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Abstract

A number of consensuses regarding cancer immunology have recently emerged from both
preclinical immunotherapy models and analysis of cancer patients. First and foremost, the natural
state of endogenous tumor reactive T cells is characterized by general hyporesponsiveness or
anergy. This is likely due to a number of mechanisms that tumors use to induce tolerance as they
develop. While many of the newer generation vaccines can effectively transfer antigen to and
activate dendritic cells, T-cell tolerance remains a major barrier that is difficult to overcome by
vaccination alone. Preclinical models demonstrate that for poorly immunogenic tumors, once
tolerance has been established, therapeutic vaccines alone are ineffective at curing animals with a
significant established tumor burden. However, combination strategies of vaccination together with
inhibitors of immunologic checkpoints and agonists for co-stimulatory pathways are proving
capable of overcoming tolerance and generating significant anti-tumor responses even in cases of
established metastatic cancer.

Historically, interest in cancer immunology stemmed from the perceived potential activity of
the immune system as a weapon against cancer cells. In fact, the term “magic bullet”,
commonly used to describe many visions of cancer therapy, was coined by Paul Erlich in the
late 1800s in reference to antibodies targeting both microbes and tumors. Central to the
concept of successful cancer immunotherapy are the dual tenets that tumor cells express an
antigenic profile distinct from their normal cellular counterparts and that the immune system
is capable of recognizing these antigenic differences. Support for this notion originally came
from animal models of carcinogen induced cancer in which it was demonstrated that a
significant number of experimentally induced tumors could be rejected upon transplantation
into syngeneic immunocompetent animals.! Extensive studies by Prehn on the phenomenon
of tumor rejection suggested that the most potent tumor rejection antigens were unique to
the individual tumor.2

As cancer genetics and genomics has exploded over the past decade, it is now quite clear
that altered genetic and epigenetic features of tumor cells indeed result in a distinct tumor
antigen profile. Overexpression of “oncogenic” growth factor receptor tyrosine kinases such
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as HER2/Neu and epidermal growth factor receptor (EGFR) via epigenetic mechanisms has
provided clinically relevant targets for one arm of the immune system—antibodies.3# In
general, we have learned that tumors employ mechanisms of tolerance induction to turn off
T cells specific for tumor-associated antigens. Oncogenic pathways in tumors result in the
elaboration of factors that organize the tumor microenvironment in ways that are quite
hostile to anti-tumor immune responses. This review will outline the major features of
tumor—immune system interactions and set the stage for molecularly based approaches to
manipulate immune responses for successful cancer therapy.

HOW DO TUMORS DIFFER FROM SELF TISSUES?

Tumors differ fundamentally from their normal tissue counterparts in both antigenic
composition and biologic behavior. Genetic instability, a basic hallmark of cancer, is a
primary generator of true tumor-specific neo-antigens. The most common genetic alteration
in cancer—mutations—arise from defects in DNA damage repair systems of the tumor cell.®
Recent estimates from genome-wide sequencing efforts suggest that many tumor types
contain hundreds to thousands of mutations in coding regions.6 The major histocompatibility
complex (MHC) presentation system for T-cell recognition makes peptides derived from all
cellular proteins available on the cell surface as peptide MHC complexes capable of being
recognized by T cells. There are a few recent examples of T-cell responses to mutation-
derived neo-antigens. Most are unique to the individual tumor and have no obvious
oncogenic relevance; they are likely “passenger mutations”.”:8 However, there are a growing
number of examples of tumor-specific mutations that are shared. As with non-shared
mutations, these common tumor-specific mutations all occur in intracellular proteins, and
therefore require T-cell recognition of MHC-presented peptides for immune recognition.
Indeed, both the Kras codon 12 G—A and the BrafVV600E mutations result in “neopeptides”
capable of being recognized by human leukocyte antigen (HLA) class I- and class 11—
restricted T cells.®

The other major difference between tumor cells and their normal counterparts derives from
epigenetics.10 Global alterations in DNA methylation as well as chromatin structure in
tumor cells results in dramatic shifts in gene expression. All tumors overexpress hundreds of
genes relative to their normal counterparts, and in many cases, turn on genes that are
normally completely silent in their normal cellular counterparts. Overexpressed genes in
tumor cells represent the most commonly targeted tumor antigens by both antibodies and
cellular immonotherapies. The most dramatic examples of tumor-selective expression of
epigenetically altered gene are the so-called “cancer-testis antigens”.11 These genes appear
to be highly restricted in their expression in the adult. Many are expressed selectively in the
testis of males and are not expressed at all in females. Their expression in tumors appears to
be purely the consequence of epigenetic instability rather than functional selection, and
antigen-negative variants are easily selected out in the face of immunotherapeutic targeting.

The most commonly generated melanoma-reactive T cells from melanoma patients
recognize melanocyte antigens.12 While one cannot formally call tissue-specific antigens
tumor-specific, they are nonetheless potentially viable targets for therapeutic T-cell
responses when the tissue is dispensable (ie, prostate cancer or melanoma).
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From the standpoint of T-cell targeting, tumor antigens upregulated as a consequence of
epigenetic alterations represent “self antigens” and are therefore likely to induce some level
of immune tolerance. This notion has led to the popular recent view that mutation-dependent
tumor neo-antigens are more immunogenic because the immune system is less tolerant of
them. However, at present, no careful comparison has been made in humans of the potential
repertoires and state of natural T-cell responsiveness to genetically versus epigenetically
generated tumor antigens.

In contrast to normal tissues, cancers are constantly confronted with inflammatory responses
as they invade tissues and metastasize. In some circumstances these inflammatory and
immune responses can potentially eliminate a tumor—so-called “immune surveillance”.
However, oncogenic pathways in the tumor appear to organize the immunologic component
of the microenvironment in a fashion that not only protects itself from anti-tumor immune
responses but that can qualitatively shift immune responses to those that actually support and
promote tumor growth. Thus, tumors can entice the immune system to the “dark side”. It is
these elements of the cancer—immune system interaction that will be the central targets of
future immunotherapeutic strategies.

