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Abstract

Immune regulation of aggressive tumor growth is often
outpaced by tumor up-regulation of ligands that inhibit
effector immune responses through the activation of
immune checkpoints. A few of such checkpoints include
programmed death-1 (PD-1), cytotoxic T lymphocyte
associated antigen-4 (CTLA-4), lymphocyte activation
gene-3, T-cell immunoglobulin and mucin protein-3,
Glucocorticoid-induced TNFR family-related receptor
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(GITR), and killer cell immunoglobulin like receptor. With
the exception of GITR, after binding to their respective
ligands these checkpoints induce down-modulation of
immune responses to prevent autoimmunity. However,
such immune mechanisms are co-opted by tumors to
allow rapid tumor cell proliferation. Pre-clinical studies
in antibody blockade of PD-1 and CTLA-4 have led to
promising augmentation of effector immune responses
in murine tumor models, and human antibodies
against PD-1 and CTLA-4 alone or in combination have
demonstrated tumor regression in clinical trials. The
development of immune checkpoint blockade as a
potential future immunotherapy has led to increasing
interest in combining treatment modalities. Combination
checkpoint blockade with chemotherapy and radiation
therapy has shown synergistic effects in pre-clinical and
clinical studies, and combination checkpoint blockade
with bacterial vaccine vectors have produced increased
effector immune responses in pre-clinical models. The
future of immune checkpoint blockade may be as a
powerful adjuvant alongside the current standard of
care.

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.
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Core tip: Aggressive cancer growth is often characterized
by tumor expression of molecules that co-opt effective
immune responses through immune checkpoints.
Clinical blockade of checkpoints programmed death-1
and cytotoxic T lymphocyte associated antigen-4 and
has spurred the discovery of a number of immune
checkpoints that may be inhibited in anticancer therapy.
The clinical successes of checkpoint blockade have led
to increasing interest in combining treatment modalities.
Combination checkpoint blockade with chemoradiation
has shown synergistic effects, and checkpoint blockade
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with bacterial vaccine vectors have produced increased
immune responses in pre-clinical models. The future
of immune checkpoint blockade may be as a powerful
adjuvant alongside the current standard of care.
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INTRODUCTION

Aggressive tumors develop molecular mechanisms to
survive in harsh host environments and proliferate in
regions of chronic inflammation!!. Tumor release of
factors that promote angiogenesis and disrupt nearby
tissue architecture promotes invasion and metastatic
spread. The central role of the immune system is to
destroy foreign antigens, including those expressed as
a result of aberrant cell growth®. Proliferating cancer
cells may go immunologically unnoticed by the systemic
immune response because of tumor cell expression of
molecules that inhibit immune effector cells or deplete
the tumor microenvironment of key factors for immune
cell survival™*, While initial tumor growth is detected
and destroyed by robust innate and adaptive immune
responses, dormant tumor cells are left behind that
are in equilibrium with effector cells of the adaptive
immune response!”. Tumor cells will up-regulate
ligands and release soluble factors that will inhibit
cytotoxic T-lymphocyte activity, and tumor expression
of such molecules results in cancer escape from the
immune response and proliferation of tumor cells®**,
This process of immune-mediated editing of tumor cells,
equilibrium of tumor growth maintained by antigen-
specific immune responses, and ultimate escape of the
tumor from immune surveillance is termed the “Three
E’s” of cancer immunoediting'®”). Recent advances
in immunotherapy have sought to intervene in this
process of tumor immune escape®.

Immune checkpoints are cell surface receptors
expressed on a variety of immune cells that, under
normal circumstances, prevent peripheral autoimmunity
during inflammatory responses®. Poorly immunogenic
cancer cells can express the ligands of such immune
checkpoints, resulting in immune effector inhibition in
the tumor microenvironment. Blockade of such immune
checkpoints attempts to block the inhibitory interaction
between tumor cells and T-cells and promote tumor-
specific T-cell activation. This review will discuss the
cellular pathways of immune checkpoints, pre-clinical
and clinical studies in checkpoint blockade, and the
potential future of immune checkpoint inhibition as
an adjuvant to chemotherapy, radiation therapy, and
bacterial vaccine vectors.
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IMMUNE CHECKPOINTS: CELLULAR AND
IN VIVO MECHANISMS

