL-2
and the hemodynamic changes appear to be similar to those observed in the adult
population but are often better tolerated. Furthermore, due to the high potential for
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cardiovascular side effects, all patients require on-going monitoring during therapy.
Although rare, myocardial infarction has been reported after IL-2 treatment and
patients with acute rhythm changes, chest pain, shortness of breath or other signs of
acute infarction should discontinue IL-2 and have regular EKG and cardiac enzymes
tested.

IL-2 rarely induces an acute cardiomyopathy characterized by a lymphocytic
infiltrate in the myocardium. Symptoms are often non-specific and may include
chest pain, shortness of breath, fever, and malaise. The diagnosis is usually made
when cardiac enzymes are elevated in the face of a normal EKG. The diagnosis
can be confirmed by myocardial biopsy but this is usually not necessary. Treatment
is usually symptomatic and includes the use of non-steroidal anti-inflammatory
agents. The condition is typically self-limited and resolved within a few weeks.

Pulmonary Side Effects

The capillary leak syndrome commonly results in pulmonary fluid seques-
tration. This can result in shortness of breath, dyspnea, and, less commonly,
pleural effusion. Because of this, patients with serious underlying pulmonary
disease or tumor-related effusions should not be offered IL-2. Pre-treatment
pulmonary function studies may be helpful to define those patients who may be
at risk for developing complications and establishing a baseline for pulmonary
performance should changes occur during therapy. Regular pulse oximetry may
identify impending pulmonary compromise and allow early cessation of treatment.
Most pulmonary side effects are mild and easily treated with diuretics and
supplemental oxygen via nasal cannula. More serious pulmonary issues may
require mechanical ventilation or thoracentesis with cessation of treatment.

Renal Side Effects

Oliguria is the most common renal side effect of IL-2 treatment. This
is often seen within 48 hours of starting treatment and is associated
with an increased creatinine, azotemia, low fractional excretion of sodium,
and fluid retention. Electrolyte derangements are also common and include
hypocalcemia, hypomagnesemia, hypophosphatemia, and metabolic acidosis.
These effects are usually transient and respond to fluid challenge and repletion of
the deficient electrolytes. While renal function normally recovers upon cessation
of IL-2, treatment is usually halted once serum creatinine levels reach 4.0 mg/dl.
Diuretics encourage quick recovery and may be administered once hypotension
has resolved. The renal manifestations of IL-2 may be more significant in the
renal cell carcinoma population since many of these patients have only one kidney.
Hemodialysis is rarely, if ever, indicated in these patients although careful attention
to renal status is important during therapy with high-dose IL-2.

Gastrointestinal Side Effects

IL-2 therapy often causes nausea, vomiting, mucositis and diarrhea. Many
patients also experience hypoalbuminemia and elevation of hepatic enzymes and
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bilirubin. Prophylactic anti-emetics are the standard of care but may need to
be adjusted throughout the course of treatment depending on the severity of
the patient’s reaction. Secretory diarrhea occurs in about 10% of patients and
usually responds to symptomatic management (see Table 4). IL-2 is contraindi-
cated in patients with active colitis due to rare reports of colonic perforation
seen especially in those with inflammatory bowel disease. Abdominal pain is
uncommon, so if it does occur it should be evaluated carefully. Signs and symptoms
of bowel perforation may be masked as these patients are on standing non-
steroidal anti-inflammatory agents. An inflammatory hepatitis may cause right
upper quadrant pain and a reversible cholestasis is common. These entities
normally resolve without treatment. Mucositis is typically self limited but may
be relieved with symptomatic management. Anorexia may occur during therapy
and avoidance of food will usually lessen the incidence of nausea and vomiting
in this situation. The appetite returns within a few days if related to IL-2
treatment.

Hematological Effects

IL-2 can affect nearly all cells of the hematopoeitic system and requires
careful monitoring during treatment. Anemia, thrombocytopenia, lymphopenia, and
eosinophilia have all been reported. While neutrophil counts are normal, the function
of these cells may be impaired by IL-2, and this can lead to an increased risk
of infectious complications. It is standard practice to place all patients on broad-
spectrum antibiotics during IL-2 treatment. It is mandatory to monitor blood counts
at least daily during active treatment, and blood transfusions should be considered
for symptomatic patients. Although bleeding is rare during IL-2 administration,
treatment should be stopped if the platelet count falls below 20,000–30,000 /m3.
There is often a rebound lymphocytosis that occurs within 3–10 days of stopping
IL-2 therapy. This is important to note since the white blood count may not be
reliable for diagnosing infection in the post-IL-2 setting.

Neurological Side Effects

The neuropsychiatric effects of IL-2 are often the most disturbing to patients
and family. Typical effects include lethargy, confusion, visual hallucinations,
and rarely coma. While significant neurological sequelae are rare, mental status
and the neurological exam should be monitored closely during IL-2 treatment.
Changes in mental status are often preceded by impaired memory, vague or
incoherent responses, irritability, lack of attention, and vivid dreams. IL-2 should
be held or discontinued if there is evidence of mental status changes, and patients
should be monitored closely or restrained to prevent trauma from falling during
periods of disorientation. The use of anti-anxiolytics and anti-psychotics may
be useful for IL-2 induced mental status changes and irritability. If symptoms
do not improve promptly, other causes should be sought including new brain
metastases.
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Cutaneous Side Effects

Peripheral vasodilation as part of the capillary leak syndrome will often manifest
as facial and cutaneous flushing. Less commonly, patients may experience signif-
icant dessication and dequamation of the skin with associated pruritis. This can be
managed with emollients and systemic pharmacologic treatments including diphen-
hydramine and hydroxyzine (see Table 4)

Immunological Side Effects

IL-2 induces significant fever and chills following administration. This can be effec-
tively prevented by premedicating patients with acetaminophen and indomethacin.
Long-term immunologic side effects have included vitiligo and autoimmune
thyroiditis. Therefore, thyroid function should be monitored before, during, and after
IL-2 therapy. There has been a correlation between the development of autoimmune
phenomenon and therapeutic anti-tumor activity with IL-2.

NOVEL METHODS FOR REDUCING IL-2 RELATED TOXICITY

High-dose IL-2 toxicity can be reduced pharmacologically. Dexamethasone prevents
induction of tumor necrosis factor (TNF) alpha by IL-2 and reduces treatment-
related toxicity resulting in a threefold increase in the maximum tolerated dose [52].
Potential interference with IL-2 anti-tumor efficacy, however, limits the utility of
this approach in the routine clinical setting. Co-administration of IL-2 with soluble
TNF receptors has shown promise in animal models, inhibiting some of the adverse
effects associated with high-dose IL-2 without interfering with the anti-tumor effects
of IL-2. Unfortunately, these agents did not significantly block IL-2-related toxicity
in humans [54]. A strategy to reduce IL-2-associated vasodilation by inhibiting
synthesis of nitric oxide with NG-monomethyl-L-arginine was tested in a phase
I study of renal cell carcinoma patients who developed hypotension secondary to
IL-2 infusion. In this trial, hypotension was completely or partially reversed in all
patients. This was accompanied by increased pulmonary vascular resistance and
reversal of IL-2-induced hyperdynamic cardiac output [55].

IL-2 induces release of superoxide, a potent mediator of hemodynamic instability
and organ dysfunction during septic shock. In an animal model, IL-2-associated
hypotension was ameliorated by combining IL-2 with the superoxide dismutase
mimetic, M40403, with improvement of anti-tumor efficacy (56). Continuous intra-
venous infusion of IL-2 has been compared to the standard bolus regimen, but
clinical efficacy was not superior and toxicities were excessive [57, 58].

Another approach to reduce IL-2 toxicity is to avoid systemic administration and
to localize IL-2 to the tumor microenvironment. Liu and Rosenberg evaluated the
transduction of tumor infiltrating lymphocytes with the IL-2 gene using a retroviral
vector [59]. In this model, tumor cell antigens stimulate production of IL-2 resulting
in T-cell proliferation without requiring exogenous IL-2, thereby circumventing
systemic toxicity. Radny and colleagues studied injecting IL-2 directly into tumors
and confirmed its safety and tolerability [60]. Toxicity was mild, and 85% of treated
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lesions completely regressed leading to an extraordinarily high systemic complete
response rate of 62.5% with the longest ongoing remission lasting more than 38
months. Furthermore, based on data suggesting that Tregs may be increased by IL-2
and since Tregs may inhibit effective anti-tumor immunity, studies are underway to
inhibit Tregs in combination with IL-2 or other forms of immunotherapy [61, 62].
The results from such studies need to be carefully evaluated to determine the
potential for increasing therapeutic responses while limiting toxicity associated with
IL-2 treatment.

CONCLUSIONS

The prognosis for patients with metastatic melanoma remains poor and few
treatment options are available. Patients with metastatic renal cell carcinoma seem
to benefit from tyrosine kinase inhibitors although the survival benefit with these
agents is limited. Thus, the limited survival benefit with currently available agents
and the inherent immunogenicity of melanomas and renal cell carcinomas suggests
that high-dose IL-2 should be considered for all patients who are able to tolerate
treatment. IL-2 has been well studied as a single agent in metastatic melanoma and
durable responses can be expected in 15–20% of patients with many achieving long
term survival. A better understanding of the biology of IL-2 and its receptor, as
well as the identification of a regulatory T cell subset has yielded new clues to how
IL-2 mediates therapeutic effects in cancer patients. Further research is required to
define the mechanism of tumor regression and may provide new targets for immune
manipulation. Vigilant screening of patients prior to IL-2 treatment and adherence
to practical guidelines for the management of toxicity allows safe administration of
IL-2 in most patients. There have been considerable efforts aimed at reducing the
frequency and severity of IL-2 side effects, and these will require further clinical
investigation before they can be recommended. Potential biomarkers, such as CA
IX in renal cell carcinoma, may play a role in selecting patients who are more
likely to respond to IL-2 therapy but this requires prospective validation. Patients
with metastatic melanoma or renal cell carcinoma should be evaluated for IL-2
and treatment can be safely administered to most eligible patients especially at
experienced high-dose IL-2 centers.
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CHAPTER 20

MONOCLONAL ANTIBODIES IN CANCER THERAPY

CHRISTOPH RADER AND MICHAEL R. BISHOP
Experimental Transplantation and Immunology Branch, Center for Cancer Research,
National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

INTRODUCTION

In concert with their clinical acceptance, monoclonal antibodies (mAbs) have
become an exemplary biotechnology drug with revenues from global sales in 2003
amounting to more than $7 billion. A major indication of biotechnology drugs in
general and mAbs in particular has been cancer therapy. In fact, out of 270 biotech-
nology drugs that were in clinical trials in 2003, 101 were investigated in the field
of cancer therapy, and of these, 47 were mAbs [1], targeting both “blockbuster” and
“nichebuster” markets. Since the approval of rituximab for the treatment of non-
Hodgkin’s lymphoma (NHL) in 1997, seven additional mAbs were approved by
the Food and Drug Administration (FDA) for cancer therapy (Figure 1) and many
more are in clinical trials [2]. The mounting success of the antibody molecule as
therapeutic agent is based on at least three properties; (i) a Fab moiety that permits
antigen binding with high specificity and affinity, (ii) a Fc moiety that mediates
effector functions, such as antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC), (iii) a molecular mass of approximately
150 kDa that, in concert with Ig recycling through the neonatal Fc receptor, allows
a circulatory half-life of up to 21 days. In addition, mAbs have been conjugated to
radioisotopes, chemotherapeutic agents, bacterial toxins, cytokines, and enzymes in
order to enhance their effector functions [3].
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Figure 1. Monoclonal antibodies approved for cancer therapy by the Food and Drug Administration.
Since 1997, eight mAbs have been approved for the treatment of a variety of cancers. Until 2004,
hematologic malignancies dominated cancers targeted by approved mAbs. With the availibility of
trastuzumab, cetuximab, and bevacizumab, mAb treatment has also become an option for patients with
metastatic breast and colorectal cancer. Bevacizumab, which was approved most recently, is a unique
drug in several ways. First, it is the only approved treatment that intentionally targets tumor angiogenesis
and, second, the only approved mAb for cancer therapy that targets a soluble rather than a cell surface
antigen. Bevacizumab is currently in clinical trials for the treatment of a variety of cancers that depend
on tumor angiogenesis

MOLECULAR FEATURES OF MONOCLONAL ANTIBODIES
IN CANCER THERAPY

Structure and Formats

The antibody, or immunoglobulin (Ig), molecule consists of a defined covalent
assembly of Ig domains (Figure 2). Probably due to its conformational stability and
resistance to proteases, the Ig module is found in a variety of extracellular proteins
referred to as the Ig superfamily. It is thought that the evolutionary success of the
Ig module was driven by the Metazoan evolution with its demand for stable protein
modules mediating recognition and adhesion at the cell surface [4]. Though most
cell adhesion molecules of the Ig superfamily are single chain molecules, they form
homophilicandheterophilic intermolecular interactions that resemble thechainassoci-
ations found in the antibody molecule (Figure 2). It has therefore been suggested
that the antibody molecule evolved from cell adhesion molecules [4]. With its new
phenotype, the hypervariable antigen binding site, whose diversity in humans is
based on the random combination of approximately 160 functional variable (V),
diversity (D), and joining (J) gene segments and somatic mutation, evolved rapidly
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Figure 2. Formats of monoclonal antibodies. The 150-kDa IgG1 molecule (left) contains two identical
light chains and two identical heavy chains. The light chain consists of one N-terminal variable Ig domain
(VL) followed by one constant Ig domain (CL). The heavy chain consists of one N-terminal variable Ig
domain (VH ) followed by three constant Ig domains (CH 1, CH 2, and CH 3). CH 1 and CH 2 are linked
through a flexible hinge region that anchors four interchain disulfide bridges of the IgG1 molecule,
one for each of the two light and heavy chain pairs (not shown) and two for the heavy chain pair
(shown). The antibody combining site results from the convergence of six hypervariable peptide loops
or complementarity determining regions (CDRs), three provided by each VL and VH . Each of the twelve
Ig domains of the IgG1 molecule consists of approximately 100 amino acids which form a sandwich
of two opposing antiparallel beta-sheets that surround a hydrophobic core and are linked by a disulfide
bridge. Thus, in addition to its four interchain disulfide bridges the IgG1 molecule is comprised of twelve
intrachain disulfide bridges. The 50-kDa monovalent Fab fragment (center) contains a single light chain
associated with a heavy chain fragment lacking the C-terminal hinge region and constant Ig domains
CH 2 and CH 3. Two heterophilic (VL/VH and CL/CH 1) domain interactions and one interchain disulfide
bridge between CL and CH 1 contribute to the stability of the Fab fragment. The 25-kD single chain
Fv (scFv) molecule (right) consists of variable domains VL and VH covalently linked by a polypeptide
linker

to become a central protein module of the immune system. The antigen binding site
results from the convergence of six hypervariable peptide loops or complementarity
determining regions (CDRs), three provided by each light and heavy chain variable
domain. The six CDRs are clustered at one end of the antibody molecule (Figure 2). It
is primarily the variation in amino acid sequence in the CDRs that produces mAbs of
differing antigen specificities. CDR1 and CDR2 of light and heavy chain are encoded
within the V gene segments. The most hypervariable CDRs, CDR3 of light and heavy
chain are generated by the recombination of V and J gene segments or V, D, and J gene
segments, respectively [5]. Intriguingly, the same features that led to the evolutionary
success of the Ig domain, namely its stability and versatility, also underlie the success
of antibody engineering by rational design and directed evolution. In fact, the ability to
functionally express and display Ig domains as antibody fragments by phage, bacteria,
and yeast is the sine qua non of antibody engineering. Two formats of the antibody
molecule that have been predominately used in antibody engineering (Figure 2) are
the 50-kD Fab fragment the 25-kD single chain Fv (scFv) fragment [6]. The modular
nature of the antibody molecule permits a variety of additional multivalent formats
[7]. Of particular interest are multivalent antibody constructs with specificity for two
different antigens, which are referred to as bispecific antibodies [8]. For the most part,
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bispecific antibodies have been engineered for recruiting cytotoxic T cells or NK cells
to the tumor site through combining specificity for an effector cell receptor, such as
CD3 or Fc�RIIIa (CD16), with specificity for a tumor antigen. For example, a recently
described bispecific antibody, which combines an anti-CD3 scFv and an anti-CD19
scFv, was shown to redirect cytotoxic T cells for the efficient killing of malignant
B-cells at subpicomolar concentrations [9].