EVIDENCE PRO AND CON FOR IMMUNE SURVEILLANCE OF CANCER

The fundamental tenet of the immune surveillance hypothesis, first conceived nearly a half
century ago,13 is that a major role of the immune system is to survey the body for tumors as
it does for infection with pathogens, recognizing and eliminating them based on their
expression of tumor-associated antigens. In animal models, carcinogen-induced tumors can
be divided into those that grow progressively (termed progresser tumors) and those that are
rejected after an initial period of growth (termed regresser tumors).1:2 A fundamental
prediction of the immune surveillance hypothesis is that immunodeficient individuals would
display a dramatic increase in tumor incidence. After an extensive analysis of spontaneous
tumor formation in immunodeficient nude mice, which have significantly reduced numbers
of T cells and T-cell-dependent immune responses, no increased incidence of tumors was
observed.1# These studies were taken as a major blow to the immune surveillance
hypothesis. However, a caveat to the interpretation of these results is that nude mice still
produce diminished numbers of T cells via thymus-independent pathways and therefore can
mediate some degree of T-cell-dependent immunity. In addition, nude mice frequently
display compensatory increases in innate immunity that may provide an alternative to
adaptive immunity and could contribute to immune surveillance of cancer.

In humans, the most common cancers that arise in immunodeficient individuals are virus-
induced and thus are not considered to be tumor-specific immune surveillance as it was
originally conceived. These include Epstein-Barr virus (EBV)-associated lymphomas,
Kaposi’s sarcoma-associated herpesvirus (KSHV), and human papilloma virus (HPV)-
associated cervical and anal cancers.1>-17 However, non-virus—associated tumors,
particularly skin cancers, have been associated with pharmacologic immunosuppression in
the context of organ transplantation.18
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A number of recent studies re-evaluating tumor immune surveillance in genetically
manipulated mice has revealed clear-cut evidence that various components of the immune
system can at least modify, if not eliminate, both carcinogen-induced and spontaneously
arising cancers. In a series of studies by Schreiber and colleagues re-examining cancer
incidence in mice rendered immunodeficient via genetic knockout of either the RAG2 gene
(deficient in both B and T cells), the y-interferon receptor gene, STAT 1 gene, or the type 1
interferon receptor gene.1® Even animals not crossed onto a cancer-prone genetic
background or treated with carcinogens developed an increased incidence of invasive
adenocarcinomas when observed over their entire lifespan.29 Furthermore, y-interferon,
RAGZ double knockout mice developed a broader spectrum of tumors than RAGZ knockout
mice. All of the tumors that arise in these genetically manipulated immunodeficient animals
behave as regresser tumors when transplanted into immunocompetent animals. Regression in
immunocompetent animals has, in some cases, been linked to T-cell responses against a
single mutation-derived antigen. Thus, the presence of a competent immune system
“sculpts” the tumor through a processes that has been termed “immunoediting”. While the
classic concepts of immune surveillance of cancer remain unsupported by experimental
evidence, studies on tumorigenesis in genetically manipulated immunodeficient mice indeed
suggest that developing tumors must actively adapt themselves to their immune
microenvironment in order to exist within the context of a competent immune system.

IMMUNE TOLERANCE AND IMMUNE EVASION—THE HALLMARK OF A
SUCCESSFUL TUMOR

While natural immune surveillance plays a much smaller role than originally envisioned by
Thomas and Burnet, developing tumors need to adapt to their immunologic milieu in a
manner that either turns off potentially harmful (to the tumor) immune responses or creates a
local microenvironment inhibitory to the tumoricidal activity of immune cells that could
inadvertently become activated. These processes—tolerance induction and immune evasion
—have become a central focus of cancer immunology efforts and will undoubtedly provide
the critical information necessary for development of successful immunotherapies that break
tolerance to tumor antigens and breakdown the resistance mechanisms operative within the
tumor microenvironment (Figure 1).

Evidence from both murine tumor systems and human tumors strongly demonstrates the
capacity of tumors to induce tolerance to their antigens. This capacity to induce immune
tolerance may very well be the single most important strategy that tumors use to protect
themselves from elimination by the host’s immune system. Tolerance to tumors appears to
operate predominately at the level of T cells. Numerous adoptive transfer studies have
demonstrated the potent capacity of T cells to Kill growing tumors, either directly through
cytotoxic T lymphocyte (CTL) activity, or indirectly through multiple CD4-dependent
effector mechanisms.21-23 It is thus likely that induction of antigen-specific tolerance among
T cells is of paramount importance for tumor survival.

The first direct evidence for induction of T-cell tolerance by tumors was provided by Bogen
and colleagues who examined the response of T-cell receptor (TCR) transgenic T cells
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specific for the idiotypic immunoglobulin expressed by a murine myeloma tumor.24 They
first demonstrated induction of central tolerance to the myeloma protein followed by
peripheral tolerance. Using influenza hemaglutinin (HA) as a model tumor antigen, Levitsky
and colleagues demonstrated that adoptively transferred HA-specific TCR transgenic T cells
were rapidly rendered anergic by HA-expressing lymphomas and HA-expressing renal
carcinomas.2> In a model of prostate tumorigenesis, Drake and colleagues evaluated CD4
responses to HA and double transgenic animals expressing HA and SV40 T antigen under
control of the prostate-specific probasin promoter.26 Development and progression of
prostate tumors did not result in enhanced activation of adoptively transferred HA-specific T
cells. Tolerance to HA as a normal prostate antigen occurred largely through ignorance since
there was no evidence for antigen recognition by HA-specific T cells. However, increased
recognition was observed upon either androgen ablation (which causes massive apoptosis
within the prostate) or development of prostate cancer. Blankenstein and colleagues
evaluated T-cell responses and rejection in a model of sporadic induction of tumors
associated with expression of a tumor-specific antigen only at the time of transformation.2’
They found that pre-immunization of mice against the tumor-associated antigen prevented
the development of tumors. However, non-immunized mice developed spontaneous tumors
without any significant evidence of natural immune surveillance in the absence of pre-
immunization. They further demonstrated that an initial antigen-dependent activation of
tumor-specific T cells could be observed at the time of spontaneous tumor induction but that
this recognition ultimately resulted in an anergic form of T-cell tolerance similar to that
observed by Drake and colleagues in the prostate system.