While immune checkpoints are known to down-
regulate immune effector cells, studies suggest
that each checkpoint induces immune inactivation
through discrete cellular mechanisms!'®**l, Immune
checkpoint receptor-ligand interactions are not limited
to T-lymphocytes and tumors, however. Checkpoint
receptors are expressed on a variety of immune cells,
including natural killer (NK) cells and cells derived from
the myeloid lineage. Checkpoint signaling in these cells
is implicated in infection, prevention of autoimmunity,
and tumor immune evasion. The following sections will
focus on immune checkpoints in T-lymphocytes and
their involvement in tumor-lymphocyte interactions.
Checkpoints programmed death-1 (PD-1), cytotoxic
T-lymphocyte antigen-4 (CTLA-4), lymphocyte
activation gene-3 (LAG-3), and T-cell immunoglobulin
and mucin protein-3 (TIM-3) are a few of a number of
down-regulators of T-cell function.

PD-1

PD-1 is a transmembrane protein that transmits
inhibitory signals upon engagement with its ligands
programmed death ligand-1 and -2 (PD-L1, PD-L2)
and is responsible for down-regulating T-cell
activation®*>'1, PD-1 is largely expressed in activated
T-cells in the periphery and prevents destruction of
host tissues expressing PD-L1 during inflammatory
responses™™, In addition to host epithelial cells, PD-L1
is constitutively expressed in myeloid cells, professional
antigen presenting cells (APCs), lymphoid cells, and
cancer cells, while PD-L2 expression is inducible and
largely limited to APCs!'*'%'”1, Notably, PD-L2 also
binds to repulsive guidance molecule b, and this
interaction is responsible for respiratory tolerance™®.
Cell signaling through PD-1 plays a significant role
in preventing autoimmunity, as evidenced by the
development of lupus-like glomerulonephritis and
arthritis, cardiomyopathy, as well as increased levels of
IgG2b, IgG3 and IgA in PD-17" knockout mice™*", The
structure of PD-1 includes the cytoplasmic structural
motifs immunoreceptor tyrosine-based inhibitor motif
and immunoreceptor tyrosine-based switch motif
(ITSM); upon ligand binding to PD-1, ITSM recruits
phosphatases SHP-1 and SHP-2 which are capable
of inhibiting downstream kinases that in turn inhibit
T-cell proliferation, cytokine release, and cytotoxic
function®”?? (Figure 1). In addition, PD-1 ligation
results in mitigated phosphorylation of the ZAP70/
CD3¢ signalosome, resulting in downregulation of the
T-cell receptor signaling pathway and subsequent
T-cell activation™**¥), Finally, PD-1 has been shown
to downmodulate IFN-y production as evidenced
by relatively increased IFN-y levels after PD-1/PD-L
blockade™**°\. IFN-y is a marker of the Th1 phenotype
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Figure 1 Stimulatory and inhibitory responses mediated by immune checkpoints. Depicted are interactions between immune checkpoints and their ligands as
well as their cellular effects. Stimulatory effects are depicted with green arrows, and inhibitory effects are depicted with red symbols. The effect of GITR ligation in NK
cells is not yet fully understood. T REG: Regulatory T cell; DC: Dendritic cell; NK: Natural killer; MHC: Major histocompatibility complex; PD-1: Programmed death-1;
KIR: Killer cell immunoglobulin like receptor; TCR: T-cell receptor; LAG-3: Lymphocyte activation gene-3; TIM-3: T-cell immunoglobulin and mucin protein-3; CTLA-4:

Cytotoxic T lymphocyte associated antigen-4.

as well the activation of effector CD8+ T-cells, and
decreased IFN-y production may reflect a depressed
immune response.