Molecular Targets

The use of mAb therapy for cancer depends on the identification of molecular
targets, i.e., antigens that are specifically expressed on the cell surface of tumor cells
or tumor supporting cells. In addition, growth factors that are specifically expressed
by tumor or tumor supporting cells can serve as molecular targets for mAb therapy.
By binding to these extracellular antigens, mAbs mediate the selective destruction
of tumor cells. In contrast to conventional treatments, mAb therapy does not harm
healthy cells that do not express these antigens and, consequently, will cause fewer
side effects. As candidates for mAb therapy, antigens should be expressed at high
levels on the cell surface of tumor cells or tumor supporting cells and should be
absent from critical tissue, including bone marrow, heart, central and peripheral
nervous system. Although the ideal molecular target is expressed in the context
of the tumor only, few truly tumor-specific antigens have been identified [10].
However, a number of molecular targets with broader expression have proven to be
useful for antibody therapy as long as their expression is restricted to less critical
tissues. Antigens CD20, CD33, and CD54, which are targeted by five out of eight
approved mAbs (Figure 1), are broadly expressed on hematopoietic cells; EGF
receptor (ErbB1 or HER1), which is targeted by approved mAb cetuximab, as well
as EGF receptor family protein ErbB2 or HER2, which is targeted by approved mAb
trastuzumab (Figure 1), are overexpressed in some carcinomas but are also expressed
at lower levels in normal epithelial cells [11]; similarly, the target of approved
mAb bevacizumab, vascular endothelial growth factor (VEGF), is overexpressed
in tumor compared to healthy tissue [12]. Nevertheless, a number of preclinical
and clinical mAbs target antigens with a more restricted expression pattern. For
example, mAb L19, which, like bevacizumab, targets tumor angiogenesis, binds to
the extra-domain B of fibronectin, which is inserted into the fibronectin molecule
by alternative splicing during angiogenesis and tissue remodeling but is virtually
undetectable in healthy adult tissues [13]. A truly tumor-specific antigen is the
B-cell receptor, the idiotype, expressed by malignant B-cells. Custom-made mAbs
against individual idiotypes were among the first mAbs that entered the clinic in
the early 1980s [14].

Mechanisms of Activity

How does the interaction of mAb and antigen mediate tumor cell killing? Various
mechanisms of activity[15] are summarized in Figure 3. By binding to its antigen,
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Figure 3. Mechanisms of activity by which monoclonal antibodies mediate tumor cell killing. MAbs
can block receptor/ligand interactions that are crucial for cell survival by binding to either receptor or
ligand. Receptor cross-linking triggering tumor cell apoptosis is another mechanism of activity that is
mediated by the bivalent Fab moiety of the antibody molecule. Immunologic effector functions include
antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC), both
of which are mediated by the Fc moiety of the antibody molecule. To enhance the limited immuno-
logic effector functions of the naked antibody molecule, mAbs have been conjugated to radioisotopes,
chemotherapeutic agents, bacterial toxins, cytokines, and enzymes

which could be a receptor or ligand, the mAb can block receptor/ligand interactions
that are crucial for cell survival. For example, by binding to VEGF secreted by
tumor cells, bevacizumab blocks its interaction with VEGF receptor 2 on endothelial
cells that line tumor-infiltrating blood vessels. VEGF receptor 2 blockade leads to
endothelial cell apoptosis that precedes tumor cell apoptosis [12]. MAb cetuximab
has a similar mechanisms of activity that targets tumor cells directly by blocking
the EGF receptor [16]. In addition to the blockade of receptor/ligand interactions,
receptor cross-linking is another mechanism of activity that is mediated by the
bivalent Fab moiety of the antibody molecule. For example, cross-linking of the B-
cell receptor by anti-idiotype mAbs has been shown to induce tumor cell apoptosis
[17]. However, the perhaps dominating mechanisms of activity of mAbs are the
effector functions mediated by the Fc moiety, i.e., ADCC and CDC. In ADCC,
the Fc moiety of IgG1 complexed on the tumor cell surface activates Fc�RIIIa
(CD16) on natural killer (NK) cells, triggering a cytolytic response. ADCC is
thought to be a key mechanism of activity of the approved mAbs rituximab and
trastuzumab [18]. In fact, polymorphisms in the sequence of the Fc�RIIIa (CD16)
receptor, known to modulate human IgG1 binding and ADCC, also influence
responses to rituximab [19]. In CDC, on the other hand, the Fc moiety of IgG1
complexed on the tumor cell surface binds to complement protein C1q, triggering a
cytolytic response through activation of the complement cascade. CDC is thought
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to contribute to the activity of rituximab [20]. In addition to these natural mecha-
nisms of activity of the naked antibody molecule, which constitutes five out of
eight approved mAbs (Figure 1), the effector functions of the three remaining
approved mAbs were enhanced by conjugation to �-emitting radioisotopes 90Y and
131I (ibritumomab tiuxetan and tositumomab, respectively) and the chemothera-
peutic agent calicheamicin (gemtuzumab ozagamicin). Another strategy to enhance
the effector function of mAbs is by conjugation to cytokines. For example, mAb
EMD 273063, which has entered clinical studies for the treatment of metastatic
melanoma [21], consists of an anti-GD2 ganglioside IgG1 molecule recombinantly
fused to a molecule of interleukin-2 at the C-terminus of each heavy chain. Immuno-
toxins are chemical conjugations or recombinant fusions of antibody fragments to
truncated bacterial or plant toxins, foremost Pseudomonas exotoxin A, diphtheria
toxin, and ricin toxin [22]. Immunotoxin BL22, which consist of an anti-CD22 scFv
recombinantly fused to a truncated form of Pseudomonas exotoxin A, has entered
clinical studies for the treatment of hairy cell leukemia [23]. Yet another strategy
that has entered clinical studies is the conjugation of mAbs to enzymes for the
selective activation of prodrugs at the tumor site [24].

Generating Monoclonal Antibodies

Today, mAbs are generated by either hybridoma technology or phage display [25].
All eight mAbs approved for cancer therapy today are derived from mAbs that were
generated by hybridoma technology conceived thirty years ago [26]. The hallmark
of hybridoma technology is the ability to produce unlimited amounts of defined
antibodies. Recently, the approval of adalimumab (HumiraTM)[27], an anti-TNF-
� antibody for the treatment of rheumatoid arthritis, marks the first approval of
a mAb generated by phage display. The generation of mAbs through hybridoma
technology and phage display is compared in Figure 4. While phage display [28]
has a broad range of applications, its utilization for the generation of mAbs has
been particularly successful [29,30]. More recently, display technologies other than
phage display have been applied to the generation of mAbs, including yeast and
ribosome display [31, 32]. What are the advantages of display technologies over
hybridoma technology for the generation of mAbs? The physical connection of
antibody phenotype (protein) and genotype (cDNA) effectively allows selection
rather than screening of mAbs. Selectable phenotypes include stability, affinity, and
specificity among other features. In contrast to hybridoma technology, which was
practically confined to rodents until recently [33], display technologies permit the
generation of mAbs from virtually any species whose Ig genes are known [34].
In particular, the generation of human mAbs has been greatly facilitated by the
accessibility of large naïve and synthetic human antibody libraries through display
technologies [35–37]. A striking advantage of naïve and synthetic repertoires is
their antigen independence, i.e., one library can be used for the selection of mAbs
against any antigen. In addition, immune antibody repertoires from humans, rabbits,
chickens as well as other species are attractive alternatives to the mouse antibody
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Figure 4. Generation of monoclonal antibodies through hybridoma technology or phage display. This
simplified flow chart highlights the differences between the two main routes to mAbs. Whereas the key
element of hybridoma technology is the fusion of primary splenocytes with immortal myeloma cells to
hybridoma cells, phage display is entirely based on recombinant technology, utilizing retro-transcribed
cDNA for the amplification and subsequent combinatorial assembly of light chain and heavy chain
encoding sequences. The resulting library of randomly combined antibody light and heavy chains are
displayed on the surface of a filamentous phage particle. The displayed protein is encoded on a plasmid,
also called phagemid, harbored by the filamentous phage particle. Thus, protein phenotype and DNA
genotype are physically linked, allowing their reamplification and enrichment over several rounds of
selection for binding to the antigen of interest. Hybridoma technology, on the other hand, preserves the
original light chain and heavy chain pairs; hybridoma cells expressing a mAb that binds to the antigen
of interest are identified by screening rather than selection

repertoire for the generation of mAbs to human antigens. As was demonstrated
more recently, rabbit and chicken mAbs can be humanized while retaining both high
specificity and affinity to the human antigen [38,39]. Rabbit and chicken mAbs are
of particular interest for the development of therapeutic antibodies that are evaluated
in mouse models of human cancer where antibodies are required to recognize both
the human antigen in the xenografted tissue and its mouse homologue in the host
tissue.

Despite the rapid progress of mAb generation through display technologies,
hybridoma technology has maintained a competitive position through further
advancements, such as the development of transgenic [40] or transplanted [41] mice
expressing human antibodies and the development of transgenic mice with condi-
tionally immortal splenocytes [42]. In particular, the generation of fully human
mAbs from transgenic mice promises to become a major contributor to the growing
list of mAbs approved for cancer therapy by the FDA. One of the most advanced



460 RADER AND BISHOP

human mAbs from transgenic mice in clinical studies is panitumumab (ABX-EGF)
which targets the EGF receptor (ErbB1) and, thus, competes with the recently
approved mAb cetuximab (Figure 1). Another fully human mAb from transgenic
mice is MDX-010, which targets CTLA-4, a molecule on T cells that is believed to
be responsible for suppressing the immune response. Blocking of CTLA-4 is thought
to enable the immune systems of cancer patients to more effectively fight tumors.
In 2004, the FDA granted fast track designation for MDX-010, in combination
with a melanoma peptide vaccine, for the treatment of metastatic melanoma. A new
generation of human mAbs directed to CD20, which might be more potent than
rituximab when used as a single agent, have also been generated from transgenic
mice [43].

Tailoring Monoclonal Antibodies: From Rational Design
to Directed Evolution

The ability to humanize antibodies revolutionized the utilization of mAbs for
cancer therapy [44]. Mouse mAbs generated through hybridoma technology are
highly immunogenic in humans, triggering a human anti-mouse antibody (HAMA)
response, which severely limits their clinical applications and makes antibody
humanization mandatory if repeated administration is required for therapy. Among
the eight approved mAbs for cancer therapy (Figure 1), four are fully humanized
mAbs, two are chimeric mAbs, and only two, which are conjugated to radioisotopes
and administered as a single dose, are not humanized.

The first generation of engineered mAbs with human sequences ( Figure 5)
were chimeric, i.e., they consisted of mouse variable domains VL and VH recom-
binantly fused to human constant domains [45]. Due to their remaining mouse
sequences, chimeric antibodies can still trigger a human anti-chimera antibody
(HACA) response. To overcome this limitation, the next generation of engineered
mAbs was further humanized by grafting the six CDRs that comprise the antigen
binding site of the mouse or rat mAb into corresponding human framework regions
[46]. This rational design strategy takes advantage of the conserved structure of the
variable Ig domain, with the framework regions forming a rigid, yet adjustable [47]
�-sheet scaffold that displays the CDRs loops. In addition to residues in the CDRs,
framework residues contribute to antigen binding, either indirectly, by supporting
the conformation of the CDR loops, or directly, by contacting the antigen [48, 49].
Therefore, to maintain antigen binding, usually it is necessary to replace residues
of the human framework in addition to CDR grafting. This fine tuning step,
which until recently required computer modeling and iterative optimization by site
directed mutagenesis, can also be subjected to directed evolution by phage display
[38,50,51]. Using directed evolution by phage display, even CDR sequences can be
humanized so that the resulting humanized antibody is fully human[52], as in the
case of adalimumab[53], or just preserves the most hypervariable sequences, the
CDR3 sequences, of the mouse mAb [54]. However, humanized [55] and perhaps
even human antibodies can still trigger a human anti-human antibody (HAHA)
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Figure 5. Mouse, chimeric, humanized, and human monoclonal antibodies. Mouse sequences are shown
in yellow, human sequences in blue. Mouse or, less commonly, rat mAbs (top left) are generated by
hybridoma technology and can be humanized to various degrees. Chimeric mAbs (bottom left), such
as the approved mAbs rituximab and cetuximab, preserve the entire rodent variable domains VL and
VH recombinantly fused to human constant domains. Humanized mAbs (bottom center), which already
constitute the largest group among approved mAbs, are generated by grafting all six CDRs from the
rodent variable domains VL and VH into a human framework. Using phage display, the number of
preserved CDRs can be further reduced as shown here for a humanized mAb that retains only the two
CDR3 sequences of the rodent mAb (bottom right). Human mAbs (top right) are generated from large
naïve and synthetic or, less commonly, immune human antibody libraries by phage display or from
transgenic mice by hybridoma technology

response, suggesting that antibody immunogenicity in humans is influenced by
additional factors, including the nature of the antigen [56].

In addition to humanization, affinity maturation in vitro is a highly relevant step
in engineering mAbs for cancer therapy. By increasing the affinity to its target
antigen, the therapeutic dose of a mAb is reduced whereas its therapeutic duration
is increased [57]. The affinity maturation of mAbs using phage display recapitulates
the process of its natural counterpart, which is based on sequence diversification
followed by selection [58]. Sequence diversification in vitro is accomplished by
dispersed or focused mutagenesis strategies. For therapeutic applications, a focused
mutagenesis strategy known as CDR walking [59] stands out as a the most general
approach for affinity maturation of antibodies. A refined strategy targets mutations
to CDR sequences naturally prone to hypermutations [60,61]. CDR walking involves
the sequential or parallel optimization of CDRs by sequence randomization and
subsequent selection by phage display. The CDRs are an obvious choice for focused
mutagenesis because they comprise the antigen binding site and they are naturally
diverse, suggesting that mutations in these regions are less likely to be immunogenic.
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Using CDR walking, monovalent affinities of antibody fragments were improved
into the subnanomolar range [62–64]. As the tumor-targeting properties of a mAb
are determined by its size (i.e., circulatory half-life), avidity (i.e., number of antigen
binding sites), and affinity, affinity maturation in vitro is particularly relevant in
the generation of monovalent antibody fragments, such as the Fab and scFv[65]
(Figure 2).

Perhaps the most interesting application of antibody engineering in recent years
has focused on the Fc rather than the Fab moiety of the antibody molecule. As
mentioned above, the Fc moiety mediates the interaction of an antibody with the
NK cell receptor Fc�RIIIa (CD16) in ADCC and C1q complement protein in CDC.
The Fc moiety also interacts with the neonatal receptor FcRn, which is responsible
for the extended half-life of antibodies in circulation [66]. Fc optimization through
rational design and directed evolution has allowed the tuning of effector functions
as well as circulatory half-life of mAbs [67].

CLINICAL INVESTIGATION OF MONOCLONAL ANTIBODIES
IN HEMATOLOGIC MALIGNANCIES

Rituximab (RituxanTM)

The CD20 antigen is expressed by more than 95% of B-cell lymphoma cells,
but it is not expressed on early lymphocyte progenitor cells[68]. Rituximab is a
chimeric mAb produced by combining the variable regions from the anti-CD20
murine mAb ibritumomab with human IgG1 constant regions [69]. Rituximab
induces CDC and ADCC, as well as inhibiting proliferation, inducing apoptosis and
sensitizing lymphoma cells to the effects of chemotherapy through binding of CD20
[69–71]. The most common toxicities associated with rituximab administration are
infusion-related including fevers, chills, chest pain, back pain, bronchospasm and
hypotension.