The capacity of spontaneously arising tumors to tolerize T cells has not been uniformly
observed. A contrasting result by Ohashi and colleagues was observed when lymphocytic
choriomeningitis virus (LCMV) GP33-specific TCR transgenic CD8 T cells were adoptively
transferred into double transgenic mice expressing both SV40 T antigen and LCMV GP33
under control of the rat insulin promoter.28 These animals develop pancreatic islet cell
tumors that express GP33. The investigators found that as tumors progressed in the mice,
enhanced T-cell activation occurred. CD8 T-cell activation was demonstrated through bone
marrow chimera experiments to occur exclusively via cross presentation in the draining
lymph nodes. Despite the activation of tumor specific T cells, the tumors grew progressively,
indicating that the degree of immune activation induced by tumor growth was insufficient to
ultimately eliminate the tumors. These results suggest that developing tumors can induce
immune responses but may titrate their level of immune activation to one that ultimately
does not “keep up” with tumor progression. This mechanism in humans may explain, in part,
the success of checkpoint blockade (see below), which requires a potential endogenous anti-
tumor repertoire of T cells whose activity against tumors can be enhanced enough to yield
clinically relevant tumor regression or disease stabilization.

It has been more difficult to obtain definitive evidence that human cancers tolerize tumor-
specific T cells since humans cannot be manipulated the way mice are. However, the T cells
that are grown out of patients with cancer tend to be either of low affinity for their cognate
antigen or recognize antigens that bind poorly to their presenting HLA (human MHC)
molecule, resulting in inefficient recognition by T cells.2®
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REGULATORY T CELLS AND CANCER

Over the past 10 years, regulatory T cells (Tregs), defined by expression of the canonical
transcription factor, Foxp3, have emerged as a central player in maintenance of the tolerant
state, as well as general downregulation of immune responses to pathogens.3? Not
surprisingly, they appear to play a role in tolerance to tumor antigens, as well as the
resistance of tumors to immune-mediated elimination.31:32 Mechanisms of immune
suppression by regulatory T cells vary and include production of inhibitory cytokines such
as interleukin (IL)-10 and transforming growth factor (TGF)-. In keeping with the
emerging appreciation that tumors are by nature highly tolerogenic, numerous murine
studies have demonstrated that Tregs expand within tumors and significantly limit the
potency of anti-tumor immune responses—either natural or vaccine-induced.33:34 As new
cell membrane molecules that define Tregs are identified, the capacity to block Treg activity
with antibodies to these molecules presents new opportunities for immunotherapeutic
strategies to break tolerance to tumor antigens.

ONCOGENIC PATHWAYS ACTIVELY MEDIATE TUMOR-IMMUNE SYSTEM
INTERACTIONS

The previous sections outlined the experimental evidence that the immune system is in
general tolerant to tumors and their antigens under circumstances in which a tumor has
established and is expanding within the host. There is much evidence that specific oncogenic
pathways drive the “toleragenic immune microenvironment” of cancer.

The best studied oncogenic pathway to play a role in tumor immune evasion is the STAT3
pathway. STAT3 is one of two STATS (the other being STAT5A) to be constitutively
activated in many diverse tumor types.3° Activation of STAT3 involves tyrosine
phosphorylation resulting in homodimerization in the cytosol that leads to nuclear transport
where it participates in transcriptional activation (and in some cases repression) of diverse
genes. Although synthetic mutations in STAT3 can confer upon it oncogenic activity,
constitutive activation of STAT3 in tumors is not a consequence of mutation. Instead, STAT3
is downstream of a number of important oncogenic tyrosine kinases. A number of receptor
tyrosine kinases, including those associated with epidermal growth factor receptor (EGFR),
HER2/Neu, and cMet, signal in part through STAT3. In addition, src and potentially other
src family tyrosine kinases can activate STAT3.36 In fact, the original association of STAT3
with oncogenisis came from the demonstration that src-dependent transformation required
STAT3.

Beyond its cell-intrinsic role in promoting tumor growth, STAT3 activation in tumors has
been shown to repress the production of pro-inflammatory cytokines and chemokines that
could enhance antitumor immune responses.37:38 These include pro-inflammatory cytokines
such as type | interferons and tumor necrosis factor (TNF), as well as pro-inflammatory
chemokines such as RANTES and IP-10. Thus, blockade of STAT3 signaling in tumor cells
results in the release of multiple pro-inflammatory mediators and consequent infiltration
with cells of both the innate and adaptive immune system that ultimately inhibit tumor
growth. Beyond simply repressing the production and release of molecules that could
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promote anti-tumor immune responses, STAT 3 signaling also induces the release of factors
that inhibit activation of multiple immune cell types in the tumor microenvironment. These
include dendritic cells, natural killer (NK) cells and granulocytes, which, though present in
significant numbers within tumors, are generally found in an un-activated state. Some of the
STAT3-regulated factors that induce this “quiescent microenvironment” include IL-10,
VEGF, IL-6, and IL-23.37-40

As will be described below, some of these cytokines promote distinct forms of immune
responses that promote rather than inhibit tumor growth. The receptors for each of these
factors are expressed on cells of the hematopoietic system and themselves signal through
STAT3. Thus, infiltrating hematopoietic cells within the tumor microenvironment are found
to also express constitutively activated STAT3. Blockade of STAT3 in the hematopoietic
system (for example via hematopoietic specific STAT3 knockout) results in dramatically
enhanced activation of dendritic cells and cells in the innate immune system (such as NK
cells and granulocytes) and leads to anti-tumor immune responses. In fact, even aggressive
tumors fail to grow when transplanted into animals with hematopoietic STAT3 knockout.3°
Thus, STAT3 appears to be an important global signaling pathway that restrains antitumor
immunity. In part, STAT3 signaling skews T-cell responses to Th17 and away from Thl.
Th17 responses are characterized by production of IL-17, while Th1 responses are
characterized by production of interferon (IFN)-y and promotion of cytotoxic T lymphocyte
(CTL) responses. While Th1 responses generally produce anti-tumor immunity and are
associated with better prognoses, Th17 responses are pro-carcinogenic and have been
associated with worse prognosis when dominating in established tumors.41:42

The example of STAT3 described above demonstrates that oncogenic pathways in tumors
play important roles in orchestrating the interaction between the tumor cell and its immune
microenvironment such that immune responses induced by the invasion and metastasis
process do not eliminate the tumor cell itself. While most of the focus on the function of
oncogenic and tumor-suppressor pathways has been on cell autonomous functions within the
tumor such as growth regulation, there is growing appreciation that these pathways
additionally affect the immune cells of the tumor microenvironment.