CTLA-4

Similar to PD-1, CTLA-4 downregulates T-cell effector
function, although the action of CTLA-4 is manifested
largely in naive, resting T-cells and occurs by a pathway
distinct from PD-17*?", CTLA-4 is a co-inhibitory
receptor, competing with the co-stimulatory receptor
CD28 for their shared ligands B7-1 (CD80) and B7-2
(CD86)“ 7! (Figure 1). By sequestering CD80/CD86,
CTLA-4 is capable of inhibiting T-cell receptor (TCR)
function while preventing CD28 from binding to its
ligands and promoting TCR-mediated T-cell activation.
Importantly, CTLA-4 blockade was the first of the
immune checkpoints to exhibit anti-tumor immunity
in vivo, which provided evidence for the activity of
CTLA-4 in promoting tumorigenesis through cancer
immune escape®®7?*?”), The purpose of CTLA-4 is
to check T-cell activation by attenuating T-helper cell
activity and up-regulating the immunosuppressive
activity of Tregs. Tregs are CD4+ lymphocytes that
down-regulate immune effector function, typically to
prevent autoimmunity. In the tumor microenvironment,
cancer cells may up-regulate Treg activity through
ligand-receptor interactions, leading to the inactivation
of effector T-cell responses. The critical role of CTLA-4
in T-cell homeostasis is demonstrated by significant
lymphocyte-mediated multi-organ destruction in
CTLA-4"" knockout mice, of a magnitude more severe
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than in PD-1 deficient mice and occurring earlier in
life>*2428291 While the signaling pathway by which
CTLA-4 inhibits TCR is still unclear, studies show that
the cytoplasmic domain of CTLA-4 activates SHP-2 and
phosphatase PP2A, resulting in inhibition of kinases
ZAP-70, LCK, and FYN that are specific to the TCR and
mediate T-cell activation®®**3%3!],

LAG-3

Responsible for down-regulating effector T-cell responses
by promoting Treg-mediated immune suppression,
LAG-3 is a CD4 receptor homologue of the Ig
superfamily expressed in activated NK and T-cells (Figure
1)B101%31 | ike CD4, LAG-3 interacts with the major
histocompatibility complex class II (MHCII) but is not
responsible for MHCII-restriction in CD4-independent
lymphocytes® #4133 Instead, LAG-3 regulates
antigen-specific lymphocyte responses through its
activity in CD4+CD25+ regulatory T cells™>*>734,
Increased lymphocytic expansion was observed in
LAG-3 deficient T-cells stimulated with staphylococcal
enterotoxin B (SEB), and LAG-3 deficient T-cells
produced higher levels of IFN-y and IL-2 after SEB
stimulation!*>*¢17*9213]  Ag g result of its involvement
in Treg function, LAG-3 promotes self-antigen tolerance
and prevents autoimmunity. This is evidenced by the
finding that LAG-3-deficient non-obese diabetic (NOD)
mice develop an accelerated insulitis with extensive
CD4+ and CD8+ pancreatic infiltration, suggested a
role for LAG-3 in the regulation of activated CD4+ and
CD8+ lymphocyte responses™ >3 Unlike in PD-1
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and CTLA-4 deficient mice, LAG-3 deficiency does not
produce severe or obvious autoimmunity, and while the
LAG-3 signaling pathway is still unclear, it does not appear
that there is major overlap between the LAG-3 and
PD-1 pathways™”?*?®!, Importantly, LAG-3 blockade
combined with vaccines has shown increased antitumor
immunity mediated by activated CD8+ T-cells. LAG-3
inhibition of influenza hemagglutinin (HA)-specific
CD8+ T-cells combined with recombinant vaccinia virus
expressing wild-type HA protein in a mouse model
expressing influenza HA as self antigen and modified as
tumor antigen resulted in increased intratumoral CD8+
activation as well as increased levels of antigen-specific
CD8+ cells as well as tumor parenchyma destruction®.
Such evidence suggests a role for LAG-3 blockade in
future anticancer therapies'*®.

TIM-3

T-cell immunoglobulin and mucin protein-3 down-
regulates Thl immune responses in the periphery
and prevents autoimmunity after binding to its ligand
galectin-9 (Figure 1)Y, In addition to certain tumors,
TIM-3 is expressed on T-cells and nerve cells®?,
Binding of TIM-3 to its ligand induces phosphorylation
of a tyrosine residue on the cytoplasmic tail of TIM-3
by interleukin inducible T cell kinase, resulting in
downstream inhibition of Thl effector function!.
TIM-3 blockade in vivo has resulted in autoimmune
disease including encephalomyelitis as well as
increased activation of macrophages, possibly resulting
from released inhibition on Thl mediated immune
responses*l, Similar to LAG-3, TIM-3 promotes self-
antigen tolerance demonstrated by the observation that
TIM-3 blockade results in accelerated diabetes in NOD
mice, possibly by reducing Treg activity in attenuating
the Th1 immune response'™!. TIM-3 blockade has also
shown promise as a potential anticancer therapy, as it
results in an increased ratio of CD8+ to CD4+ tumor
infiltrating lymphocytes in a murine colon cancer model,
especially in cases of tumor regression, as well as
increased IFN-y production by T-cells; similar results
and tumor suppression are observed after anti-TIM-3
therapy in murine BALB/c colon adenocarcinoma and
fibrosarcoma models™ . Additional studies are needed
to clearly define the TIM-3 signaling pathway and its
immunomodulatory effects.