Rituximab monotherapy. The safety and efficacy of rituximab as monotherapy
was established in a trial of 166 patients with low-grade non-Hodgkin’s lymphoma
(NHL) that had progressed after prior chemotherapy (Table 1) [72–74]. Rituximab
was administered at 375mg/m[2] weekly for four doses resulting in an overall
response rate of approximately 48% with 6% complete remissions (CR); the
median duration of response was 13.0 months. When the International Workshop
for standardization of response criteria in NHL were applied to this study, the
overall and complete response rates were 62% and 32%, respectively [75]. It was
observed that serum levels of rituximab correlated with response [76]. The safety
and efficacy of re-treatment with rituximab was reported in a trial of 60 NHL
patients who had relapsed at least 6 months following prior rituximab therapy
[77]. An additional four week course of rituximab resulted in an overall response
rate of 40%. The median time to progression in responders and median duration
of response were 17.8 months and 16.3 months, respectively, which were longer
than the patients’ median durations of response achieved from their prior course of
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rituximab. Rituximab monotherapy has been investigated as initial therapy in newly-
diagnosed low-grade NHL [78–80]. Rituximab monotherapy was used as initial
treatment in 62 previously untreated stage II-IV low-grade NHL patients resulting
in an overall response rate of 71% [78]. The median progression free survival had
still not been reached at a median follow-up of 15 months. The Swiss Group for
Clinical Cancer Research trial studied the extended use of single-agent rituximab as
maintenance therapy in 202 patients with untreated or previously treated follicular
NHL [80]. Patients initially received standard rituximab for four weeks, and patients
with responding or stable disease at 12 weeks after the start of therapy were then
randomized to either observation or to receive additional single-agent rituximab
every 2 months for 4 doses. The rituximab maintenance arm was observed to have
a higher event-free survival (23 months vs. 12 months) than in the observation
arm (p =.0.02).

Rituximab in combination with chemotherapy. Rituximab is capable of sensi-
tizing lymphoma cells to chemotherapy. Czuczman and colleagues treated 40
patients with low-grade NHL with CHOP (cyclophosphamide, vincristine, doxoru-
bicin and prednisone) plus rituximab (R-CHOP) combination [81]. The R-CHOP
combination produced an overall response rate of 95%, including 55% CR. The
median progression-free survival had not yet been reached at a median follow-up
of 5.5 years. Similar high response rates have been observed in low-grade NHL
patients after treatment with rituximab plus single agent (e.g., fludarabine) and
multi-agent chemotherapy [82, 83].

Rituximab has been studied in other B-cell malignancies expressing CD20 (e.g.,
diffuse large B-cell NHL and chronic lymphocytic leukemia) [84–88]. A phase
III study, LNH98-5, by Groupe d’Etude Des Lymphomes de L’Adulte (GELA)
compared the efficacy and tolerability of R-CHOP with those of CHOP alone in
399 elderly (age 60–80 years) patients with previously untreated diffuse large B-cell
NHL [85]. The rate of complete response was significantly higher in the group
that received R-CHOP than in the group that received CHOP alone (76 percent vs.
63 percent, p = 0.005). An update of these results demonstrated that event-free,
progression-free, disease-free, and overall survival all remain statistically significant
in favor of the combination of R-CHOP [86].

Hainsworth and colleagues assessed the efficacy and toxicity of first-line single-
agent rituximab, followed by re-treatment with rituximab at 6-month intervals, in
44 previously untreated patients with chronic lymphocytic leukemia (CLL) or small
lymphocytic lymphoma [88]. Patients with objective response or stable disease
continued to receive identical 4-week rituximab courses at 6-month intervals, for a
total of four courses. The objective response rate after the first course of rituximab
was 51% with 4% complete responses. Twenty-eight patients received one or more
additional courses of rituximab. At the time of this report the overall response
rate was 58%, with a median progression-free survival time of 18.6 months. In
a multi-center phase II trial 31 patients with fludarabine- and anthracycline-naive
B-CLL received a regimen containing rituximab and fludarabine [89]. The overall
response rate was 87%; 10 patients achieved a CR. The median duration of response
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was 75 weeks. The effects of adding rituximab to fludarabine therapy in CLL
patients were retrospectively assessed by comparing the treatment outcomes of
patients enrolled on two multi-center clinical trials performed by the Cancer and
Leukemia Group B (CALGB) that used fludarabine alone (CALGB 9011, n = 178)
or fludarabine combined with rituximab (CALGB 9712, n = 104) [90]. In multi-
variate analyses, the patients receiving fludarabine and rituximab had a significantly
better progression-free and overall survival than patients receiving fludarabine
therapy.

Ibritumomab Tiuxetan (ZevalinTM)

As previously described, radio-immunoconjugates are produced by directly conju-
gating a radioisotope to an antigen-specific mAb permitting the targeted radiation of
tumor cells while minimizing the toxicity to normal tissue. The choice of radioiso-
topes, yttrium 90 (90Y), a �-emitter, or iodine 131 (131I), a �- and �-emitter, varies
depending on the clinical situation [91]. Ibritumomab tiuxetan is composed of
ibritumomab (Y2B8), an anti-CD20 IgG1 mAb, conjugated to the linker-chelator
tiuxetan (MX-DTPA), which forms a strong covalent bond with stable retention of
90Y [92].Wiseman and colleagues performed a phase I/II study to determine the
optimal distribution, the maximum tolerated dose, and the absorbed radiation dose
to normal organs and bone marrow following ibritumomab tiuxetan administration
[93]. The maximum tolerated dose of ibritumomab tiuxetan was 0.4 mCi/kg in
patients with normal platelet counts and 0.3 mCi/kg in patients with mild throm-
bocytopenia. The primary toxicity of ibritumomab tiuxetan is reversible, delayed
myelosuppression; the nadir occurring seven to nine weeks following therapy [94].
Hematological toxicity does not correlate with dosimetric measurements of ibritu-
momab tiuxetan, but it appears to be related to a patient’s bone marrow reserve
and history of prior chemotherapy. The reported incidence of HAMA formation
is approximately 2%. Another significant concern is the risk for treatment-related
myelodysplasia and acute myelogenous leukemia (AML), which has been identified
in 1–2% of patients treated with ibritumomab tiuxetan [94].

In an initial phase I/II trial of ibritumomab tiuxetan, the overall and complete
response rates in 32 patients with low-grade NHL were 82% and 26%, respectively
[95]. Among 14 patients with intermediate-grade NHL the overall and complete
response rate were 43% and 29%, respectively. The median response duration was
12.9 months. Long-term follow-up of 51 patients for relapsed or refractory B-cell
NHL treated with ibritumomab tiuxetan demonstrated an overall response rate of
73% [96]. The median time to progression was 12.6 months; however, in the patients
who achieved CR the time to progression was 28.3 months.

Witzig and colleagues studied whether NHL patients refractory to rituximab
could subsequently respond to ibritumomab tiuxetan [97]. Treatment of 54 patients
with rituximab-refractory follicular NHL with ibritumomab tiuxetan resulted in an
overall response rate of 74%. In a phase III study, 143 patients with relapsed or
refractory low grade or transformed B-cell NHL were randomized to receive either
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ibritumomab tiuxetan or rituximab [98]. Ibritumomab tiuxetan resulted in higher
overall (80% vs. 56%; p = 0.002) and complete (30% vs. 16%; p = 0.04) response
rates. However, there was no significant difference in time to disease progression
(11.2 vs. 10.1 months; p = 0.173) or in overall survival.

Tositumomab (BexxarTM)

Tositumomab is a murine IgG2a anti-CD20 mAb linked to 131I. The use of 131I
increases the whole body dose and requires shielding of hospital personnel and
contact with pregnant women or children is not permissible [91]. Free 131I in
the blood may be taken up by the thyroid, therefore patients are treated with
potassium iodine solution (SSKI) before and during therapy to prevent thyroid
damage. The dose-limiting toxicity of tositumomab administration is reversible
hematological toxicity with nadirs occurring at weeks 4 to 6 after treatment [99].
As a consequence, most clinical trials with tositumomab require less than 25% bone
marrow involvement by lymphoma. Other toxicities include mild infusion reactions.
The development of HAMA after of tositumomab administration appears to be less
than 20%.

In a phase I/II single-center study, 59 patients with chemotherapy-relapsed or
refractory NHL were treated with tositumomab [99]. Unlabeled mAb was given
prior to labeled dosimetric and therapeutic doses to improve bio-distribution. The
overall and complete response rates were 71% and 34%, respectively. A multi-
center study investigated the efficacy, dosimetry, and safety of tositumomab in 47
patients with relapsed or refractory low-grade and transformed B-cell NHL [100].
The overall response rate was 57% with a median duration of response of 9.9
months.

Tositumomab was used as initial therapy in 76 patients with advanced-stage,
follicular NHL [101]. Tositumab resulted in overall and complete response rates
of 95% and 75%, respectively. Molecular remissions were observed in 80% of
assessable patients who had a clinical complete response. At a median follow-up of
5.1 years, the actuarial 5-year progression-free survival for all patients was 59%.
Similar to results with ibritumomab tiuxetan, tositumab has also been demonstrated
to have efficacy in patients who have received prior rituximab [102].

Radio-immunoconjugates targeting CD20 have been used in combination with
autologous hematopoietic stem cell transplantation (HSCT). Researchers at the
Fred Hutchinson Cancer Research Center performed a multivariable comparison of
125 consecutive patients with follicular NHL treated with either high-dose radio-
immunotherapy using 131I-anti-CD20 (n = 27) or conventional high-dose therapy
(n = 98) and autologous HSCT [103]. The 100-day treatment-related mortality was
3.7% in the high-dose radio-immunotherapy group and 11% in the conventional
high-dose therapy group. Patients treated with high-dose radio-immunotherapy
experienced improved 5-year progression-free (48% vs. 29%) and overall survival
(67% vs. 53%), as compared to patients who received conventional high-dose
therapy.
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Gemtuzumab Ozogamicin (MylotargTM)

The CD33 antigen is expressed on the majority of blasts in AML, but it is not
widely expressed by cells outside the hematopoietic system [104]. Gemtuzumab
ozogamicin is a humanized murine anti-CD33 mAb that is chemically linked to
calicheamicin, an enediyne anti-tumor antibiotic that results in DNA cleavage and
apoptosis [105]. Gemtuzumab ozogamicin is rapidly internalized by AML cells
and results in G2 arrest followed by apoptosis [106, 107]. Minor infusion related
reactions have been documented with gemtuzumab ozogamicin administration.
The most significant toxicities associated with gemtuzumab ozogamicin adminis-
tration include myelosuppression and hepatotoxicity. In an analysis of 142 patients
neutropenia and thrombocytopenia occurred in 99% and 97% respectively [108].
Hepatoxicity occurs in 30–40% of patients treated with gemtuzumab ozogamicin
which is transient in the majority of cases; however, life-threatening veno-occlusive
disease (VOD) has been noted in a small minority of patients. Prior exposure to
gemtuzumab ozogamicin is an independent risk factor for the development of VOD
in AML patients undergoing HSCT [109].

In a phase I dose escalation study 41 patients with refractory or relapsed CD33-
positive AML were treated with single agent gemtuzumab ozogamicin in doses
ranging from 0.25–9.0 mg/m2 [110]. Eight patients (20%) had a reduction in
peripheral blood and/or bone marrow blast counts to less than 5%. There was a
cohort of patients who had apparent blast clearance but persistent thrombocytopenia
(<100 x 109/L) that lead to a new response category termed complete remission
without platelet recovery (CRp). Based on a recommended dose of 9.0mg/m2for
2 doses with a 14-day interval, three open label, multi-center phase II trials were
initiated that included a total of 142 patients [108]. All patients received the first
dose, 77% received a second, and only 3% received a third dose. The complete
remission rate, including CRp, was 29% with a median time to remission of 60 days.

Gemtuzumab ozogamicin is currently being evaluated in combination with
conventional chemotherapy and HSCT protocols. A pilot study of gemtuzumab
ozogamicin, idarubicin and cytarabine combination induced 3 complete remissions
and 3 CRp in 14 patients with primary refractory or relapsed AML[111]. Another
study treated 17 AML patients with a combination of cytarabine and topotecan
with gemtuzumab ozogamicin resulting in complete remissions in 2 patients; the
median survival was 8.2 weeks [112]. Gemtuzumab ozogamicin has also been used
with all-trans retinoic acid to treat 19 patients with acute promyelocytic leukemia
resulting in 16 complete remissions (84%) including 14 molecular remissions [113].

Alemtuzumab (CampathTM)

Alemtuzumab is a humanized mAb (IgG1) directed against CD52, which is
expressed on the majority of B-cell lineage neoplasms express the CD52 antigen,
particularly on B-cell chronic lymphocytic leukemia (B-CLL) and T- cell prolym-
phocytic leukemia (T-PLL) [114]. CD52 is expressed on mature B and T lympho-
cytes, monocytes, and spermatozoa; it is not expressed on hematopoietic stem cells,
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erythrocytes or platelets. In vitro data demonstrated that cross-linking CD52 with
the humanized mAb induces growth inhibition and apoptosis; however, the effector
mechanisms of alemtuzumab are not completely understood [115].

The most common toxicities associated with alemtuzumab administration are
infusion related. Hematological toxicity is common with severe lymphopenia
occurring in almost all patients and grade 4 neutropenia occurring in approximately
20% of patients by 4 weeks after treatment [116]. The profound lymphopenia and
reduced cell-mediated immunity leads to increased risk of opportunistic infections
particularly latent viral infection such as cytomegalovirus [116–118].

Rai et al. reported the results of their phase II study on the safety and efficacy of
intravenous alemtuzumab in 24 CLL patients [118]. The overall response rate was
33%, median duration of response was 15.4 months, and the median survival was
35.8 months. A multi-institutional, phase II study examined the safety and clinical
efficacy of intravenous alemtuzumab in 93 patients with relapsed or refractory
B-CLL who had received alkylating agents and had failed fludarabine therapy [119].
The overall response and complete response rates were 33% and 2%, respectively;
the median time to progression was 9.5 months for responding patients. Osterborg
and colleagues reported that the use of alemtuzumab as initial therapy of B-cell
CLL resulted in an overall response rate of 89% and a CR of 33% [120].

Alemtuzumab was used to treat 76 patients with refractory and recurrent T-PLL
resulting in an overall response rate of 51% with a 39.5% complete responses [121].
The median duration of CR was 8.7 months, and the median time to progression
was 4.5 months. Uppenkamp and colleagues investigated alemtuzumab in patients
with relapsed low- and high-grade NHL; however, responses were only observed
in patients with low-grade NHL [122].

The combination of alemtuzumab and rituximab was reported in 48 patients with
relapsed and refractory lymphoid malignancies; however, responses were only noted
in the CLL or T-PLL subgroups [123]. Responses were observed in 20 of 32 CLL
patients, while there were 4 responses in 9 patients with T-PLL. The combination of
alemtuzumab and fludarabine has been shown to induce responses in CLL patients
previously refractory to either treatment [124]. Alemtuzumab is also being studied
as part of conditioning regimens to deplete host lymphocytes prior to allogeneic
HSCT and to control graft-versus-host disease both in vivo and ex vivo [125].

Other Monoclonal Antibodies Under Investigation for the Treatment
of Hematologic Malignancies

RFB4(dsFv)-PE38 (BL22) is a recombinant immunotoxin, in which a disulfide-
linked Fv fragment of a mAb targeting CD22 is fused to truncated Pseudomonas
exotoxin A [23]. BL22 was administered to 16 patients with purine analog-refractory
hairy cell leukemia resulting in 11 complete remissions and 2 partial remissions.
Numerous additional mAbs are under investigation to treat hematologic malig-
nancies including epratuzumab (anti-CD22), apolizumab (anti-1D10), and SGN-30
(anti-CD30).
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CLINICAL INVESTIGATION OF MONOCLONAL ANTIBODIES
IN SOLID MALIGNANCIES

Trastuzumab (HerceptinTM)

Human epidermal growth factor receptor-2 (ErbB2; HER2; HER2/neu) is a tyrosine
kinase membrane receptor which is expressed on approximately 30% of breast
cancer cells; its expression is associated with a poor prognosis in breast cancer
patients [126,127]. Laboratory studies demonstrated that antibodies directed against
HER2 can inhibit growth of tumors and of transformed cells that express high levels
of this receptor [128, 129]. Trastuzumab is relatively well tolerated with the most
common side effects being infusion-related symptoms occurring in approximately
40% of patients. The most significant adverse event is cardiac dysfunction, which
has been most commonly observed in patients receiving trastuzumab concomitantly
with adriamycin.