IMMUNOLOGIC CHARACTERISTICS OF THE TUMOR MICROENVIRONMENT
AND OPPORTUNITIES TO MANIPULATE THEM

Ultimate understanding of the relationship between the tumor and the host immune system
requires elucidation of local crosstalk at the level of the tumor microenvironment. As
mentioned at the outset, the hematopoietic/immune system is a major component of the
tumor microenvironment. The systemic tolerance to tumor antigens begins with events that
occur in this microenvironment. Beyond mechanisms that skew tumor-specific T cells
toward immune tolerance, the tumor microenvironment is replete with mechanisms that
dampen antitumor immune responses locally. These inhibitory signals, commonly referred
to as checkpoints, have emerged as leading targets for immunotherapy as will be covered in
subsequent reviews in this issue of Seminars. They represent an important barrier to
successful immunotherapy even when activated effector responses can be generated with
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vaccines (Figure 2). As the specific cells and molecules within the tumor microenvironment
that mediate this hostile immune environment are elucidated, inhibitors are being developed
and tested to use as adjuncts to vaccination that will allow activated immune cells to
function more effectively within the tumor microenvironment.

The previous section described how an oncogenic pathway in the tumor cell directly affected
the immune microenvironment of the tumor. In addition to its role in inhibiting the activation
and effector function of dendritic cells, granulocytes, and NK cells in the tumor
microenvironment, STAT3 signaling has also been reported to play a role in guiding
immature myeloid cells (iMC) in the tumor microenvironment to differentiate into myeloid
suppressor cells (MSC) rather than dendritic cells with antigen-presenting cell (APC)
activity. iIMC*344 and MSC?#5-48 represent a cadre of myeloid cell types, including tumor-
associated macrophages (TAM), that share the common feature of inhibiting both the
priming and effector function of tumor-reactive T cells. It is still not clear whether these
myeloid cell types represent distinct lineages or different states of the same general immune
inhibitory cell subset. In mice, iMC and MSC are characterized by co-expression of CD11b
(considered a macrophage marker) and Grl (considered a granulocyte marker) while
expressing low or no MHC class Il or the CD86 co-stimulatory molecule. In humans, they
are defined as CD33" but lacking markers of mature macrophages, dendritic cells, or
granulocytes and are HLA-DR-negative. A number of factors produced by tumors tend to
drive IMC/MSC accumulation. These include IL-6, conlony-stimulating factor (CSF)-1,
IL-10, and gangliosides. IL-6 and IL-10 are potent inducers of STAT3 signaling.

A number of mechanisms have been proposed to explain how iMC/MSC inhibit T-cell
responses within the tumor microenvironment.#%50 Most include the production of reactive
oxygen species (ROS) and or reactive nitrogen species (RNS). Nitric oxide (NO) production
by iIMC/MSC as a result of arginase activity, which is high in these cells, has been well
documented and inhibition of this pathway with a number of drugs can mitigate the
inhibitory effects of IMC/MSC. ROS, including H,0,, have been reported to block T-cell
function associated with the downmodulation of the z chain of the TCR signaling
complex,®! a phenomenon well recognized in T cells from cancer patients and associated
with generalized T-cell unresponsiveness.

Another mediator of T-cell unresponsiveness associated with cancer is the production of
indolamine-2,3 dioxygenase (ID0O).52 IDO appears to be produced by dendritic cells either
within tumors or in tumor-draining lymph nodes. Interestingly, IDO in dendritic cells has
been reported to be induced via backward signaling by B7-1/2 upon ligation with
CTLA-4.5354 Apparently, the major IDO producing dendritic cell subset is either a
plasmacytoid dendritic cell (PDC) or a PDC-related cell that is B220*.5% IDO appears to
inhibit T-cell responses through catabolism of tryptophan. Activated T cells are highly
dependent on tryptophan and are therefore sensitive to tryptophan depletion. Thus, Munn
and Mellor have proposed a bystander mechanism, whereby dendritic cells in the local
environment deplete tryptophan via IDO upregulation, thereby inducing metabolic apoptosis
in locally activated T cells.
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A major inhibitory cytokine produced by many cell types that has been implicated in
blunting anti-tumor immune responses is TGF-p, which is produced by a variety of cell
types, including tumor cells, Tregs, and iMC, and which has pleotropic physiological effects.
From an immunological perspective, TGF-p possesses broadly immunosuppressive
properties and TGF-p knockout mice develop widespread inflammatory pathology and
corresponding accelerated mortality.>6:57 Interestingly, a majority of these effects seem to be
T-cell-mediated, as targeted disruption of T-cell TGF- signaling also results a similar
autoimmune phenotype.>8 Experiments by Chen et al rather convincingly demonstrated a
role for TGF-B in Treg-mediated suppression of CD8 T-cell anti-tumor responses.®® In these
experiments, adoptive transfer of CD4* CD25* Tregs inhibited an anti-tumor CD8 T-cell
effector response, and this inhibition was ameliorated when the CD8 T cells came from
animals with a dominant negative TGF-B1 receptor that rendered them TGF-p-resistant.