Glucocorticoid-induced TNFR family-related receptor

Unlike the immune checkpoints mentioned thus far,
Glucocorticoid-induced TNFR family-related receptor
(GITR) is a co-stimulatory immune checkpoint that is
expressed on CD4+ and CD8+ T-lymphocytes as well
as Tregs, NK cells, dendritic cells (DC) and monocytes,
and binds to its ligand expressed on APCs and
endothelial cells (Figure 1)**, While GITR is expressed
at a low-level on resting CD4+ and CD8+ T-cells, it
is temporarily upregulated 24-72 h after an immune
stimulus; conversely, GITR is constitutively expressed
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on Tregs™®*9, GITR ligation results in an augmented
effector T-cell response and resistance to activation
induced cell death as well as to the suppressive effects
of Tregs®™®*, The ligation of GITR by agonist antibody
DTA-1 has shown to cause Treg lineage instability
through loss of FoxP3 and results in increased cytotoxic
T-lymphocyte to Treg ratios®'!. Ligation of GITR,
whether via an agonist antibody or GITRL-expressing DC
vaccine, has resulted in murine melanoma regression
and increased intratumoral effector T-cell to Treg ratios
as a consequence of impairment of Treg infiltration into
the tumor microenvironment and instability caused
by loss of FoxP3™", The immune activating effects of
GITR ligation are dependent on GITR expression in both
effector T-cells as well as Tregs™".. Preclinical studies
of GITR in combination with other immunotherapies
have demonstrated promising antitumor effects. In
fibrosarcoma-bearing mice, co-administration of anti-
CTLA-4 and anti-GITR antibodies led to synergistic
tumor eradication mediated by tumor-specific CD4+
and CD8+ T-cells™. Similarly, combination adoptive
T-cell therapy and anti-GITR antibody administration
results in increased effector responses as measured
by IFN-y, TNFa. and CD107a in @ murine fibrosarcoma
model™. While the precise mechanism of GITR ligation
and its downstream consequences have yet to be
defined, GITR modulation through agonist antibodies
or GITRL expressing DC vaccines may be an efficacious
avenue in immune checkpoint antitumor therapy.

Killer cell immunoglobulin like receptor

Killer cell immunoglobulin like receptor (KIR) is an
immune checkpoint that primarily regulates NK cell
activation (Figure 1). Cytolytic CD56"™CD16+ NK
cells express KIR which is specific for the HLA class I
allele, and tumor infiltrating NK cells expressing KIR
have been found to be downregulated by tumor-KIR
interactions®>*®, The precise intracellular mechanisms
of KIR are as yet unclear, but KIR genes and their
respective HLA class I ligands have been identified in
non-small cell lung cancer (NSCLC) and kidney cancer
patients, providing a potential role for NK cells in
antitumor immune responses”™”. One study found that a
high percentage of NSCLC patients had KIR-expressing
NK cells compared to controls (P = 0.0004), and those
NK cells were dysfunctional in terms of effector cytokine
expression and overall cytotoxicity™. The involvement
of KIR in tumor mediated immune suppression has led
to the development of KIR-blocking human monoclonal
antibody Lirilumab, which is currently being tested in
combination with human anti-PD-1 and anti-CTLA-4
antibodies (NCT01750580, NCT01714739). Discovery
of additional immune checkpoints on cells outside of
the T-cell subset has led to increasing opportunities in
overcoming tumor mediated immune suppression by
blocking tumor-cell interactions involving a variety of
immune cells. NK cells may become the next target for
immune checkpoint blockade.
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Pre-clinical studies: PD-1, PD-L1 and CTLA-4