Trastuzumab monotherapy is capable of providing prolonged disease stability
in a significant number of patients with advanced metastatic breast cancer [130].
Cobleigh et al. reported on an open label trial in 222 patients with advanced
metastatic breast cancer receiving trastuzumab monotherapy (Table 2) [131]. The
overall response rate was 22%, with a median duration of response of 9.1 months
and median survival of 13 months.

The method by which HER2/neu over-expression is determined, either by
immunohistochemistry (IHC) or fluorescent in-situ hybridization (FISH), plays a
significant role in the response to trastuzumab. Vogel et al. studied HER2/neu over-
expression by FISH among 114 breast cancer patients with either 2+ or 3+ over-
expression by IHC that were treated with trastuzumab.[130] The overall response
rate was 26%. Response rates in 111 assessable patients with 3+ and 2+ HER2
over-expression by IHC were 35% and none, respectively. The response rates in 108
assessable patients with and without HER2 gene amplification by FISH analysis
were 34% and 7%, respectively.

In vitro data demonstrated a synergistic decrease in cell growth when anti-
HER2/neu mAb and chemotherapy (e.g., cisplatin, paclitaxel) were used in combi-
nation [132]. Numerous combinations of trastuzumab with chemotherapeutic agents
have been reported [133–137]. Slamon et al. reported on the results of a multi-
center randomized controlled clinical trial of trastuzumab that included 469 breast
cancer patients whose tumors over-expressed HER2 at the 2+ or 3+ level by
IHC [137]. Patients with no prior anthracycline exposure received AC alone or
in combination with trastuzumab. Patients who had been previously treated with
anthracyclines received paclitaxel alone or in combination with trastuzumab. After
a 14-month follow-up, the addition of trastuzumab to chemotherapy led to a
significantly improved time to disease progression (7.8 months vs. 4.6 months,
p = 0.0001), overall response rate (50% vs. 32%, p < 0.0001), and higher median
response duration (9.1 vs. 6.1 months, p = 0.0002). After a 29-month follow-up the
overall survival remained significantly increased, 25.4 months versus 20.3 months
(p < 0.025).
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The combination of weekly paclitaxel and trastuzumab was examined in 94
metastatic breast cancer patients whose disease did or did not over-express
HER2/neu by IHC [134]. The intent-to-treat response rate for all 95 patients enrolled
was 56.8%. In patients with HER2-overexpressing tumors, overall response rates
ranged from 67% to 81% compared with 41% to 46% in patients with HER2-normal
expression. Esteva and colleagues reported response rates of 67% for FISH positive
patients treated with the combination of weekly docetaxel and trastuzumab [135].
Burstein et al. studied the clinical efficacy and side effect profile of vinorelbine
and trastuzumab; an overall response rates of 75% were observed [136]. The use of
trastuzumab as part of adjuvant therapy for breast cancer is under current clinical
investigation [138]. The National Surgical Adjuvant Breast and Bowel Project and
United States Inter-Group are using sequential doxorubicin and cyclophosphamide
followed by paclitaxel and either concomitant or delayed trastuzumab. The Breast
Cancer International Research Group is also investigating adjuvant therapy with
traztuzumab in combination with docetaxel and carboplatin.

Bevacizumab (AvastinTM)

Bevacizumab is a recombinant humanized mAb (IgG1) with selectivity against
VEGF, which is expressed in colorectal, breast, ovarian and non-small cell lung
cancer [139]. The mAb is able to inhibit endothelial cell mitogenic activity, vascular
permeability enhancing activity, and angiogenic properties.

Kabbinavar et al. reported on a phase II randomized trial comparing bevacizumab
combined with 5-fluoruracil (5FU) and leucovorin (LV) as compared with 5FU/LV
alone in patients with advanced metastatic colorectal cancer [140]. The arms
containing bevacizumab were associated with superior response rates, longer median
time to disease progression, and longer median survival. These studies led to the
development of the phase III study of bevacizumab plus irinotecan, 5FU and LV
(IFL) versus IFL alone as first-line treatment of metastatic colorectal cancer [141].
As compared with IFL alone, the combination of bevacizumab and IFL increased
the overall response rate from 34.8% to 44.8% and increased the median duration
of response from 7.1 to 10.4 months. The addition of bevacizumab to IFL also
resulted in a significant improvement in overall survival (20.3 months vs. 15.6
months, p < 0.0001). Hurwitz et al. subsequently reported on a third patient cohort
of the above-described trial, who received bevacizumab combined with 5FU/LV,
and compared them with results for concurrently enrolled patients who received
IFL [142]. A total of 923 patients were randomly assigned to receive IFL plus
placebo, IFL plus bevacizumab, or 5FU/LV plus bevacizumab. After an interim
analysis confirmed acceptable safety for IFL plus bevacizumab, further accrual to
the 5FU/LV plus bevacizumab arm was discontinued. Overall response rates were
40.0% and 37.0%, and median response durations were 8.5 and 7.2 months, for
5FU/LV plus bevacizumab arm (n = 110) and IFL/placebo arm (n = 100), respec-
tively. Median progression-free survival rates were 8.8 and 6.8 months, respectively;
the median overall survival rates were 18.3 and 15.1 months, respectively. The
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investigators concluded that 5FU/LV plus bevacizumab was as active as IFL plus
bevacizumab, and was an acceptable treatment alternative for patients with previ-
ously untreated metastatic colorectal cancer.

E3200, an Eastern Cooperative Oncology Group (ECOG) study, is a randomized
phase III trial that evaluated bevacizumab alone versus bevacizumab plus oxali-
platin, LV, and 5FU (FOLFOX4) versus FOLFOX4 alone in previously treated
advanced colorectal cancer. The clinical outcomes of E3200 were reported on
829 patients at the 2005 Annual Meeting of American Society of Clinical
Oncology [143]. Bowel perforation was infrequent (1.1%), but it occurred only
in patients treated with bevacizumab. The overall survival rates for bevacizumab
alone, bevacizumab plus FOLFOX4, and FOLFOX4 alone were 10.2 months, 12.5
months, and 10.7 months (p = 0.0024), respectively. Progression-free survival rates
were 5.5 months, 7.4 months, and 5.5 months (p = 0.0003) for the three arms,
respectively.

Bevacizumab was investigated in a randomized phase II trial of paclitaxel and
carboplatin (PC) with or without bevacizumab in advanced non-small cell lung
cancer (NSCLC) [144]. Treatment with PC plus bevacizumab resulted in a higher
response rate (31.5% vs. 18.8%), longer median time to progression (7.4 vs. 4.2
months), and a slight increase in survival (17.7 vs. 14.9 months), as compared
with PC alone. Based on these results ECOG conducted a randomized, phase II/III
trial of PC with or without bevacizumab (E4599) in 842 patients with advanced
NSCLC [145]. Results from E4599 were presented at 2005 Annual Meeting of
American Society of Clinical Oncology. The overall response rates were 10% and
27% (p < 0.0001) and progression-free survival rates were 4.5 months and 6.4
months (p < 0.0001) for the PC alone and PC plus bevacizumab arms, respectively.
The median overall survival rates were 10.2 months and 12.5 months (p = 0.0075)
for the two arms, respectively. Based on these results PC plus bevacizumab has
become new treatment standard in advanced NSCLC for ECOG.

In a randomized, double-blind, phase II trial, bevacizumab was compared to
placebo in the treatment of metastatic renal cell carcinoma [146]. The trial was
stopped after the interim analysis met the criteria for early stopping. One hundred
and sixteen patients randomly assigned to receive placebo (n= 40), low-dose
bevacizumab (n = 37), or high-dose bevacizumab (n= 39). There was a significant
prolongation of the time to progression of disease in the high-dose bevacizumab
group as compared with the placebo group (p < 0.001). There was a small difference,
of borderline significance (p = 0.053), between the time to progression of disease
in the low-dose bevacizumab group and that in the placebo group. However,
bevacizumab did not result in any significant survival advantage.

Cetuximab (ErbituxTM)

Cetuximab is a chimeric IgG1 mAb that binds to the extracellular domain of
epidermal growth factor receptor (EGFR) competitively inhibiting EGF binding
and thus its action [147]. Activation of EGFR leads to a cascade of functions
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such as proliferation, differentiation, survival and angiogenesis. Over-expression of
EGFR is frequently identified in solid tumors, such as colorectal, breast, lung, head
and neck, glioblastoma, bladder, ovarian cancer and many more and is generally
associated with a poor prognosis [148]. Blockade of EGFR by cetuximab has been
shown to inhibit the growth of colon cancer cell lines in vitro and of xenografts
by disrupting the EGFR mediated signal transduction both as a single agent and
in combination with chemotherapy [16, 149]. Cetuximab is generally very well
tolerated with allergic reactions, acne type skin rashes, abdominal pain, nausea,
vomiting and asthenia being the most common adverse events [150]. Anaphylactic
reactions have been noted in a small percentage of patients.

In a phase II, open-label trial, 57 patients with EGFR-expressing tumors that had
failed prior therapy with irinotecan, received weekly cetuximab alone [151]. Five
patients achieved a partial response; 21 additional patients had stable disease or
minor responses. The median survival was 6.4 months. Cunningham and colleagues
studied the efficacy of cetuximab in combination with irinotecan as compared to
cetuximab alone in 329 patients with metastatic colorectal cancer, whose cancer was
refractory to treatment with irinotecan [152]. The rate of response in the cituximab
plus irinotecan group was significantly higher than that in the monotherapy group
(22.9% vs. 10.8%). The median time to progression was significantly greater in
the combination-therapy group (4.1 vs. 1.5 months), and there was a trend towards
improved survival time (8.6 months vs. 6.9 months), but it did not reach statis-
tical significance. Results were presented at the 2005 Annual Meeting of American
Society of Clinical Oncology on a phase II trial cetuximab in combination with the
FOLFOX-4 regimen as first-line treatment of 42 patients with EGFR-expressing
metastatic colorectal cancer that resulted in an overall response rate of 72% [153].
Cetuximab has demonstrated activity in other solid tumors such as renal cell
carcinoma and pancreatic cancer [154, 155].

Edrecolomab (Panorex, 17-1A)

Edrocolomab is a murine-derived mAb that recognizes the human tumor-associated
antigen Ep-CAM (otherwise known as 17-1A) [156]. It is being studied as part of
adjuvant treatment of colorectal cancer. In a study of 189 patients with resected
stage III colorectal cancer, treatment with edrecolomab resulted in a 32% increase
in overall survival compared with no treatment (p <0.01) and decreased the tumor
recurrence rate by 23% (p <0.04) [157]. Based on these data edrecolomab was
investigated as adjuvant therapy in patients with resected stage III colon cancer as
part of a randomized, multi-national trial [158]. Following surgery, 2761 patients
were randomly assigned to edrecolomab plus 5FU-folinic acid, 5FU-folinic acid
alone, or edrecolomab alone. At a median follow-up time of 26 months, there was
no difference in the 3-year overall survival (74.7% vs. 76.1%, p=0.53) between the
edrecolomab plus 5FU-folinic acid arm and the 5FU-folinic acid alone arm. The
disease-free survival was significantly lower on the edrecolomab alone arm than on
chemotherapy alone arm (53.0% vs. 65.5%).



MONOCLONAL ANTIBODIES IN CANCER THERAPY 477

SUMMARY

Improved understanding of tumor biology has allowed the development of targeted
therapy including mAbs. Although many of the clinically available mAbs have
activity by themselves, their efficacy is significantly improved when combined
with conventional therapies, particularly cytotoxic chemotherapy. Clinical trials of
combinations of mAbs with conventional chemotherapy have demonstrated signif-
icant responses and improvement in overall survival for a variety of malignancies
including a number of advanced solid tumors in which there had not been significant
clinical advancements for several years. These agents have significantly altered
clinical care and established new standards for several diseases. Ongoing clinical
trials are now investigating these combinations earlier in the disease course as part
of first-line and adjuvant therapies where it is anticipated that they will result in
significant improvement in these settings.
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INTRODUCTION

Cytotoxic drugs are widely used for the treatment of most tumors. In many cases,
however, chemotherapy as a sole anti-tumour therapy fails to achieve curative
responses. Dose-limiting collateral damage is one of the main problems: cytotoxic
drugs not only kill tumor cells but also normal cells. Because of the way that most
chemotherapy agents work, rapidly dividing normal cells are targeted, and hair loss,
lymphopenia and mucositis are common side effects. Combining chemotherapy
with immunotherapy is attractive as these therapies could potentially synergize to
control tumor growth. However, chemotherapy-induced lymphopenia has been a
major stumbling block in the further development of such combination therapy.
Now, with our growing understanding of the immune response and anti-tumor
immunity, immunotherapy is considered to be a viable and promising option to
enhance the anti-tumor effects of chemotherapy.

Cytotoxic drugs commonly kill cells by interfering with DNA synthesis or by
deregulating specific metabolic pathways, usually those that are linked to DNA
synthesis. In most cases, this results in a form of programmed cell death or apoptosis
(Table 1). However, it is clear that different drugs use different routes to reach that
point (Table 1).

Successful chemotherapy will result in massive tumor cell death and the subsequent
release of large amounts of tumor antigens. One of the key questions is how does
the immune system respond to this surge of antigens. We know that chemotherapy
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Table 1. Common cytotoxic drugs and their mechanism of action

Name Class Target pathway Cell death

Gemcitabine DNA chain
terminator

DNA synthesis Apoptosis

Doxorubicin DNA cross-linker
/Topoisomerase
inhibitor

DNA synthesis Apoptosis

Cisplatin DNA cross-linker DNA synthesis Apoptosis
Temozolomide DNA alkylating DNA synthesis Apoptosis
Vincristine Vince alkaloid Prevent microtubule

formation
Apoptosis

Cyclophosphamide DNA alkylating DNA synthesis Apoptosis
Taxol Tubulin interaction Prevents microtubule

depolymerisation
Apoptosis

Fludaribine Nucleoside analogue DNA synthesis Apoptosis
Coramsine Plant extract Membrane integrity Necrosis
PEP Plant extract Membrane integrity Necrosis

changes both the immunogenic context of the antigen and the amount being presented
to antigen presenting cells. Here, we will discuss how different chemotherapies can
alter the immunogenic status of tumor, i.e. how tumor antigens can be perceived as
immunogenic. We will also discuss how this context could be useful in enhancing the
efficacy of immunotherapy.

TUMOUR ANTIGENS AND CHEMOTHERAPY

Successful anti-tumor immunity requires presentation of the tumor antigen to anti-
tumor T cells by professional antigen presenting cells (APC), most importantly
dendritic cells (DC). Although many cell types are important in generating anti-
tumor immune responses, CD8+ T cells are seen as the key effectors, so we will
primarily discuss the recruitment and activation of these cells. Cells known to play
important roles include other lymphocytes such as CD4+ T cells, NK cells and
NKT cells and macrophages. It is now clear that the response of our major player,
the CD8+ T cell is orchestrated by DC according to context.