PATTERN RECOGNITION RECEPTORS AND DENDRITIC CELL FUNCTION—
IMPLICATIONS FOR TUMOR TOLERANCE AND ANTI-TUMOR IMMUNITY

An emerging concept is that immature or not fully matured dendritic cells are critical in
presenting self-antigens to induce T-cell tolerance in the absence of danger signals
associated with infection.60 The receptors in the immune system that generate these signals
are termed pattern recognition receptors (PRRs). The best studied class of PRRs is the toll-
like receptor (TLR) group that reside on the cell surface or in endosomal compartments.
There are 10-12 TLRs, each of which recognizes specific pathogen-associated molecular
patterns (PAMP) that are biochemical classes of molecules produced by bacteria, fungi, and
viruses but not by eucaryotes.51 The best characterized PAMP is lipopolysaccharide (LPS),
which is made by most Gramnegative bacteria and is recognized by the PRR, TLR4.52
Interestingly, tumor cell Killing by certain chemotherapy agents induces a phenomenon
called “immunogenic cell death” that mechanistically involves the release of a self-protein,
HMGB1, which binds to and activates TLR4.53 Normally, HMBG1 is a nuclear protein in
intact cells but is released into the extracellular milieu under certain types of cell death,
normally associated with infection. These damage-associated molecular patterns (DAMPS)
represent a putative adjunct mechanism to stimulate innate immunity (and dendritic cells)
via the PRRs normally used to sense PAMPs. The importance of DAMPs relative to the
better characterized PAMPs in activation of innate immunity and dendritic cells is not yet
clear. More recently, a number of cytosolic PRRs have been identified that recognize RNA
structures unique to viruses (RIG-1 and MDAGS).84 STING s a cytosolic PRR that recognizes
double-stranded DNA from certain viruses and intracellular bacteria, as well as cyclic
dinucleotides (CDN), produced by many bacteria.5%66 STING has been postulated to
represent a potential sensor of tumor DNA.87 PRRs are expressed by many cells in the
innate immune system and also by non-hematopoietic cells. Their engagement is a major
inducer of inflammation, largely via induction of type 1 IFN production via IRF-3 activation
and production of additional inflammatory cytokines regulated by nuclear factor (NF)-xB
signaling. These same PRRs induce the maturation of dendritic cells into activated APCs
with high levels of MHC and co-stimulatory molecules. Only activated dendritic cells
express the necessary levels of co-stimulatory molecules, such as CD80, CD86, ICOSL,
CD137, OX40, and T-cell stimulatory cytokines, such as IL-1, IFN-a/p, IL-12, and TNF-a.,
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to appropriately activate CD4 T-cell to Th cells and CD8 cells to CTL function. In fact, a
major mechanism for induction of T-cell tolerance is presentation of antigens by immature
(unactivated) dendritic cells, whose PRRs have not been engaged (Figure 3). The majority of
“older generation” cancer vaccines failed to include agonists for PRRs in their formulation
and it is not surprising that they were not particularly effective in breaking established
tolerance among tumor-specific T cells. More recent vaccine formulations are indeed
incorporating natural and synthetic TLR agonists, as well as agonists for STING 6869
Alternatively, recombinant viral and bacterial vaccines take advantage of the PAMPs that are
naturally provided by the vector. These newer vaccines are certainly more potent in
activating immune responses but their ability to break established tolerance to tumors
remains to be determined.

Unquestionably, dendritic cells found within the tumor microenvironment, where there are
no PAMPs, have a relatively immature, unactivated phenotype characterized by low levels of
pro-inflammatory cytokine production, CD86, and surface MHC class Il expression. These
immature “activation-inhibited” dendritic cells clearly represent a prime candidate for the
induction of tumor specific T cell tolerance. As such, recent interest has grown in the intra-
tumoral injection of oncolytic viruses and other PRR agonists in an attempt to activate
dendritic cells within the tumor so that tumor antigens are presented in a fashion that
activates, rather than tolerizes, tumor-specific T cells.56 This maneuver, if successful, will
represent a key approach to “auto-vaccinate” individuals against the unique non-shared
mutation-dependent neoantigens expressed by their tumor. Likewise, the implications of the
release of DAMPs in “immunogenic cell death” induced by certain chemotherapy agents and
also radiation therapy is that endogenous tumors can potentially release their antigens upon
chemotherapy or radiotherapy induced death in a fashion that can potentially prime the
immune response, particularly when given together with a checkpoint inhibitor.

CO-INHIBITORY LIGANDS AND RECEPTORS THAT DOWN-MODULATE
TUMOR IMMUNITY

Without question, the major molecules to be successfully targeted in clinical cancer
immunotherapy are the growing class of ligand—receptor pairs, commonly referred to as
immune checkpoints. In considering the mechanism(s) of action of inhibitors of various
checkpoints, it is critical to appreciate the diversity of immune functions that they regulate.
For example, the two immune checkpoint receptors that have been most actively studied in
the context of clinical cancer immunotherapy, CTLA-4 (CD152) and PD-1 (CD279),
regulate immune responses at very different levels and by very different mechanisms. The
clinical activity of blocking antibodies for each of these receptors implies that anti-tumor
immunity can be enhanced at multiple levels and that combinatorial strategies can be
intelligently designed, guided by mechanistic considerations and preclinical models. This
section will focus particular attention upon the CTLA-4 and PD-1 pathways since they were
the two checkpoints whose inhibition has revolutionized clinical cancer immunotherapy.
However, it is important to emphasize that multiple additional checkpoints represent
promising targets for therapeutic blockade based on preclinical experiments and inhibitors of
many of these are under active development.
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The CTLA-4 Checkpoint—A Global Regulator of T-Cell Activation

CTLA-4, the first immune checkpoint receptor to be clinically targeted, is expressed
exclusively on T cells where it primarily regulates the amplitude of the early stages of T-cell
activation. CTLA-4 knockout mice die within 3 weeks from immune destruction of multiple
organs, which attests to its critical role as an inhibitory regulator of T-cell-dependent
immune responses. Primarily, CTLA-4 counteracts the activity of the T cell costimulatory
receptor CD28.70 CD28 does not affect T-cell activation unless the TCR is first engaged by
cognate antigen (Box 1). Once antigen recognition occurs, CD28 signaling strongly
amplifies the TCR signal to activate T cells. CD28 and CTLA-4 share identical ligands:
CD80 (B7.1) and CD86 (B7.2).”1-74 Because CTLA-4 has a much higher overall affinity for
both ligands, its expression on the surface of T cells dampens the activation of T cells by
both out-competing CD28 in binding CD80 and CD86, as well as by actively delivering
inhibitory signals to the T cell.”> The specific signaling pathways by which CTLA-4 blocks
T-cell activation are still under investigation, although a number of studies suggest that
CTLA-4 signaling disrupts kinase signals induced by TCR and CD28.76 However, CTLA-4
also confers “signaling-independent” T-cell inhibition through sequestration of CD80 and
CD86 from CD28 engagement, as well as active removal of these molecules from the APC
surface.’” The central role of CTLA-4 in maintaining T-cell activation in check is
dramatically demonstrated by the systemic immune hyperactivation phenotype of CTLA-4
knockout mice.”8.79

Even though CTLA-4 is expressed by activated CD8 killer T cells, the major physiologic
role of CTLA-4 appears to be through distinct effects on the two major subsets of CD4 T
cells—down-modulation of helper T-cell activity and enhancement of regulatory T-cell
suppressive activity. CTLA-4 blockade results in a broad enhancement of immune responses
dependent on helper T cells and conversely, CTLA-4 engagement on Treg enhances their
suppressive function. CTLA-4 is a target gene of the transcription factor Foxp3,80 the
expression of which determines the Treg lineage, and Tregs therefore express CTLA-4
constitutively. While the mechanism by which CTLA-4 enhances the inhibitory function of
Tregs is not known, Treg-specific CTLA-4 knockout or blockade significantly inhibits their
ability to regulate both autoimmunity and anti-tumor immunity.89 Thus, in considering the
mechanism of action for CTLA-4 blockade, both enhancement of effector CD4 T cell
activity and inhibition or elimination of Tregs by antibodies can be important factors. As
will be discussed in subsequent reviews in this issue of Serminars, blockade of CTLA-4 with
antibodies, first shown to have an anti-tumor effect in murine tumor models, was the first
checkpoint blocking antibody to be approved for clinical use, based on the demonstration
that, despite inducing a high degree of autoimmune side effects, it prolonged survival in
patients with advanced melanoma.8!