The first steps to understanding the role of PD-1 and
its ligands in tumor survival was the characterization of
PD-L1 expression almost exclusively on cancer cells®™.
Dong and colleagues showed that PD-L1 expression
on tumor cell lines resulted in increased apoptosis of
antigen-specific T-cells in vitro and in vivo, and that
the apoptotic effect was mediated by multiple T-cell
receptors including PD-1%. Early studies showed that
tumor PD-L1 expression rendered tumor cells less
susceptible to cytotoxic T-lymphocyte activity, and
the interruption of the interaction between PD-1 and
PD-L1 could re-establish tumor susceptibility to immune
mediated cytotoxicity™. This discovery established the
potential for PD-1 or PD-L1 blockade as a means toward
increased antitumor efficacy by cancer therapeutics.
Iwai and colleagues further confirmed the dependence
of some aggressive and poorly immunogenic tumors
on immune checkpoint pathways to evade immune
responses. Their group transgenically expressed PD-L1
in @ murine myeloma cell line and demonstrated
decreased cell lysis in vitro by cytotoxic T-cells compared
to tumor cells that did not express PD-L1"”, When
grown in syngeneic mice and treated with anti-PD-L1
antibody, murine myeloma cell lines expressing PD-L1
had transiently diminished growth; the same tumors
did not grow in PD-1 deficient mice®®. Blank et a/f®"!
further characterized tumor resistance to CD8+ T-cell
effector function by exposing PD-L1-expressing cancer
cell lines to PD-1-deficient effector T-cells. Compared
to wild-type, PD-1 deficient lymphocytes had increased
proliferative, cytotoxic, and cytokine-producing activity,
and this phenomenon is reproducible in vivo with anti-
PD-L1 antibody in the effector phase®. This finding
illustrated that if PD-1 expressed by lymphocytes could
be blocked such that it could no longer interact with
its ligand, and if this state essentially mimicked PD-1
deficiency as in the study by Blank et af®Y, then future
therapeutics could reverse immune inhibition in the
tumor microenvironment and allow the host immune
response to eliminate tumor. Confirming this concept,
Hirano and colleagues demonstrated that antibody
blockade of either PD-1 or PD-L1 interrupts tumor
immune evasion by reversing resistance to lymphocyte
effector function'®®!. Together, these studies provided
pre-clinical evidence that the PD-1/PD-L1 axis is crucial
to tumor evasion of the immune response and blockade
of this interaction is an important opportunity for
suppressing tumor growth in vivo.

Food and Drug Administration approval for CTLA-4
occurred as preclinical studies were beginning to show
that PD-1 blockade could be another opportunity for
anti-cancer immunotherapy. The discovery that PD-1
and CTLA-4 signal through distinct and synergistic
pathways naturally led to testing both in combination
checkpoint blockade in preclinical tumor models?*??, In
a murine B16 melanoma model, Curran and colleagues
showed that combination anti-CTLA-4 and anti-PD-1
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therapy with concurrent FIt3-ligand (Fvax) vaccine
resulted in a 50% tumor rejection rate, compared to
25% with anti-PD-1 and 10% with anti-CTLA-4 each
with Fvax'®!, Notably, combination blockade increased
the ratio of effector T-cells to regulatory T-cells and
myeloid derived stem cells (MDSCs) in the tumor
microenvironment, resulting in greater local T-cell
activation and anti-tumor inflammation. This study
provided a mechanism for the efficacy of combination
therapy centering on the importance of the effector T-cell
response and down-regulation of inhibitory cell lines like
Tregs and MDSCs in tumor elimination. Duraiswamy et
al®¥ elucidated the mechanism for increased effector
T-cell activity and tumor rejection after anti-PD-1 and
anti-CTLA-4 combination blockade in a murine colon
cancer model®™. Lymphocytes that express both
PD-1 and CTLA-4 exhibited cellular dysfunction in
their inability to produce cytokines or proliferate, while
simultaneous antibody blockade of both co-receptors
reversed T-cell dysfunction including inhibition of Treg
function™. Similarly, in a murine glioblastoma (GBM)
model, Wainwright et a/'®! found that combination
inhibition of indoleamine 2,3-dioxygenase, CTLA-4 and
PD-1 resulted in decreased intratumoral Tregs with
increased T-cell activation and long-term survival in
tumor-bearing mice. Together, these studies emphasize
the greater utility of PD-1 and CTLA-4 combination
blockade relative to single checkpoint blockade in cancer
immunotherapy, and they show that tumor regression
occurs via effector lymphocyte activation. Inhibition
of both T-cell co-receptors fully allows activation and
proliferation of antigen-specific anti-tumor T-cells and
prevents Treg suppression, resulting in significant
suppression of tumor growth in animal models.