After DC pick up antigen from tumor cells, they travel to the lymph nodes where
they present the antigen to CD8+ T cells. This process is called ‘cross-presentation’:
exogenous antigens ‘cross’ into the MHC class I presentation route that is normally
reserved for endogenous antigens. The ensuing response can be either immunogenic
or tolerogenic, depending on the activation state of the presenting DC. Antigen
presentation may result in CD8+ T cell proliferation but not necessarily T cell
activation, as shown by Sherman and colleagues [1]. In the activating scenario,
CD8+ T cells differentiate into cytotoxic T lymphocytes (CTL) that acquire the
capacity to kill antigen-positive tumor cells. These CTL can travel through the
circulatory system to the tumor site [2].
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Source of Antigen

Most cells express MHC class I molecules and process and present endogenous
antigens that can be recognized by CD8+ T cells. Tumor cells usually lack co-
stimulatory molecules and, therefore, do not directly activate CD8+ T cells. Thus,
the generation of an anti-tumor response depends on antigen cross-presentation,
and a particular subset of DC, characterized by the expression of CD11c and CD8,
is very efficient at presenting exogenous antigens. Although several mechanisms
by which CD8+ DC present antigen have been described [3], the precise way in
which these DC acquire antigen is still unclear. The most widely held hypotheses
are: (i) phagocytosis of dying cells and cellular debris; (ii) “nibbling” peptides from
live cells by DC [4]; (iii) transfer of peptides via heat shock proteins (Hsp) [5].
Clearly, dying (apoptotic/necrotic) cells are rapidly ingested by phagocytes (DC and
macrophages), including the cells that are involved in cross-presentation. However,
not all apoptosis is equal and, as such, not all cross-presented antigens will induce
an immune response. Cross-presentation is involved both in induction of immunity
as well as in the maintenance of tolerance. So how does the APC decide whether
the antigen is presented in immunogenic or tolerogenic context?

Immunogenic vs. Tolerogenic Apoptosis

Before we look at the effects of chemotherapy on antigen cross-presentation,
we need to discuss what happens in a non-drug induced setting. Apoptotic cells
translocate phosphatidylserine (PS) to the outer leaflet of the membrane, acting like
a ‘signal flag’ for APC. Most dying cells are probably taken up by macrophages
rather than DC, and stimulate the production of anti-inflammatory signals (IL-10,
TGF-�). These cytokines act on immature DC and can suppress DC maturation
as well as the production of inflammatory signals. On the other hand, apoptosis
of infected cells is associated with immunogenic cross-presentation and depends
on the presence of inflammatory and co-stimulatory signals. Pathogen-associated
molecular patterns (PAMP), which include double-stranded RNA, lipopolysaccha-
rides and unmethylated CpG oligodeoxynucleotides are recognized by Toll-like
receptors (TLR). Through these receptors, PAMPs activate DC and promote an
immune response [6]. Production of type I interferons, which have been involved
in the generation of CD8+ T cell responses against cross-presenting antigens [7], is
a critical component of this response. The essential role of TLR ligation and type-I
IFN production in the generation of productive immune responses may suggest that
the default action of cross-presenting DC is to maintain tolerance. Without immuno-
stimulatory signals, tumors are perceived as normal cells and cross-presented tumor
antigens should be tolerogenic. Hernandez et al. [1] have shown that in the absence
of pro-inflammatory (IL-12) and co-stimulatory (anti-CD40 antibody) signals, cross-
presented antigens in the Islets of Langerhans fail to induce an immune response,
i.e. they are tolerogenic. However, in the presence of anti-CD40 antibody and IL-12,
specific CD8+ T cell responses against cross-presented antigens were observed.
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TUMOUR ANTIGEN IMMUNOGENICITY

Tumor antigens are cross-presented and their immunogenicity can range from
tolerogenic [8] to weakly immunogenic [9]. The amount of tumor antigen that is
presented may be a factor that influences immunogenicity. Chemotherapy has a
clear capacity to increase antigen load and this may be sufficient to turn tolerogenic
antigen into immunogenic antigen. Chemotherapy-induced apoptotic tumor cells
provide a good source of cross-presented antigens that may invoke effector function
[10]. Successful chemotherapy results in massive tumour cell death, and subsequent
release of antigens. This overall increase in the total amount of tumor antigen
available for cross-presentation by APC could mean that more potential tumor
antigens reach a threshold for immune recognition. Thus, tumor cell death alters
the repertoire of cross-presented antigens and has the capacity to create neo-tumor
antigens.

There is more to this process than antigen load. Apoptotic cell death provides
a context to the cross-presented antigens, and it is increasingly clear that not all
apoptosis is equal. Whereas all chemotherapies result in some type of cell death,
not all have capacity to make tolerogenic tumour antigens immunogenic. This was
clearly shown in a groundbreaking study by Casares and co-workers [11]. Tumor
cells that had been killed with the anthracyclin doxorubicin provided protective
immunity upon injection into mice, whereas mitomycin C killed cells did not
do so. Furthermore, treatment of established tumors with doxorubicin resulted in
regression, which was not seen in mitomycin treated mice, although both chemother-
apies induced tumor cell death. A potential explanation was provided by the obser-
vation that doxorubicin killed cells, but not mitomycin C killed cells, were taken up
by DC. Thus, it seems likely that doxorubicin-triggered apoptosis is associated with
a unique ‘flag’. Puzzling, however, gemcitabine-killed tumour cells are also taken
up by DCs, and promote tumour antigen cross-presentation, but do not result in as
strong an anti-tumour immune response as seen with doxorubicin. This leaves us
to question the nature of pro-inflammatory or “danger” signals that are associated
with chemotherapy induced cell death.

Danger Signals

As discussed above, simple uptake of dying cells by DC does not guarantee strong
anti-tumor immune responses. Other signals are required to instruct the immune
system of the immunogenicity of cellular death. A Danger model proposed by
Matzinger [12, 13] suggests that dying cells may provide a signal to the immune
system, alerting it to important contextual information. A series of experiments
by Shi et al. [14] have shown that cells contain in their cytoplasm endogenous
adjuvants, which, acting as danger signals, can promote generation of CD8+ T cell
responses to particulate antigens. These adjuvants are increased in the cytosol
of injured cells or in cells undergoing apoptosis. Furthermore, these endogenous
adjuvants are released from injured and dying cells and act on APCs, stimu-
lating antigen internalization, maturation and migration to draining lymph nodes. In
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addition, released adjuvants stimulate both CD4+ and CD8+ T cell responses [15].
These endogenous adjuvants include, amongst others, uric acid, damaged DNA,
heat shock proteins and cytokines. Here we will discuss uric acid and DNA damage.

Uric acid

Uric acid is an end product of purine metabolism. Purine is one of the building
blocks of nucleic acid (DNA and RNA). When cells die, their nucleic acid is
degraded, resulting in the release of purine. Purine is then metabolized into uric
acid, which is removed from the system without any harm. However, with massive
cell death, concentrations of uric acid are significantly increased. Shi et al. [16]
identified uric acid as one of the endogenous adjuvants released from injured and
dying cells. They showed that uric acid can stimulate dendritic cell maturation,
increase expression of the co-stimulatory molecules CD80 and CD86, and, when
injected with a particulate antigen into mice, enhanced the generation of CD8+

T cell responses. Interestingly, the concentration of uric acid required to elicit
the adjuvant effect was exactly that concentration at which uric acid precipitates.
Subsequent experiments showed that crystalline, but not soluble, uric acid, was
highly stimulatory. The role of uric acid in innate immunity is also supported by
a study of its role in anti-tumor response [17]. It was found that chemotherapy-
induced apoptosis of tumor cells was accompanied by increased levels of uric acid,
which in turn led to tumor rejection. Furthermore, these authors found that injection
of crystalline uric acid accelerated rejection and that tumor regression was delayed
by uricase treatment. Taken together, these data suggest that the increased cell
death induced by chemotherapy has the potential to release uric acid, which could
act as a danger signal to alert the immune system. In normal cell death, levels of
uric acid will be low and will not result in crystallization. However, with massive
chemotherapy-induced cell death, the amount of uric acid release may reach the
crystallization point, resulting in the induction of an immune response.

DNA damage

Particular forms of nucleic acids can be immuno-stimulatory. In the case of viral
or bacterial infection, pathogen-derived DNA or RNA can induce an immune
response through ligation of Toll-like receptors (TLR). Four TLR are involved in the
recognition of foreign nucleic acid; TLR-3 recognizes double-stranded (viral) RNA,
TLR-9 recognizes unmethylated CpG-containing oligodeoxynucleotides (bacterial
and herpes virus DNA), and TLR-7 and –8 recognize some virus associated single-
stranded RNA. All nucleic acid recognizing TLR are located in the endosome,
suggesting that endosomal presence of nucleic acids is the key to their immuno-
stimulatory effects. Indeed, double-stranded viral RNA from phagocytosed cells
ends up in the endosomes of the phagocytosing cells where it activates TLR-3
[18]. Intriguingly, a recent study has shown that cross-linked DNA may also act
as a danger signal, converting a tolerogenic response into an immunogenic one
[19]. This effect was associated with the drugs chlorambucil and melphalan, both
nitrogen mustards, which induce apoptosis by cross-linking DNA. Note that these
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alkylating agents are chemically related to cyclophosphamide, a drug that has long
been known for its immuno-potentiating capacity. In these studies, UV irradiation,
which also cross-links DNA led to immuno-stimulatory cell death. It is unclear how
cross-linked DNA activates DC, but an intriguing clue was suggested by the finding
that failure of phagocytosing cells to rapidly degrade DNA in their lysosomes (by
inactivating DNaseII) led to IFN-� and IFN-� production [20].

NKG2D GENOTOXIC STRESS LIGANDS

Cellular detection of DNA damage leads to the activation of a genotoxic stress-
response pathway, or DNA damage response. This results in p53-dependent cell
cycle arrest or apoptosis, depending on the extent of damage. If damage is
‘manageable’, cell cycle arrest and DNA repair functions are induced. However, if
damage is too extensive, apoptosis is induced. The DNA damage response is also
associated with up-regulation of the cell surface ligands for the NK cell activating
receptor NKG2D [21]. In this sense, genotoxic stress has the capacity to alert the
immune system to danger. Upregulation of NKG2D ligands may play a role in
the immunosurveillance of tumors as tumor cells and transformed cells are usually
under chronic genotoxic stress.

NKG2D is an activation receptor expressed on all human and mouse natural
killer (NK) cells, and on all human �� T-cells and CD8+ �� T cells. In mice, this
receptor is expressed on activated CD8+ ��T cells and is constitutively expressed
on ��T cells and natural killer T (NKT) cells [22]. Recently, expression of NKG2D
was also described on newly discovered interferon-producing killer dendritic cells
(IKDC) [23]. Ligation of NKG2D activates NK cells, stimulating IFN-� production
and NK mediated cell lysis, and may provide a CD28-like co-stimulatory signal
for CD8+ T cells [24], although this latter notion is somewhat controversial. Two
families of NKG2D ligands have been distinguished, the MIC family (MICA and
MICB genes) expressed in humans and RAET1 family (H60, Rae1 and Mult 1
genes), expressed in both mice and humans.

How could this mechanism affect recognition of tumor cells after chemotherapy?
Normal cells do not express NKG2D ligands, whereas they are highly expressed
on tumor cells and on infected cells. Thus, such cells could be prime targets for
NK-mediated lysis. Interestingly, transformed cells that do not constitutively over-
express NGG2D ligands will up-regulate the expression of these molecules after
exposure to chemotherapeutic DNA damaging drugs [25]. Thus, chemotherapy
could potentially unmask NKG2D-mediated immune recognition. The matter is
complicated because many tumor cells constitutively express NKG2D ligands.
Since engagement of NKG2D may result in an immune response, this leads to
the question how tumor cells that constitutively express NKG2D ligands evade
NKG2D-mediated tumour surveillance? In humans, elevated levels of soluble
MICA (sMICA) and ULBP2 (sULBP2) have been reported in many cancer patients
[26, 27]. These soluble proteins could act as decoys for NKG2D receptor binding.
Furthermore, persistent expression of NKG2D ligands have been associated with
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down regulation of NKG2D expression and impaired activation of NK cells and
CD8+ T cells [28]. The reciprocal effect may also occur: at least some experimental
tumors in mice downregulate H60 expression in vivo [29].

Selective expression of NKG2D ligands by tumor cells makes it an attractive
target for anti-tumor therapy. In fact, DNA damaging agents, such as chemotherapy
or radiation, have been shown to induce the expression of ligands for NKG2D.
Upregulation of NKG2D ligands on tumor cells by chemotherapy agents may
provide alternative routes to cell death, one which is NK-mediated and one through
enhancement of T-cell responses. An intriguing possibility is that apoptotic tumor
cells could activate the newly discovered IKDC through NKG2D ligation. Clearly,
a better understanding of NKG2D ligand expression and NKG2D-mediated immune
activation may allow the rational design of chemotherapies that specifically enhance
the immunogenicity of otherwise tolerogenic tumor cells.

TUMOUR NECROSIS FACTOR-RELATED APOPTOSIS INDUCING
LIGAND (TRAIL)

The main immune effector cells that kill tumor cells are CD8+ T cells and NK
cells. These cell types use two main mechanisms to destroy tumor cells: i) by
releasing perforin and granzyme and ii) by expression of death ligands such as Fas
ligand (FasL). Death ligands bind to specific receptors on target cells to induce
apoptosis.

One of these death receptors is tumor necrosis factor–related apoptosis inducing
ligand (TRAIL), also known as Apo2L. TRAIL is a member of transmembrane
family of proteins with sequence homology to FasL and Tumour Necrosis Factor
(TNF). TRAIL ligation signals apoptosis in similar way to Fas [30]. Although the
exact biological role of TRAIL is not fully understood, there is evidence of a role for
TRAIL in the regulation of autoimmunity as well as in tumor immunosurveillance.
Experiments in TRAIL-deficient mice have shown impaired anti-tumor surveillance
by the immune cells [31, 32] and high sensitivity to experimental autoimmune
diseases [33].

Unlike other TNF family members, which display tightly regulated expression
patterns on activated cells, TRAIL mRNA is constitutively expressed in a wide
variety of normal tissue cells [34]. However, the expression of functional TRAIL
seems to be restricted to activated immune cells, including T cells [35], NK
cells [36], monocytes [37], DC [38], IKDC [23] and neutrophils [39]. TRAIL
exerts its effect on target cells by engaging its receptors, DR4, KILLER/DR5,
DcR1/TRAIL-R3, DcR2/TRAIL-R4 and recently discovered receptor called osteo-
protegin (OPG). DR5 and to a lesser extent DR4 are death receptors that trigger
caspase-mediated apoptosis. The other three receptors do not induce apoptosis but
act as decoy receptors protecting cells from TRAIL-mediated cell death. DR4 and
DR5 mRNA can be detected in a wide variety of normal tissue and tumors, but
expression of the proteins is more limited. In fact, cell surface expression of DR5,
and in some cases DR4, has been broadly found on TRAIL-sensitive tumor cell
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lines and in primary tumors, and is absent in most normal tissue. Moreover, the
abundance of decoy receptors in the normal tissue may explain their resistance to
TRAIL-mediated apoptosis.

Importantly, chemotherapeutic drugs, as well as radiation, can modify TRAIL
resistance. Doxorubicin can sensitize TRAIL-resistant prostate cancer cells, by
down-regulating cFLIP [40]. In addition, doxorubicin, etoposide and cisplatin up-
regulate DR4 and DR5 cell surface receptors, reversing the TRAIL-resistance
in a number of tumors [41]. Furthermore, radiation and chemotherapy, such as
cisplatinum, can up-regulate the DR5 expression in a p53 dependent manner.
Finally, the proteasome inhibitor bortezomib has been shown to sensitize tumors to
TRAIL-mediated lysis [42].

The fact that different chemotherapeutic drugs can sensitive tumor cells to
TRAIL-mediated lysis has been successfully exploited and recombinant TRAIL, as
well as anti-DR4 and DR5 antibodies have been developed. However, NK cells and
IKDC also kill cells through TRAIL and chemotherapy-induced TRAIL sensitivity
could therefore synergize with NK cell based therapies.

CHEMOTHERAPEUTIC DRUGS INTERACT WITH NON-TUMOR
CELLS: TUMOR STROMA AND THE IMMUNE SYSTEM

Stroma Interactions

Chemotherapeutic drugs do not only kill tumor cells but also affect normal cells.
As discussed above, this is one of the reasons that cytostatics can cause severe
side-effects. However, there are now several examples illustrating the potential
of chemotherapeutic drugs to positively influence anti-tumor T cell responses by
targeting the tumor stroma. In this discussion we have chosen to operationally
define stroma as the non-tumor cell material that is associated with the tumor mass.
As a first example, cyclophosphamide has been shown to change the phenotype of
tumor-infiltrating macrophages from IL-10 secreting M2 cells to IFN-� secreting
M1 cells, in a T cell dependent fashion [43]. Paclitaxel enhances IL-12 production
of tumor-infiltrating macrophages [44]. Several drugs, including cyclophosphamide
and paclitaxel have been shown to induce production of the anti-angiogenic protein
thrombospondin-1 in endothelial cells [45]. Finally, the anti-vascular drug MDXAA
[46] has been found to trigger anti-tumor CD8+ T cell responses. These examples
illustrate that the tumor stroma can be successfully modified to induce anti-tumor
immunity.