Biology of the PD-1 Checkpoint—A Pathway That Functions Within the Tumor
Microenvironment

Another immune checkpoint receptor, PD-1, is emerging as a promising target, emphasizing
the diversity of potential molecularly defined immune manipulations capable of inducing
anti-tumor responses by the patient’s own immune system.
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In contrast to CTLA-4, the major role of PD-1 is to limit the activity of T cells in the
peripheral tissues at the time of an inflammatory response to infection and to limit
autoimmunity. This translates to a major immune resistance mechanism within the tumor
microenvironment.82:83 PD-1 expression is induced when T cells become activated. When
engaged by one of its ligands, PD-1 inhibits kinases involved in T-cell activation via the
phosphatase SHP2, although additional signaling pathways are also likely induced and
because PD-1 engagement inhibits the TCR stop signal, this pathway could modify the
duration of T cell/APC or T cell/target cell contact.84 Similar to CTLA-4, PD-1 is highly
expressed on Tregs, where it may enhance their proliferation in the presence of ligand.8°
Because many tumors are highly infiltrated with Tregs that likely further suppress effector
responses, PD-1 pathway blockade may also enhance anti-tumor responses by diminishing
the number and/or suppressive activity of intra-tumoral Tregs.

The two ligands for PD-1 are PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273).86-88
These B7 family members share 37% sequence homology and arose via gene duplication,
positioning them within 100 kB of each other in the genome.88 Recently, an unexpected
molecular interaction between PD-L1 and CD80 was discovered,8? whereby CD80
expressed on T cells (and possibly APC) can potentially behave as a receptor rather than a
ligand, delivering inhibitory signals when engaged by PD-L1; the relevance of this
interaction in tumor immune resistance has not yet been determined.

PD-1 is more broadly expressed than CTLA-4; it is induced on other activated non-T
lymphocyte subsets, including B cells and NK cells, limiting their lytic activity. Thus, while
PD-1 blockade is typically viewed as enhancing the activity of effector T cells in tissues and
in the tumor microenvironment, it likely also enhances NK activity in tumors and tissues and
may also enhance antibody production either indirectly or through direct affects on PD-1* B
cells.

In addition, chronic antigen exposure, such as occurs with chronic viral infection and cancer,
can lead to high levels of persistent PD-1 expression, which induces a state of exhaustion or
anergy among cognate antigen-specific T cells. This state, which has been demonstrated in
multiple murine and human chronic viral infections, appears to be partially reversible by
PD-1 pathway blockade.% Finally, while the PD-1 pathway plays its major role in limiting
immune effector responses in tissues (and tumors), it can also shift the balance from T-cell
activation to tolerance at early stages in T-cell responses to antigen within secondary
lymphoid tissues (ie, at a similar point as CTLA-4). Taken together, these findings imply a
complex set of mechanisms of action for PD-1 pathway blockade.

PD-1 is expressed on a large proportion of tumor-infiltrating lymphocytes (TILs) from many
different tumor types. Some of the enhanced PD-1 expression among CD4 TILs reflects a
generally high level of PD-1 on Tregs, which, as noted above, can represent a large fraction
of intra-tumoral CD4 T cells. Increased PD-1 expression on CD8 TILs may reflect an
anergic/exhaused state, as has been suggested by decreased cytokine production by PD-1*
versus PD-1" TILs from melanomas.®?

Semin Oncol. Author manuscript; available in PMC 2017 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pardoll

Page 13

Just as PD-1 is highly expressed on TILs from many cancers, the PD-1 ligands are
commonly up-regulated on many different human tumors.82:92 On solid tumors, the major
PD-1 ligand to be expressed is PD-L1. Forced expression of PD-L1 on murine tumors
inhibits local anti-tumor T cell responses. Indeed, this combination of findings provides the
basis for PD-1 pathway blockade to enhance anti-tumor effector function in the tumor
microenvironment. As immunohistochemistry techniques and flow cytometry analysis of
surface expression has been employed, it has become clear that the selective up-regulation of
PD-1 ligands in various human tumor types is heterogeneous at a number of levels.93
Expression patterns of PD-1 ligands may very well be critical in choosing suitability for
therapeutic blockade of this pathway since its primary role in cancer is thought to be
immune inhibition within the tumor microenvironment and PD-1 only inhibits lymphocyte
function when it is engaged by cognate ligand.

Initially, the majority of melanoma, ovarian and lung cancer samples were reported to have
high expression of PD-L1 and subsequently, many other human cancers were reported to up-
regulate PD-L1. In addition to tumor cells, PD-L1 is commonly expressed on myeloid cells
in the tumor microenvironment. An initial report in renal cancer demonstrated that
expression of PD-L1 on either tumor cells or infiltrating leukocytes in primary tumors
predicted a worse prognosis, ie, decreased overall survival relative to PD-L1~ tumors.* In
other tumor types, such as melanoma, PD-L1 status correlates with better prognosis.83
Variability in IHC technique, cancer type, stage of cancer analyzed (most analyses are of
primary, not metastatic lesions) and treatment history in the analyzed cohort all likely
contribute to the wide range of reported outcomes.