CLINICAL STUDIES IN PD-1 AND CTLA-4
BLOCKADE

Anti-CTLA-4 therapy

The first immune checkpoint inhibitor to be FDA
approved for clinical use, anti-CTLA-4 antibody, or
Ipilimumab, has been tested in a variety of cancer
types with an emphasis on melanoma therapy.
One of the earliest clinical trials testing anti-CTLA-4
therapy was done in metastatic melanoma, in which
14 patients were dosed with 3 mg/kg of Ipilimumab
alongside gp100 vaccine and 21% experienced
objective response, with two patients having complete
regression'®!. This study also demonstrated the
serious adverse autoimmune events associated with
anti-CTLA-4 therapy, as 43% of patients experienced
grade 3 or 4 adverse effects including enterocolitis
and hypophysitis. Ipilimumab therapy for advanced
metastatic melanoma continued to be tested in phase 2
and 3 clinical trials with encouraging tumor regression,
but immune-related adverse events persisted in each
study. In their phase II dose ranging study of 217
participants, Wolchok et af®”! established that the best
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Table 1 Clinical study outcomes of ipilimumab (anti-cytotoxic T lymphocyte associated antigen-4) in solid tumors

Ref. Phase Cancer type No. of patients Dose (mg/kg) Outcome

McDermott et al”™ 3 Melanoma 676 3 3-yr survival rate 25%

Hodi et al™ 3 Melanoma 676 3 BORR: 10.9%

Robert et al”” 3 Melanoma 676 3 BORR: 37.5%

Margolin et al™ 2 Melanoma with brain metastasis 93 10 'Cohort A: 18% disease control
*Cohort B: 5% disease control

Di Giacomo et al'*’ N/A Melanoma 27 10 2-yr survival rate 23.5%

Yang et al”™ 2 Pancreatic adenocarcinoma 27 3) No responders

O'Day et al™ 2 Melanoma 155 10 BORR: 5.8%

Wolchok et al” 2 Melanoma 217 10 BORR: 11.1%

Yang et al”™ 2 RCC 40 3 PR:12.5%

Phan et al'*” 1 Melanoma 14 3 OR: 21%

'Cohort A includes neurologically asymptomatic patients not receiving corticosteroids; *Cohort B includes symptomatic patients receiving corticosteroids.

Dose indicates dose of Ipilimumab. Outcomes are best outcomes in each study, in patients receiving Ipilimumab only. BORR: Best overall response rate;
RCC: Renal cell carcinoma; PR: Partial response; OR: Objective response; N/ A: Not available.

overall response rate (BORR) of 11.1% was achieved
with 10 mg/kg Ipilimumab, as compared to 4.2% with
3 mg/kg and 0% for 0.3 mg/kg. O'Day et al*® applied
the 10 mg/kg dosing scheme in pretreated advanced
melanoma, and they observed a BORR of 5.8%, a
disease control rate of 27%, and a median improved
overall survival (OS) of 10.2 mo; 22.3% experienced
immune related adverse events in this cohort™®. Even in
heavily pretreated melanoma, treatment with 10 mg/kg
Ipilimumab resulted in promising disease control rates
at 24 and 60 wk of 29.6% and 15%, respectively, with
a one year survival rate of 34.8%, providing evidence
that immune checkpoint inhibitors could still be used as
a last resort in treatment resistant disease'®’. Robert
et al’® corroborated these results and found that even
in pre-treated melanoma with disease progression,
75% treated with Ipilimumab alone experienced
disease regression’?. Brain metastasis did not preclude
individuals from disease control with Ipilimumab, and
in one study 18% of those neurologically asymptomatic
from intracranial metastasis experienced overall disease
control”*!. Importantly, Ipilimumab-induced disease
regression in melanoma was durable, as an analysis of
three phase II trials demonstrated a four year survival
rate of 19.7%-28.4% at a dose of 10 mg/kg”?. In a
recent phase III trial of 676 individuals with metastatic
melanoma treated with Ipilimumab alone, 25% survived
at two and three years and only 8% experienced drug
related toxicity”>’¥. The aforementioned clinical studies
are summarized in Table 1.