Lymphocyte Depletion

Cytotoxic drugs generally deplete lymphocytes, resulting in a profound
lymphopenia. Although lymphocyte depletion has long been considered a major
stumbling block for anti-tumor immunotherapy, recent developments have changed
this view [47]. First, lymphodepletion includes depletion of regulatory CD4+ CD25+
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T cells [48]. As these cells have been shown to actively suppress T cell and NK cell
responses against the tumor, their transient absence may facilitate immunotherapy.
The immuno-potentiating effects of cyclophosphamide have been attributed to the
depletion or inactivation of regulatory T cells [49]. Furthermore, lymphodepletion
triggers a phase of T cell regeneration called homeostatic proliferation which is
driven by cytokines such as IL-7 and IL-15. Homeostatically proliferating T cells
appear to be more sensitive to self antigens and may provide a suitable target
for immunotherapy. IL-21 could be potentially important cytokine to amplify this
process [47].

CHEMOTHERAPY ENHANCES THE EFFECT
OF IMMUNOTHERAPY

In summary, chemotherapy increases antigen cross-presentation, exposing neo-
antigens, and may provide immunostimulatory signals. These signals include uric
acid, heat shock proteins, and damaged DNA. Genotoxic stress may also lead to the
upregulation of NKG2D ligands. Finally, chemotherapeutic drugs can sensitize cells
to TRAIL-mediated lysis. On the other hand, chemotherapy often induces severe
lymphopenia, depleting both effector cells and regulatory CD4+ CD25+ T cells.
Thus, chemotherapy may expose tumor antigens and activate DC, but a lack of
effector cells could still limit successful responses. This state of affairs may explain
why the immune effects of conventional chemotherapy are limited. However, our
increased understanding of apoptotic cell death and endogenous danger signals may
help us to design immunotherapeutic strategies that complement chemotherapeutic
drugs. There are several conceivable strategies.
1. A conceptually straightforward approach is to provide an immunostimu-

latory context to the increased levels of post-chemotherapy tumor antigen
presentation. This can be done using TLR ligands (poly-I:C, CpG-containing
oligo-deoxynucleotides) or immune activating agonistic antibodies. Agonistic
anti-CD40 antibody has received considerable attention. Post-chemotherapy
treatment with anti-CD40 dramatically increased curative responses in a mouse
model of mesothelioma [50], and such combination therapies are currently being
considered for clinical trials.

2. The absence of effector cells, resulting from drug-induced lymphopenia, may
limit the potential immune stimulatory effects of chemotherapeutic cell death.
Thus, attempts to accelerate immune system recovery after chemotherapy may
be fruitful. Cytokines such as interleukin-2 (IL-2), IL-7, IL-15 and IL-21 may
play a role in this process as they drive homeostatic T cell proliferation. This
may have the added benefit that IL-7 and IL-15, but not IL-2 [51], may favor
the expansion of CD8+ T cells as compared to regulatory CD4+ CD25+ T
cells [52]. IL-15 is an attractive cytokine for therapy as it also activates DC [53]
and rescues tolerized CD8+ T cells [54]. IL-21 is involved in homeostatic T
cell proliferation and also stimulates NK cells and may therefore synergize with
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chemotherapies that upregulate NKG2D ligands or sensitize tumor cells for
TRAIL-mediated lysis [55].

3. Vaccination with tumor antigens has been widely evaluated but has met with
limited success. Combination with chemotherapy could enhance the efficacy of
vaccination [56]. For cyclophosphamide, it has been shown that the induced
anti-tumor CD8+ T cell responses depend on anti-tumor effector cells that were
activated before chemotherapy [57]. In fact, the efficacy of cyclophosphamide
has been directly correlated with the immunogenicity of the tumor [58]. Thus,
treatment of non-immunogenic tumors may benefit from vaccination prior to
chemotherapy to create a pool of tumor-specific memory T cells that can be
mobilized post chemotherapy. This has the added benefit that memory cells
appear to survive better then naïve T cells during chemotherapy. Vaccination
after chemotherapy could also be successful as it could skew the regener-
ating T cell repertoire towards tumor antigens. One of the more successful
vaccine types comprise irradiated or killed tumor cells that express co-stimulatory
molecules (e.g. B7-family members), cytokines or GM-CSF [56].

4. Passive immunotherapy in the form of adoptive transfer of activated tumor-
specific CD8+ T cells has received considerable attention after groundbreaking
work from Belldegrun and coworkers [59]. These investigators cultured patient
T cells in the presence of high concentrations of IL-2, which promoted differ-
entiation of T cells in LAK (lymphokine activated killer) cells. These cells
were then transferred back into patients after lymphodepleting chemotherapy.
This approach has met some spectacular successes in melanoma patients [60].
Replacement of IL-2 by IL-15 may further optimize this strategy [54]. An inter-
esting approach is to genetically engineer the transferred T cells to lower their
activation threshold. A general feature of adoptive T cell transfer approaches
is that they work better in a lymphopenic host, exposing the potential synergy
between chemo- and immunotherapy.

CONCLUDING REMARKS

Our thinking on the relationship between chemotherapy and the immune system
has radically changed during the last decade. Once considered incompatible,
chemo- and immuno-therapy are now seen as a practical partnership. The massive
tumor cell apoptosis that follows successful chemotherapy increases the amount
of cross-presented antigen, may expose neo-tumor antigens and provides a variety
of immuno-stimulatory signals. This could present the ideal staging ground
for immunotherapy. Mild lymphopenia is not necessarily a negative factor for
immunotherapy as regulatory T cells are depleted and homeostatic T cell prolif-
eration can be exploited. Cytokines such as IL-7 and IL-15 could be critically
important in this respect. Finally, both chemotherapy and the tumor itself could
negatively affect DC function, in which case DC stimulatory protocols such as GM-
CSF, flt3L or passive DC transfer/vaccination may need to be part of a combined
immunotherapy strategy.



UNMASKING TUMOR CELL IMMUNOGENICITY BY CHEMOTHERAPY 495

REFERENCES

1. Hernandez, J., Aung, S., Marquardt, K., and Sherman, L.A., 2002, Uncoupling of proliferate
potential and gain of effector function by CD8+ T cells responding to self-antigens, J. Exp. Med.
196:323–333.

2. Lake, R.A., and Robinson, B.W.S., 2005, Immunotherapy and chemotherapy – a practical
partnership, Nat. Rev. Cancer. 5:397–405.

3. Rock, K.L., and Shen, L., 2005, Cross-presentation: underlying mechanism and role in immune
surveillance, Immunol. Rev. 207:166–183.

4. Harshyne, L.A., Watkins, S.C., Gambotto, A., and Barrat-Boyes, S.M., 2001, Dendritic cells acquire
antigens from live cells for cross-presentation to CTL, J. Immunol. 166:3717–3723.

5. Radons, J., and Multhoff, G., 2005, Immunostimulatory functions of membrane-bound and exported
heat shock protein 70, Exerc. Immunol. Rev. 11:17–33.

6. Reis e Sousa, C., 2004, Toll-like receptors and dendritic cells: for whom the bug tolls, Semin.
Immunol. 16(1):27–34.

7. Le Bon, A., Etchart, N., Rossmann, C., Ashton, M., Hou, S., Gewert, D., Borrow, P., and Tough.
D.F., 2003, Cross-priming of CD8+ T cells stimulated by virus-induced type I interferon, Nat.
Immunol. 4:1009–1015.

8. Lyman, M.A., Aung, S., Biggs, J.A., and Sherman, L.A., 2004, A spontaneously arising
pancreatic tumor does not promote the differentiation of naive CD8+ T lymphocytes into effector
CTL, J. Immunol. 172:6558–6567.

9. Marzo, A.L., Lake, R.A., Lo, D., Sherman, L, McWilliam, A., Nelson, D., Bruce W. S.
Robinson, B.W.S., and Scott, B., 1999, Tumor antigens are constitutively presented in the draining
lymph nodes, J. Immunol. 162:5838–5845.

10. Nowak, A.K., Lake, R.A., Marzo, A.L., Scott, B., Heath, W.R., Collins, E.J., Frelinger, J.A., and
Robinson, B.W.S., 2003a, Induction of tumour cell apoptosis in vivo increases tumour antigen cross-
presentation, cross-priming rather than cross-tolerating tumour specific CD8 T cells, J Immunol.
170:4905–4913.

11. Casares, N., Pequignot, M.O., Tesniere, A., Ghiringhelli, F., Roux, S., Chaput, N., Schmitt, E.,
Hamai, A., Hervas-Stubbs, S., Obeid, M., Countant, F., Metivier, D., Pichard, E., Aucouturier, P.,
Pierron, G., Garrido, C., Zitvogel, L., and Kroemer, G., 2005, Caspase-dependent immunogenicity
of doxorubicin-induced tumour cell death, J. Exp. Med. 202:1691–1701.

12. Matzinger, P., 1994, Tolerance, danger and the extended family, Annu. Rev. Immunol. 12:991–1045.
13. Matzinger, P., 1998, An innate sense of danger, Semin. Immunol. 10:399–415.
14. Shi, Y., Zheng, W., and Rock, K.L., 2000, Cell injury releases endogenous adjuvants that stimulate

cytotoxic T-cell responses, Proc Natl. Acad. Sci. USA. 97:14590–14595.
15. Shi, Y., and Rock, K.L., 2002, Cell death releases endogenous adjuvants that selectively enhance

immune surveillance of particulate antigens, Eur. J. Immunol. 32:155–162.
16. Shi, Y., Evans, J.E., and Rock, K.L., 2003, Molecular identification of a danger signal that alerts

the immune system to dying cells, Nature. 425: 516–521.
17. Hu, D.E., Moore, A.M., Thomsen, L.L., and Brindle, K.M., 2004, Uric acid promotes tumour

immune rejection, Cancer Res. 64:5059–5062.
18. Schulz, O., Diebold, S.S., Chen, M., Naslund, T.I., Nolte, M.A., Alexopoulou, L., Azuma, Y.T.,

Flavell, R.A., Liljestrom, P., and Reis e Sousa, C., 2005, Toll-like receptor3 promotes cross-priming
to virus-infected cells, Nature. 433(7028):887–892.

19. Rad, A.N., Pollara, G., Sohaib, S.M.A., Chiang, C., Chain, B.M., and Katz, D.R., 2003, The different
influence of allogeneic tumour cell death via DNA damage on dendritic cell maturation and antigen
presentation, Cancer Res. 63:5143–5150.

20. Okabe, Y., Kawane, K., Akira, S., Taniguchi, T., and Nagata, S., 2005, Toll-like receptor-
independent gene induction program activated by mammalian DNA escaped from apoptotic DNA
degradation, J. Exp. Med. 202(10):1333–1339.

21. Gasser, S., and Raulet, D.H., 2006, The DNA damage response aroused the immune system, Cancer
Res. 66:3959–3962.



496 LARMA ET AL.

22. Vivier, E., Tomasello, E., and Paul, P., 2002, Lymphocyte activation via NKG2D: towards a new
paradigm in immune recognition?, Curr. Opin. Immunol. 14:306–311.

23. Chan, C.W., Crafton, E., Fan, H.N., Flook, J., Yoshimura, K., Skarica, M., Brockstedt, D.,
Dubensky, T.W., Stins, M.F., Lanier, L.L., Pardoll, D.M., and Housseau, F., 2006, Interferon-
producing killer cells provide a link between innate and adaptive immunity, Nat. Med. 12:
207–213.

24. Markiewicz, M.A., Carayannopoulos L.N., Naidenko, O.V., Matsui, K., Burack, W.R., Wise, E.L.,
Fremont, D.H., Allen, P.M., Yokoyama, W.M., Colonna, M., and Shaw, A.S., 2005, Costimulation
through NKG2D enhances murine CD8+CTL function: similarities and differences between NKG2D
and CD28 costimulation, J. Immunol. 175:2825–2833.

25. Gasser, S., Orsulic, S., Brown, E.J., and Raulet, D.H., 2005, The DNA damage pathway regulates
innate immune system ligands of the NKG2D receptor, Nature. 436:1186–1190.

26. Waldhauer, I., and Steinle, A., 2006, Proteolytic release of soluble UL16-binding protein 2 from
tumour cells, Cancer Res. 66:2520–2526.

27. Groh, V., Wu, J., Yee, C., and Spies, T., 2002, Tumour-derived soluble MIC ligands impair
expression of NKG2D and T-cell activation, Nature. 419:734–738.

28. Wiemann, K., Mittrucker, H., Feger, U., Welte, S.A. Yokoyama, W.M., Spies, T, Rammensee, H.G.,
and Steinle, A., 2005, Systemic NKG2D down-regulation impairs NK and CD8 T cell responses in
vivo, J. Immunol. 175:720–729.

29. Bui, J.D., Carayannopoulos, L.N., Lanier, L.L., Yokoyama, W.M., and Screiber, R.D., 2006,
IFN-dependent down-regulation of the NKG2D ligand H60 on tumors, J. Immunol. 176:905–913.

30. Wang, S., and El-Deiry, W.S., 2003, TRAIL and apoptosis induction by TNF-family death receptors,
Oncogene. 22:8628–2633.

31. Cretney, E., Takeda, K., Yagita, H., Glaccum M., Peschon, J.J., and Smyth, M.J., 2002, Increased
susceptibility to tumour initiation and metastasis in TNF-related apoptosis-inducing ligand-deficient
mice, J. Immunol. 168(3):1356–1361.

32. Smyth, M.J., Takeda, K., Hayakawa, Y., Peschon, J.J., vad den Brink, M.R., and Yagita, H., 2003,
Nature’s TRAIL-on a path to cancer immunotherapy, Immunity. 18(1):1–6.

33. Lamhamedi-Cherradi, S.E., Zheng, S.J., Maguschak, K.A., Peschon, J., and Chen, Y.H., 2003,
Defective thymocyte apoptosis and accelerated autoimmune diseases in TRAIL-/- mice, Nat.
Immunol. 4(3):255–260.

34. Wiley, S.R., Schooley, K., Smolak, P.J., Din, W.S., Huang, C.P., Nicholl, J.K., Sutherland, G.R.,
Smith, T.D., Rauch, C., and Smith, C.A., 1995, Identification and characterisation of a new member
of the TNF family that induces apoptosis, Immunity. 3(6):673–682.

35. Kayagaki, N., Yamaguchi, N., Nakayama, M., Kawasaki, A., Akiba, H., Okumura, K., and Yagita,
H., 1999a, Involvement of TNF-related apoptosis-inducing ligand in human CD4+ T cell-mediated
cytotoxicity. J. Immunol. 162(5):2639–2647.

36. Kayagaki, N., Yamaguchi, N., Nakayama, M., Takeda, K., Akiba, H., Tsutsui, H., Okamura, H.,
Nakanishi, K., Okumura, K., and Yagita, H., 1999b, Expression and function of TNF-related
apoptosis-inducing ligand on murine activated NK cells. J. Immunol. 163(4):1906–1913.

37. Griffith, T.S., Wiley, S.R., Kubin, M.Z., Sedger, L.M., Maliszewski, C.R., and Fanger, N.A., 1999,
Monocyte-mediated tumouricidal activity via the tumour necrosis factor-related cytokine, TRAIL,
J. Exp. Med. 189(8):1343–1354.

38. Fanger, N.A., Maliszewski, C.R., Schooley, K., and Griffuth, T.S., 1999, Human dendritic
cells mediate cellular apoptosis via tumour necrosis factor-related apoptosis-inducing ligand
(TRAIL), J. Exp. Med. 190(8):1155–1164.