While most of the analyses of PD-1 ligand expression has focused on PD-L1, PD-L2 has
also been reported to be upregulated on a number of tumors. It is highly upregulated on
certain B-cell lymphomas such as primary mediastinal, follicular cell B-cell lymphoma and
Hodgkin disease. Up-regulation in these lymphomas is commonly associated with gene
amplification or rearrangement to the CIITA locus, which is highly transcriptionally active
in B-cell lymphomas.%°

Given the heterogeneity of expression and potential relevance as a biomarker for blockade of
the PD-1 pathway, it is important to understand the signals that induce expression of PD-1
ligands on tumor cells and also hematopoietic cells within the tumor microenvironment. Two
general mechanisms for regulation of PD-L1 have emerged: innate and adaptive. For some
tumors such as glioblastoma, it has been demonstrated that PD-L1 is driven by constitutive
oncogenic signaling pathways in the tumor cell. Expression on glioblastomas is enhanced
upon deletion or silencing of PTEN, implicating the PI3K-AKT pathway.% Similarly,
constitutive ALK signaling, observed in certain lymphomas and occasionally in lung cancer,
has been reported to drive PD-L1 expression via STAT3 signaling.%’

The alternative mechanism for PD-L1 up-regulation on tumors that has emerged from both
clinical and preclinical studies reflects their adaptation to endogenous tumor-specific
immune responses, a process termed adaptive resistance.’% In adaptive resistance, the tumor
utilizes the natural physiology of the PD-1 ligand induction for tissue protection in the face
of an immune response to infection in order to protect itself from an anti-tumor response.
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Expression of PD-L1 as an adaptive response to endogenous anti-tumor immunity can occur
because it is induced on most cancers in response to interferons—pre-dominantly y-IFN,
similarly to epithelial and stromal cells in normal tissues. This mechanism represents an
alternative to the conventional drug resistance mechanisms that involve mutation of drug
targets. It also contrasts with mechanisms of viral immune escape that involve mutation of
immunodominant epitopes. The mechanism of adaptive resistance intrinsically implies that
immune surveillance does exist even in some advanced cancers but the tumor ultimately
resists immune elimination by up-regulating ligands for inhibitory receptors on tumor-
specific lymphocytes that turn off anti-tumor responses within the tumor microenvironment.

A number of preclinical and clinical studies support the adaptive resistance hypothesis.
Gajewski and colleagues have demonstrated that melanomas can be roughly divided into
“inflammatory” and “non-inflammatory” catagories defined by expression of multiple
inflammatory genes, including those involved in the interferon pathway.?8 A recent study in
melanoma demonstrated a very high correlation between cell surface PD-L1 expression on
tumor cells and both lymphocytic infiltration and intra-tumoral ?-1FN expression. This
correlation was not only seen among tumors but within individual PD-L1* tumors at the
regional level, in which regions of lymphocyte infiltration were exactly the regions where
PD-L1 was expressed on both tumor cells and infiltrating leukocytes.83

As will be discussed in other reviews in this issue of Seminars, multiple clinical antibodies
to PD-1 and PD-L1, all of which block their interaction, have shown impressive durable
remissions originally in patients with either melanoma, renal cancer, or lung cancer99-101
and subsequently in those with other histologies, including head and neck cancer, gastro-
esophageal cancer, ovarian cancer, bladder cancer, and Hodgkin lymphoma.

ADDITIONAL CHECKPOINTS PARTICIPATE IN TUMOR IMMUNE
RESISTANCE AND TOLERANCE

Successful clinical outcomes of CTLA-4 and PD-1 pathway targeting have garnered great
interest in a number of additional immune checkpoints. Basic immunologic studies have
demonstrated that a number of checkpoint receptors are expressed coordinately under
circumstances of tolerance to self-antigens and chronic infections, as well as in
inflammatory settings. In addition to defined lymphocyte inhibitory receptors, a number of
B7-family inhibitory ligands—in particular B7-H3 (CD276) and B7-H4—do not yet have
defined receptors but murine knockout experiments support an inhibitory role for both of
these molecules.192 In addition, they are up-regulated on tumor cells or tumor-infiltrating
cells.103 B7-H3 appears to be up-regulated on endothelial cells of the tumor vasculature and
B7-H4 has been reported to be expressed on tumor-associated macrophages.194 Preclinical
tumor models have been used to demonstrate that blockade of many of these individual
immune checkpoint ligands or receptors can enhance anti-tumor immunity and dual
blockade of coordinately expressed receptors can produce additive or synergistic anti-tumor
activity. Inhibitors for a number of these immune checkpoint targets are either entering the
clinic or are under active development. Those described below are targets with currently
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available blocking antibodies or small molecule inhibitors but do not represent a
comprehensive list.

LAG-3 (CD223), 2B4 (CD244), BTLA (CD272), Tim-3, A2aR, and the family of Killer
inhibitory receptors have each been associated with inhibition of lymphocyte activity and in
some cases induction of lymphocyte anergy. Antibody targeting of these receptors, either
alone or in combination with a second immune checkpoint blocker has been shown to
enhance anti-tumor immunity in animal models of cancer. Because many tumors express
multiple inhibitory ligands and TIL express multiple inhibitory receptors, there are many
opportunities to enhance anti-tumor immunity via dual or triple blockade of immune
checkpoints. While human blocking antibodies specific for a number of these “second-
generation” inhibitory receptors are under development, none have entered the clinic at this
time. Most of these receptors are induced upon T-cell activation, in keeping with the biologic
theme that they play roles in feedback inhibition of T-cell responses when their cognate
ligands are present. In addition to providing inhibitory signals to activated effector T cells,
some of these receptors such as LAG-3 are highly expressed on Tregs, where they are
important to amplify their inhibitory activity.1%4 This implies that as with CTLA-4 and

PD-1, these receptors play a dual role in ultimately inhibiting effector immune responses and
enhancing Treg suppressive function. Blocking antibodies therefore have multiple potential
mechanisms of action.