39. Koga, Y., Matsuzaki, A., Suminoe, A., Hattori, H and Hara, T., 2004, Neutrophil-derived TNF-
related apoptosis-inducing ligand (TRAIL): a novel mechanism of antitumor effect by neutrophils,
Cancer Res. 64(3):1037–1043.

40. Kelly, M.M., Hoel, B.D., and Voelkel-Johnson, C., 2002, Doxorubicin pretreatmant sensitizes
prostate cancer cell lines to TRAIL induced apoptosis which correlates with the loss of c-FLIP
expression, Cancer Bio. Ther. y1(5)yy:520–527.



UNMASKING TUMOR CELL IMMUNOGENICITY BY CHEMOTHERAPY 497

41. Mattarollo, S.R. Kenna, T., Nieda, M., and Nicol, A.J., 2006, Chemotherapy pretreatmant sensitizes
solid tumour-derived cell line to V�24+ NKT cell-mediated cytotoxicity, Int. J. Cancer. y119:
1630–1637.

42. Lundqvist, A. Abrams, S.I., Schrump, D.S., Alvarez, G., Suffredini, D., Berg, M., and Childs, R.,
2006, Bortezomib and depsipeptide sensitize tumors to tumor necrosis factor-related apoptosis-
inducing ligand: a novel method to potentiate natural killer cell tumor cytotoxicity, Cancer Res.
y66(14)y:7317–7325.

43. Ibe, S., Qin, Z., Schuler, T., Preiss, S., and Blankenstein, T., 2001, Tumour rejection by disturbing
tumour stroma cell interactions, J. Exp. Med. yy194(11)y:1549–1559.

44. Mullins, D.W., Burger, C.J., and Elgert, K.D., 1999, Paclitaxel enhgances macrophage IL-12
production in tumour-bearing hosts through nitric oxide, J. Immunol. y162:6811–6818.

45. Bocci, G., Francia, G., Man, S., Lawler, J., and Kerbel, R.S., 2003, Thrombospodin 1, a mediator
of the antiangiogenic effects of low-dose metronomic chemotherapy, Proc. Natl. Acad. Sci. U S A.
y100(22)yy:12917–12922.

46. Jassar, A.S., Suzuki, E., Kapoor, V., Sun, J., Silverberg, M.B., Cheung, L., Burdick, M.D.,
Strieter, R.M., Ching, L., Kaiser, L.R., and Albelds, S.M., 2005, Activation of tumour-associated
macrophages by the vascular disrupting angent 5,6-dimethylxanthenone-4-acetic acid induces an
effective CD8+T-cell-mediated antitumour immune response in murine models of lung cancer and
mesothelioma, Cancer Res. yy64(24)y:11752–11761.

47. Krupica, T., Fry, T.J., and Mackall, C.L., 2006, Autoimmunity during lymphopenia: a two-hit
model, Clin. Immunol. y120:121–128.

48. Beyer, M., Kochanek, M., Darabi, K., Popov, A., Jensen, M., Endl, E., Knolle, P.A., Thomas, R.K.,
von Bergwelt-Bailon, M., Debey, S., Hallek, M., and Schultze, J.L., 2005, Reduced frequencies
and suppressive function of CD4+CD25hi regulatory T cells in patients with chronic lymphocytic
leukemia after therapy with fludarabine, Blood. yy106(6)yy:2018–1025.

49. Lutsiak, M.E.C., Semnani, R.T., De Pascalis, R., Kashmiri, S.V.S., Schlom, J., and Sabzevari, H.,
2005, Inhibition of CD4+CD25+T regulatory cell function implicated in enhanced immune response
by low-dose cyclophosphamide, Blood. y105(7)y:2862–2868.

50. Nowak, A.K., Robinson, B.W., Lake, R.A., 2003b, Synergy between chemotherapy and
immunotherapy in the treatment of established murine solid tumours, Cancer Res. yy63(15)yy:
4490–4496.

51. Zhang, H., Chua, K.S., Guimond, M., Kapoor, V., Brown, M.V., Fleisher, T.A., Long, L.M.,
Bernstein, D., Hill, B.J., Douek, D.C., Berzofsky, J.A., Carrter, C.S., Read, E.J., Helman, L.J., and
Mackall, C.L., 2005, Lymphopenia and interleukin-2 therapy alter homeostasis of CD4+CD25+

regulatory T cells, Nat. Med. y11(11)yy:1238–1243.
52. Rosenberg, S.A., Sportes, C., Ahmadzadeh, M., Fry, T.J., Ngo, L.T., Schwarz, S.L.,

Stetler-Stevenson, M., Morton, K.E., Mavroukakis, S.A., Morre, M., Buffet, R., Mackall, C.L., and
Gress, R.E., 2006, IL-17 administration to humans leads to expansion of CD8+ and CD4+cells but
a relative decreas of CD4+ T-regulatory cells, J. Immunother. yy29(3)y:313–319.

53. Kuwajima, S., Sato, T., Ishida, K., Tada, H., Tezuka, H., and Ohteki, T., 2006, Interleukin
15-dependent crosstalk between conventional and plasmacytoid dendritic cells is essential for CpG-
induced immune activation, Nature Immunol. y7(7)yy:740–746.

54. Teague, R.M., Sther, B.D., Sacks, J.A., Huang, M.Z., Dossett, M.L., Morimoto, J., Tan, X., Sutton,
S.E., Cooke, M.P., Ohlen, C., and Greenberg, P.D., 2006, Interleukin-15 rescues tolerant CD8+T
cells for use in adaptive immunotherapy of established tumors, Nat. Med. yy12(3)y:335–341.

55. Smyth, M.J., Hayakawa, Y., Cretney, E., Zerafa, N., Sivakumar, P., Yagita, H., and Takeda, K.,
2006, IL-21 enhances tumour-specific CTL induction by anti-DR5 antibody therapy, J.Immunol.
y176:6347–6355.

56. Emens, L.A., and Jaffee, E.M., 2005, Leveraging the activity of tumour vaccines with cytotoxic
chemotherapy, Cancer Res. yy65(18)y:8059–8064.

57. Ercolini, A.M., Ladle, B.H., Manning, E.A., Pfannenstiel, L.W., Armstrong, T.D., Machiels, J.H.,
Bieler, J.G., Emans, L.A., Reilly, R.T., and Jaffee, E.M., 2005, Recruitment of latent pools of
high-avidity CD8+T cells to the antitumour immune response, J. Exp. Med. yy201(10)y:1591–1602.



498 LARMA ET AL.

58. Le, H.N., Lee, N.C., Tsung, K., and Norton, J.A., 2001, Pre-existing tumour-sensitized T cells
are essential for eradication of established tumours by IL-12 and cyclophosphamide plus IL-12,
J Immunol. y167:6765–6772.

59. Belldegrun, A., Uppenkamp, I., and Rosenberg, S.A., 1988, Anti-tumour reactivity of human
lymphokine activated killer (LAK) cells after fresh and cultured preparations of renal cell cancers,
J. Urol. y139(1)yy:150–155.

60. Dudley, M.E., Wunderlich, J.R., Robbins, P.F., Yang, J.C., Hwu, P., Schwartzentruber, D.J.,
Topalian, S.L., Sherry, R., Restifo, N.P., Hubicki, A.M., Robinson, M.R., Raffeld, M., Duray, P.,
Seipp, C.A., Rogers-Freezer, L., Morton, K.E., Mavroukakis, S.A. White, D.E. and Rosenberg, S.A.,
2002, Cancer regression and autoimmunity in patients after clonal repopulation with antitumour
lymphocytes, Science. y298(5594)yy:850–854.



INDEX

Adaptive immunity, 58, 82, 171, 186, 205, 207,
219, 221, 228, 255, 406

Adenovirus, 83, 88, 201, 221, 223, 226, 228, 229,
231, 282

Adjuvant, 58, 84–87, 177–181, 186, 191, 194,
196, 201, 203–205, 208, 225, 233, 236, 257,
259–262, 265, 277, 280, 281, 285, 287, 288,
289, 291, 297, 300, 305, 306, 308–311, 332,
334, 337, 410, 414, 415, 417, 418, 431, 473,
474, 476, 477, 488, 489

Adoptive T cell therapy, 47
Alemtuzumab (Campath), 332, 333, 454, 465,

469, 470
Allogeneic whole cell vaccine, 278
Alpha-galactosyl ceramide (�GalCer), 56–61
Alphaviruses, 221, 229–230
ALVAC, 225, 227, 282
Antibody

chimeric, 324, 353, 460
light chain, 322, 323, 455
monoclonal, 4, 11, 46, 92, 94, 123, 127, 193,

199, 200, 203, 204, 206, 217, 239, 263,
297–300, 303, 304, 306308, 321, 332,
366, 368, 372, 373, 397, 419, 420, 434,
453–477

pharmacokinetics, 325, 326
variable chain, 353

Antibody dependent cell-mediated cytotoxicity
(ADCC), 299, 310, 323, 324, 334, 419, 453,
457, 462

Antigen, 18, 21, 22, 173, 175, 177, 178, 196,
258, 304, 348

cancer-testis, 18, 21–22, 173, 175, 177, 178,
196, 258, 304, 348

differentiation, 12, 18, 23, 131, 175, 176,
196–198, 202, 207, 368, 376

overexpressed, 12
shed, 275, 276, 277, 278, 280, 282, 288, 291

Antigen presentation, 38, 83, 89, 90, 92, 125,
132, 153, 171, 253, 254, 258, 284, 285, 365,
379, 409, 410, 486, 493

Antigen-presenting cell, 34, 37–39, 41–46, 48,
55, 57, 58, 61, 62, 68, 70, 71, 81–82, 94,
153, 157, 171, 172, 183, 184, 191, 194, 195,

203–206, 221, 222, 230, 234, 237, 238, 251,
252, 256, 263, 266, 279–282, 284–286,
349–351, 366, 368, 377, 378, 395, 406, 410,
411, 420, 486–488

Antigen processing and presentation, 34, 35, 38,
47, 126, 127, 254

Apoptosis,25, 37, 45, 69, 70, 78, 81, 85, 134,
150–152, 154, 155, 157, 158, 160, 204, 230,
231, 256, 265, 266, 284, 324, 334, 408–410,
419, 420, 433, 434, 457, 462, 469, 470,
485–492, 494

Autoimmunity, 12, 24, 25, 60, 62, 75, 77, 78, 80,
198, 205, 207, 221, 251, 258, 264, 284, 304,
363, 370, 372, 376, 379, 411, 412, 420, 433,
434, 441, 491

Autologous whole cell vaccines, 278

B cell, 33, 34, 43, 45, 47, 57, 58, 72, 74, 78–81,
86, 87, 89, 92–95, 125, 133, 147, 155, 176,
194, 197, 200, 201, 203, 206, 321, 322, 324,
326, 331, 332, 336, 347, 349, 350, 353, 363,
377–378, 399, 410, 412, 414, 456, 462,
465–470

B7 family, 44, 45, 69, 77, 255, 378, 494
B7H, 44, 69, 77
Bacille Calmette Géurin (BCG), 11, 72, 219, 233,

235, 236, 238, 281, 285–287, 289, 306, 309
Bacterial vaccine, 6, 217–240

BCG, 72, 233, 235, 236, 238, 281, 285–287,
290, 306, 309

Clostridium, 235, 238, 239
Listeria, 235, 237, 238, 255, 262
Salmonella, 238, 308
Shigella, 238

Bevacizumab (Avastin), 263, 332, 334, 454, 456,
457, 472–475

Bone marrow transplantation, 68, 264, 336

Cancer-testis antigens, 12, 18, 21–22, 173, 175,
177–178, 196, 258, 304, 348

Capillary leak syndrome, 432, 443–447
Carbohydrate antigens, 291, 297–301, 304–306,

310, 311
Carbonic anhydrase IX (CA IX), 439, 440

499



500 INDEX

Carcinoembryonic antigen (CEA), 18, 21, 23, 72,
73, 173, 196, 197, 199, 202, 222–225, 227,
228, 234, 235, 300, 304, 353

CD1d, 55–60, 94, 254
CD4, 18, 22, 33, 34, 36–38, 44–48, 55, 57, 67,

69, 71, 79, 80, 82, 88, 89, 131, 132, 136,
148, 149, 179, 182, 185, 194, 203, 204, 206,
207, 222, 237, 253–256, 260, 261, 264, 279,
283, 284, 344, 346, 350–352, 366, 367,
369–373, 376–378, 396, 397, 401, 412, 433,
434, 486, 489, 493

CD8, 24–26, 34, 36–39, 43–47, 55, 60, 61, 67,
69, 71, 73, 74, 78, 80–82, 87–89, 92, 132,
136, 148, 149, 155, 177, 180, 181, 185, 194,
198, 200, 201, 203, 205–207, 222–225, 228,
235, 237, 253, 256, 261, 266, 279, 283, 284,
344, 346, 350, 352, 363, 365–370, 372, 374,
377, 395–398, 411, 414, 433, 434, 486–494

CD20, 197, 200, 324, 326, 330–333, 336, 337,
353, 454, 456, 460, 462, 466–468

CD25, 47, 48, 57, 75, 88, 149, 175, 207, 220,
264, 294, 330, 369–373, 376, 377, 379, 433,
492, 493

CD27, 45, 46, 78, 79, 82, 182, 207, 364
CD28, 41–46, 68–71, 77, 80, 149, 175, 183, 205,

206, 255, 264, 323, 346, 350, 353, 364, 366,
367, 372, 377, 378, 397, 420, 490

CD33, 35, 155, 325, 326, 328, 332, 336, 353,
397, 454, 456, 465, 469

CD40, 44, 45, 47, 48, 58, 69, 81, 175, 182, 205,
206, 228, 234, 235, 254, 256, 262, 349, 410,
487, 493

CD40 ligand, 44, 59, 175, 203, 205, 254
CD52, 332, 333, 454, 469, 470
CD70, 45, 46, 69, 78, 79
CD80 (B7.1), 42–44, 70, 153, 175, 203, 205,

206, 351, 366, 378, 410, 489
CD86 (B7.2), 42–44, 70, 153, 175, 201, 203,

205, 206, 366, 410, 489
CD122, 86, 372, 433
CD132, 85, 372, 433
CD152, 70
Cell signaling, 203, 204
Central supramolecular activation cluster

(C-SMAC), 42, 256
Cetuximab (Erbitux), 332, 334, 335, 454, 456,

457, 460, 461, 473, 475, 476
Checkpoint blockade, 363–390
Chemokine, 39, 61, 82, 95, 160, 161, 172,

204–206, 220, 255, 258, 262, 263, 281, 411
Chemokine receptor, 59, 160, 220, 370, 411, 412
Chemotherapy

combination, 485

host conditioning, 353
lymphodepleting, 176, 265, 266, 373, 494

Chimeric antibody, 324, 353, 460
Clinical trials, 21, 22, 24–26, 46–48, 68, 71–73,

75, 77, 81, 82, 84–86, 91–95, 171, 179, 182,
184, 185, 194, 196, 201, 202, 205–207, 221,
227–233, 236, 238–240, 257, 266, 267, 282,
283, 285, 288, 298, 299, 303, 308, 309, 311,
321, 323, 330, 343, 345, 346, 351, 353–355,
365, 370, 374, 375, 395, 396, 398, 420, 431,
432, 435–439, 453, 454, 467, 468, 471, 477,
493

Clostridium, 235, 238, 239
Combination therapy, 222, 224, 226, 236, 239,

263
Complement dependent cytotoxicity (CDC), 299,

306–308, 310, 453, 457, 462
Complementarity determining region (CDR), 40,

322, 326, 346, 455, 460–462
Costimulatory molecule, 43, 69, 137, 207, 220,

221, 228, 233, 258, 262, 265, 282, 346, 349,
350, 353, 397, 410, 434, 487

CpG, 21, 22, 180, 191, 194, 196, 199, 202, 220,
254, 261, 262, 266, 281, 369, 379, 487,
489, 493

Cross presentation, 26, 37, 38, 47, 131, 203, 253,
254, 260–262, 266, 279, 350, 486–488, 493

Cytokine, 34, 43, 45, 46, 48, 55, 57–59, 61, 67,
70, 79, 82–84, 86–90, 92, 94, 95, 129, 130,
135–137, 147, 150–153, 157–161, 172,
176–179, 181, 182, 193, 204–206, 220, 221,
228, 232, 233, 235, 236, 239, 251, 255, 256,
258, 259, 261–263, 265, 266, 276, 280, 281,
283, 284, 290, 324, 350, 351, 353–355, 364,
367, 370, 373, 377, 393–400, 406–413,
431–433, 436, 453, 457, 458, 487, 489,
493, 494

Cytokine flow cytometry (CFC), 177, 181, 393
Cytotoxic T lymphocyte (CTL), 34, 88, 89, 94,

123, 126, 175, 176, 191, 204, 206, 256, 257,
344, 486

Cytotoxic T lymphocyte-associated protein 4
(CTLA-4), 70, 183, 191, 206, 207, 364, 420

Danger signals, 146, 157, 159, 186, 194, 199,
206, 221, 254, 265, 488, 489, 493

Dendritic cell
Langerhan’s cells, 252, 257, 262
maturation, 91, 489
myeloid, 46, 47, 153, 251, 410
plasmacytoid, 153, 251, 262, 407
vaccines, 194, 251–267, 379

Denileukin diftitox (ONTAK), 264



INDEX 501

Differentiation antigens, 12, 18, 22, 23, 131, 175,
176, 196–198, 202, 207, 368, 376, 410

DNA vaccines, 74, 87, 88, 193–208, 234,
261–263, 368

Donor lymphocyte infusion (DLI), 345–347
Dosimetry, 327–329, 468

Edrecolomab (Panorex, 17-1A), 473, 476
Endoplasmic reticulum, 18, 36–38, 123, 126,

127, 253
Endosome, 38, 126, 253, 326, 372, 489
Enzyme-linked immunosorbent assay (ELISA),

177, 180, 191, 289, 306–308, 394
Enzyme-linked immunospot assay (ELISPOT),

75, 177, 182, 191, 202, 289, 393–396, 398,
399, 402, 419

Epidermal growth factor receptor (EGFR), 199,
324, 332, 334, 335, 420, 471, 475, 476

Epitope, 17–26, 35, 37, 38, 71, 79, 127, 148, 154,
155, 175, 176, 181, 182, 184–186, 194, 196,
198–200, 203, 206, 221, 225, 234, 254, 258,
261, 276–278, 289–291, 299, 302, 303, 305,
308–310, 344, 348–352, 398, 411, 419

4-1BB, 69, 78–80, 82, 207, 350, 351, 364, 379
Fowlpox virus, 282
FoxP3, 149, 369–371

Gangliosides, 57, 131, 150, 151, 154, 158, 219,
254, 279, 283, 298, 300, 302, 305, 308, 310,
417, 419, 458

Ganglioside vaccine, 306
Gemtuzumab ozogamicin (Mylotarg), 332, 335,

458, 465, 469
Glucocorticoid-induced tumor necrosis factor

receptor family-related gene (GITR), 69, 82,
149, 204, 206, 207, 364, 369, 373, 379

Glycolipids, 55–57, 297–300, 302, 303, 306, 310
Glycoproteins, 25, 35, 85, 92, 200, 298, 303, 305,

329, 333
Granulocyte-macrophage colony stimulating

factor (GM-CSF), 39, 46–48, 57, 72, 74, 76,
81, 82, 84–86, 160, 175, 178, 179, 191, 201,
203, 205, 220, 222, 224–226, 228, 257, 281,
283, 344, 365, 368, 369373, 375, 379

Heat shock proteins, 184, 185, 191, 204, 253,
262, 265, 277, 487, 489, 493

Helper T cells, 33, 182, 234, 372
Herpes virus, 80, 489

Herpes virus entry mediator (HVEM), 45, 46, 69,
80, 81, 364, 378

Heteroclitic epitope, 198–199, 200
History of immunotherapy, 6
Host conditioning, 353
Human anti-human antibody (HAHA), 460
Human anti-mouse antibody (HAMA), 327, 419,

460, 467, 468
Human leukocyte antigen (HLA), 18–20, 22–26,

35, 72–75, 123–137, 148, 153, 155, 171,
173, 175, 177, 180–182, 185, 191, 194, 200,
225, 235, 258, 266, 277, 278, 288, 351, 395,
410, 438

Human papilloma virus, 11, 123, 130, 132, 155,
173, 175, 181, 191, 196, 197, 222, 225, 227,
235, 258, 262

Hybridoma technology, 321, 458–461

Ibritumomab tiuxeten (Zevalin), 332, 337, 458,
462, 464, 467, 468

Imiquimod (Aldara), 178, 179, 204, 259, 262,
281, 379

Immune monitoring, 258
Immunoglobulin, 33, 68, 123, 126, 197, 200,

201, 205, 206, 260, 321, 322, 324, 352, 353,
364, 377, 378, 454

Immunological synapse, 40–43, 254, 256, 367
Immunoproteosome, 18
Immunosurveillance, 131, 219, 406, 490, 491
Immunotherapy, 3–12, 17, 18, 26, 40, 47, 48, 67,

68, 71, 73, 78–84, 86–88, 91, 93, 94, 129,
131, 132, 135, 136, 171, 172, 175–177,
183–185, 193, 199, 200, 202, 207, 217–219,
222, 224, 229, 230, 233, 234, 236, 239, 240,
257, 260, 266, 275–277, 281, 291, 300, 304,
328, 337, 348, 353, 368, 369, 396, 431,
437–439, 448, 468, 485, 486, 492–494

Indoleamine 2, 3-dioxygenase (IDO), 48, 147,
150, 366, 367, 370, 413

Inducible co-stimulator (ICOS), 44, 46, 47, 69,
77, 364

Infection, 3–7, 12, 18, 34, 37, 79, 94, 147, 152,
155, 156, 172, 221, 223, 228, 229, 231–233,
237, 238, 259, 261, 280, 282, 299, 304, 309,
310, 333, 350, 365, 366, 405–407, 410, 415,
432, 434, 435, 440, 441, 446, 470, 489

Inflammation, 39, 45, 80, 145, 146, 156, 158,
159, 161, 220, 254, 299, 366

Innate immunity, 55, 156, 196, 199, 203, 206,
369, 409, 489

Interferons
alpha, 11, 82, 177, 193, 252, 281, 306,

411, 436



502 INDEX

gamma, 34, 57, 61, 71, 125, 175, 191, 281,
283, 284

Type I, 353, 354, 405–412, 414, 418, 419, 487
Type II, 405, 407, 409

Interleukin-2, 11, 34, 43, 55, 57, 70, 72, 75–77,
81, 82, 85–89, 91, 135, 148, 175–177, 179,
182, 203, 205, 222, 224–226, 228, 234, 235,
239, 264, 265, 281, 283, 324, 344, 346, 347,
351, 353, 354, 370, 372, 373, 375, 397, 411,
413, 431–448, 493, 494

Interleukin-7, 83, 85, 86, 256, 265, 266, 283,
354, 396, 433, 493, 494

Interleukin-10, 44, 45, 48, 70, 73, 76, 78, 89, 90,
92–94, 130, 147, 148, 150, 152, 160, 172,
175, 219, 220, 229, 261, 264, 369, 370, 378,
407, 487, 492

Interleukin-12, 47, 59, 61, 79, 82, 86–89, 153,
179, 180, 194, 203–205, 228, 239, 255–257,
261–264, 281, 283, 411, 487, 492

Interleukin-13, 57, 60, 89, 90, 94, 95, 175, 256
Interleukin-15, 83, 85–87, 135, 153, 203, 205,

239, 255–257, 265, 266, 351, 354, 396, 410,
433, 493, 494

Interleukin-18, 83, 87, 88, 203, 205, 234,
256, 283

Langerhan’s cells, 252, 257, 262
Listeria, 235, 237, 238, 255, 262
Lymphodepleting chemotherapy, 176, 265, 266,

373, 494

Major histocompatibility complex, 3, 9, 10,
17–20, 23, 25, 33–40, 48, 55, 67, 68, 71,
89, 123–126, 129–132, 135, 136, 151,
155, 175–177, 180–185, 192, 194, 195,
198, 199, 203, 204, 206, 218, 220, 221, 230,
237, 251, 253, 254, 258, 260, 261, 264,
265, 393

Measles virus, 221, 223, 231
Monoclonal antibody therapy, 321–342, 463, 472
Myeloid dendritic cells, 46, 47, 153, 251, 410

Natural killer (NK) cells, 11, 41, 55, 88, 123,
179, 192, 204, 255, 282, 323, 406, 432,
457, 490

Natural killer T (NKT) cells, 55, 87, 255, 490
Newcastle Disease virus (NDV), 221, 223, 226,

231, 232
NKG2D, 126, 135, 485, 490, 491, 493, 494
Non-classical HLA, 124, 125, 132, 134,

136, 137

Oncolytic viruses, 230, 231, 233
Overexpressed antigens, 12
OX40, 45–47, 69, 79, 82, 207, 228, 364, 373, 379

Peptide vaccine, 22, 46, 75, 84, 86, 177, 180,
182, 183, 194, 351, 375, 460

Phage display, 155, 326, 458–461
Plasmacytoid dendritic cell, 407
Polysialic acid vaccine, 309, 310
Polyvalent vaccine, 277, 305, 309–311, 396
Poxviruses, 221, 222, 224, 227, 228
Programmed death 1 (PD-1), 45, 47, 69, 78, 255,

256, 368, 377–379
Protein vaccine, 171–191
Proteosome, 38

Radiation therapy, 6, 74, 231, 265, 298, 310, 332,
337, 418, 440

Radioimmunotherapy, 321, 327, 330, 336, 337,
468

Real time polymerase chain reaction (rt-PCR),
21, 400

Regulatory T cell, 11, 48, 57, 60, 69, 70, 73, 88,
89, 93, 123, 136, 147, 149, 150, 175, 196,
204, 207, 255, 264, 266, 344, 353, 354, 364,
369–374, 378, 379, 432, 433, 448, 493, 494

Rituximab (Rituxan), 93, 193, 200, 324,
331–333, 337, 453, 454, 457, 458, 460–464,
466–468, 470

Salmonella, 238, 308
Serological analysis of gene expression

(SEREX), 20, 172, 192, 348
Shed antigen, 275, 277, 278, 280, 282, 288, 290,

291
Shigella, 238
Single nucleotide polymorphism (SNP), 123,

132, 412
Stroma, 131, 156, 159, 414, 492
Survivin, 19, 24, 25, 197
Syngeneic mice, 10

T cell
CD4, 18, 22, 33, 34, 36–38, 44–48, 55, 57, 67,

69, 71, 79, 80, 82, 88, 89, 131, 132, 136,
148, 149, 179, 182, 185, 194, 203, 204,
206, 207, 222, 237, 253–256, 260, 261,
264, 279, 283, 284, 344, 346, 350–352,
366, 367, 369–373, 376–378, 396, 397,
401, 412, 433, 434, 486, 489, 493



INDEX 503

CD8, 24–26, 34, 36–39, 43–47, 55, 60, 61, 67,
69, 71, 73, 74, 78, 80–82, 87–89, 92, 132,
136, 148, 149, 155, 177, 180, 181, 185,
194, 198, 200, 201, 203, 205–207,
222–225, 228, 235, 237, 253, 256, 261,
266, 279, 283, 284, 344, 346, 350, 352,
363, 365–370, 372, 374, 377, 395–398,
411, 414, 433, 434, 486–494

cytotoxic, 89, 93, 94, 205, 370, 377, 393,
439, 456

effector, 44, 45, 352, 353, 378, 379
helper, 399
memory, 83, 185, 256, 399
regulatory, 11, 48, 57, 60, 69, 70, 73, 88, 89,

93, 123, 136, 147, 149, 150, 175, 196,
204, 207, 255, 264, 266, 344, 353, 354,
364, 369–374, 378, 379, 432, 433, 448,
493, 494

tolerance, 47, 59, 368, 378
T cell receptor (TCR), 18–20, 23, 33, 35, 39–45,

48, 55–57, 60, 68, 70, 82, 123, 127, 148,
150–152, 154, 175, 176, 179, 181, 192, 197,
200, 207, 221, 254–256, 258, 265, 323, 345,
346, 349, 352, 363, 364, 366, 367, 377, 397,
398, 434

Tetramers, 20, 25, 56, 75, 148, 177, 180–182,
201, 202, 290, 393, 394, 397, 398

Thymic selection, 180
Tolerance, 12, 34, 39, 47, 48, 59, 68, 153, 156,

172, 175, 180, 183, 185, 186, 196–199, 206,
218, 227, 228, 230, 255, 256, 261, 264, 280,
281, 364–366, 368, 373, 376, 378, 379, 411,
414, 487

Toll-like receptor (TLR), 3, 7, 178, 180, 194,
202–204, 206, 219, 220, 254, 257, 259, 261,
262, 266, 280, 281, 369, 406, 407, 410, 487,
489, 493

Tositumomab (Bexxar), 326, 332, 336, 337, 454,
458, 465, 468

Transforming growth factor beta (TGF-��, 88,
175, 256, 369

Transporter associated with antigen processing
(TAP), 18, 36–39, 123–127, 129, 132, 253

Trastuzumab (Herceptin), 199, 332, 334, 454,
456, 457, 471, 472, 474

Tumor antigen, 8, 10, 11, 17–31, 34, 35, 47, 48,
71, 73, 82–84, 88, 123, 147, 150, 171–173,
177, 179, 181–185, 193, 194, 196, 197, 199,

200, 206, 207, 224, 234, 257–259, 262–265,
276, 278, 280, 283, 284, 291, 297, 304, 305,
327, 348–350, 365, 369, 374, 375, 379, 394,
395, 398–401, 411, 456, 485–488, 493, 494

Tumor-associated macrophage (TAM), 123, 131,
152, 155, 157, 159

Tumor infiltrating lymphocyte (TIL), 123, 131,
134, 135, 145, 148–152, 154, 155, 160, 171,
176, 177, 183, 192, 194, 218, 257, 264, 266,
345–347, 351, 354, 369, 370, 373, 431,
433, 447

Tumor lysate, 260, 264, 281, 287, 365
Tumor microenvironment, 34, 44–48, 130,

145–161, 182, 220, 263, 370, 407, 447
Tumor necrosis factor (TNF), 3, 4, 7, 37, 57, 59,

68, 69, 81, 83, 86, 88, 123, 136, 149, 159,
179, 192, 207, 228, 232, 235, 239, 254, 257,
262, 324, 395, 397, 412, 413, 434, 439, 447,
458, 491

Tumor necrosis factor receptor family (TNFR),
43, 45, 78, 82, 206, 364, 373, 409

Tumor necrosis factor related apoptosis-inducing
ligand (TRAIL), 59, 150, 256, 409, 485,
491–494

Uric acid, 489, 493

Vaccines
bacterial, 6, 217–240
dendritic cell, 194, 251–267, 379
DNA, 74, 87, 88, 193–208, 234, 261–263, 368
ganglioside, 306
peptide, 22, 46, 75, 84, 86, 177, 180, 183, 194,

351, 375, 460
polysialic acid, 309, 310
polyvalent, 277, 305, 309–311, 396
protein, 171–186
viral, 73, 84, 194, 221, 230, 395
whole cells, allogeneic, 278, 285
whole cells, autologous, 277

Vascular endothelial growth factor (VEGF), 131,
134, 159, 204, 219, 220, 263, 324, 332, 334,
454, 456, 457, 474

Viral vaccines, 73, 84, 194, 221, 230, 395

Whole cell vaccines, 72, 275–291, 376


	cover-image-large.jpg
	front-matter.pdf
	1a.pdf
	1.pdf
	2.pdf
	3.pdf
	4.pdf
	5.pdf
	6.pdf
	7.pdf
	8.pdf
	9.pdf
	10.pdf
	11.pdf
	12.pdf
	13.pdf
	14.pdf
	15.pdf
	16.pdf
	17.pdf
	18.pdf
	19.pdf
	20.pdf
	21.pdf
	back-matter.pdf