LAG-3 was cloned over 20 years ago as a CD4 homologue but its function in the immune
checkpoint was only defined in 2005 when it was shown to play a role in enhancing Treg
function.194 LAG-3 also inhibits CD8 effector function independently of its role on Tregs.
The only known ligand for LAG-3 is MHCII, which is up-regulated on some epithelial
cancers (generally in response to IFN-??) but is also expressed on tumor infiltrating
macrophages and dendritic cells. The role of the LAG-3/MHCI|I interaction in LAG-3—
mediated inhibition of T-cell responses is unclear since anti-LAG-3 antibodies that do not
block the LAG-3/MHCII interaction nonetheless enhance T-cell proliferation and effector
function in vitro and in vivo.194 The MHCII interaction of LAG-3 may be most important
for its role in enhancing Treg function. LAG-3 is one of a number of immune checkpoint
receptors coordinately up-regulated on both Tregs and anergic T cells and simultaneous
blockade can result in enhanced reversal of this anergic state relative to blockade of either
receptor alone. In particular, PD-1 and LAG-3 are commonly co-expressed on anergic or
exhausted T cells.195:106 Dyal blockade of LAG-3 and PD-1 provide synergy in reversing
anergy among tumor specific CD8 T cells as well as virus specific CD8 T cells in the setting
of chronic infection. Dramatic evidence of the affects of coordinate T-cell inhibition by PD-1
and LAG-3 comes from PD-1/LAG-3 double knockout mice, which completely reject even
poorly immunogenic tumors in a T-cell-dependent fashion but also develop autoimmune
syndromes much more quickly than PD-1 or LAG-3 single knockouts that are ultimately
fatal (though not as quickly as CTLA-4 knockouts).197 These findings emphasize the
balance between anti-tumor effects and autoimmune side effects that must be taken into
consideration in all of the immune checkpoint blockade strategies.

Tim-3, the ligand of which is galectin-9 (a galectin reported to be up-regulated in a number
of cancer types such as breast cancer), inhibits Th1 responses!® and anti-Tim-3 antibodies
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enhance anti-tumor immunity.1%9 Tim3 has also been reported to be co-expressed with PD-1
on tumor specific CD8 T cells and dual blockade of both molecules significantly enhances
the in vitro proliferation and cytokine production of human T cells when stimulated by the
cancer-testes antigen NY-ESO-1.110 In animal models, coordinate blockade of PD-1 and
Tim3 was reported to enhance antitumor responses and tumor rejection under circumstances
where only modest effects from blockade of each individual molecule were observed.111

The A2a receptor for adenosine inhibits T-cell responses, in part by driving CD4 T cells to
express Foxp3 and develop into Tregs.112 Knockout of this receptor results in enhanced and
sometimes pathologic inflammatory responses to infection. This receptor is particularly
relevant in tumor immunity because the rate of cell death in tumors from cell turnover is
high and dying cells release adenosine. In addition, Tregs express high levels of the
exoenzymes CD39, which converts extracellular ATP to AMP, and CD73, which converts
AMP to adenosine.113 Given that A2a receptor engagement by adenosine drives T cells to
become Tregs, this can produce a self-amplifying loop within the tumor. Indeed, tumors
grow more slowly in A2aR knockout mice and tumor vaccines are much more effective
against established tumors in these mice.114 A2aR can be inhibited either by antibodies that
block adenosine binding or by adenosine analogues, some of which are fairly specific for
A2aR. While these drugs have been used in clinical trials for Parkinson’s disease, they have
not yet been tested clinically in cancer patients.

CLINICAL IMPLICATIONS FOR MANIPULATION OF THE IMMUNE
RESPONSE TO TUMOR CELLS

Fundamentally, we now have clear-cut evidence that antibodies and T cells can selectively
recognize and kill cancer cells in patients. Cancer genetics, epigenetics, and genomics have
provided us with a far better understanding of the nature and specificity or selectivity of
tumor antigens, providing new opportunities for targeted antigen specific immunotherapy.
We know much more about the details of antigen recognition by T cells allowing for the
opportunity to modify antigens at critical residues to provide for enhanced immune
stimulatory capacity. Finally, we are learning much about the ligands, receptors, and
signaling pathways that regulate immune responses and how they are expressed within the
tumor microenvironment. Elucidation of these regulatory pathways has demonstrated that
the outcome of antigen recognition is in large part determined by the balance between co-
stimulatory signals and inhibitory signals. These relatively recent insights into the molecular
basis of immune regulation are demonstrating profound significance for the development of
more potent combinatorial immunotherapy approaches to cancer.
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The balance between immune surveillance, resistance and tolerance. Transformation of
normal cells to cancer cells involves the creation of true neoantigens due to mutation, as well
as up-regulation of self-antigens due to epigenetic forces. Successful immune surveillance of
tumors based on recognition of these tumor-specific antigens would lead to tumor
elimination at early stages. Clinically relevant tumor survival and progression requires that
tumors develop resistance mechanisms that inhibit tumor-specific immune responses to kill
tumor cells. Alternatively, if the tumor develops mechanisms to induce immune tolerance to
its antigens, anti-tumor effecter responses do not develop. Evidence is accumulating that
tumors actively develop immune resistance mechanisms and immune tolerance mechanisms
to survive despite displaying antigens capable of recognition by the immune system.
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Figure 2.
Dendritic cells (DC) can either activate adaptive immunity or tolerize T cells depending on

their state of maturation. DC progenitors develop from hematopoietic (bone marrow—
derived) progenitors under the influence of various cytokines, particularly granulocyte-
macrophage colony-stimulating factor (GM-CSF). Under circumstances of microbial
infection, specific pathogen-associated molecular patterns (termed PAMPS) engage pattern
recognition receptors (PAMPS), leading to release of pro-inflammatory danger signals that
induce DC maturation. DC maturation leads to up-regulation of co-stimulatory molecules,
MHC and chemokines that result in activation of T cells to effecter cells (right side of
figure). In the absence of these “danger signals”, DCs follow a default pathway (left side of
figure) in which they become “tolerizing DCs” that present antigen to T cells in the absence
of co-stimulatory signals. This represents a steady-state pathway for continuous presentation
of self-antigens. The consequence is that these T cells are turned off (anergy), inducing
tolerance.
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Figure 3.
The hostile immune microenvironment of the tumor. Activation of oncogenic pathways and

inactivation of tumor-suppressor pathways in the tumor lead to a cascade of molecular and
cellular processes in the tumor microenviroment that block the killing function of innate
immune effectors such as NK cells and granulocytes and block DC maturation. In addition,
multiple cell membrane molecules such as IL-10, TGF-p, B7-H1, and B7-H4 are up-
regulated. These molecules bind to receptors that inhibit T-cell effector function. Immature
myeloid cells (iMC) produce nitric oxide (NO) that inhibits T cells and immature
plasmacytoid DC (iPDC) produce indoleamine dioxygenase (IDO), which depletes
tryptophan. Regulatory T cells also accumulate in the tumor microenvironment, further
blunting anti-tumor T-cell responses.
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