As a result of encouraging clinical trial outcomes, a
number of studies have ensued attempting to define
markers of response to Ipilimumab therapy. Hamid and
colleagues found that there is a significant association
between clinical activity of Ipilimumab and indoleamine
2,3-dioxygenase levels (P = 0.012), FoxP3 expression
(P = 0.014), as well as increased tumor infiltrating
lymphocytes at three weeks after initiating therapy (P
= 0.005)"®, Moreover, there is a significant increase
in expression of immune-related genes such as
immunoglobulins, granzyme B, perforin-1, granulysin,
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and CD8 beta subunit and a decrease in expression
of melanoma and cancer genes after therapy with
Ipilimumab'™!. Moreover, Weber et a/’® in a study
of humoral responses after Ipilimumab found that
serologic activity against antigen NY-ESO-1 increased
up to five fold at 12 wk in 10%-33% of individuals, and
there were increased antibody levels against antigens
p53, SSX2, MAGE-A4 and Melan-A"®. Furthermore,
they found significantly increased activated CD4 and
CD8 and memory CD4 cells but not FoxP3 Treg or CD8
cells after 4 wk of Ipilimumab therapy”®. While some
had speculated that HLA status may affect response
to anti-CTLA-4 therapy, Wolchok et a/’”! found that
HLA status had no association with overall survival or
adverse events.

Antitumor responses with Ipilimumab are not
limited to melanoma therapy; clinical responses
have been observed in renal cell carcinoma (RCC),
non-Hodgkin lymphoma, and prostate cancer, but
such responses were not observable in pancreatic
ductal adenocarcinoma'®*®?. Overall, Ipilimumab has
demonstrated that immune checkpoint blockade alone
can produce modest tumor regression in a humber of
solid tumors with some grade 3 and 4 immune related
adverse events. As a result, a number of groups have
begun to test other checkpoint molecules that could be
blocked clinically to have a greater impact on antitumor
immunity with similar or more limited side effect
profiles.

Anti-PD-1 therapy

Anti-PD-1 antibodies Nivolumab and Lambrolizumab
have begun to show promising results in melanoma
clinical trials. In their phase I trial of anti-PD-1 antibody
at a dose of 0.1-10 mg/kg in 296 patients, Topalian
and colleagues reported cumulative response rates
of 28% with melanoma, 27% with RCC, and 18%
with NSCLC™®, Responses were durable with 64.5%
responding at one year®®’. Notably, 36% with PD-L1
positive cancers also had an objective response (P =
0.006), although those with PD-L1 negative tumor were
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Table 2 Clinical study outcomes of anti-programmed death-1 or anti-programmed death ligand-1 antibody in solid tumors

Ref. Phase Cancer type No. of patients Antibody type Outcome

Hamid et al”™ 2 Melanoma 135 Lambrolizumab RECIST: 1.1; RR: 38% (95%CI: 25-44)
Weber et al® 1 Melanoma 90 Nivolumab RECIST: 1.1; RR: 25%
Brahmer et al® 1 Advanced cancers 207 Anti-PD-L1 OR: 6%-17%

Topalian et al'™ 1 Advanced cancers 296 Nivolumab OR: 18%-36%

Dose indicates dose of anti-PD-1 antibody. RECIST: Response evaluation criteria in solid tumors; OR: Objective response, as defined by partial or complete

tumor regression; RR: Response rate; PD-L1: Programmed death ligand-1.

not precluded from responding™. In a follow-up study,
Lipson et a®! confirmed the durability of response to
anti-PD-1 therapy by reporting that in patients who
experienced objective responses, all continued to have
a complete response after three years, except for one
patient with melanoma who had a partial response that
was stable for 16 mo off therapy, and whose recurrent
disease was successfully treated with anti-PD-1 re-
induction therapy. In a phase I study of advanced
pretreated melanoma, Weber et a® observed a 25%
RECIST 1.1 response rate and found that increased
peripheral Tregs and decreased antigen specific T-cell
were associated with progression, while PD-L1 staining
was associated with a response to Nivolumab therapy,
but not all who responded stained PD-L1 positive.
Moreover, high pre-treatment levels of MART-1 and NY-
ESO-1 specific CD8+ T-lymphocytes were associated
with progression. In a study of Lambrolizumab in
advanced melanoma, Hamid and colleagues observed
an overall response rate of 38% with the highest
response being 52% at a dose of 10 mg/kg'?. Finally,
there has been some investigation into blockade of
the PD-1 ligand, PD-L1, as a more effective anti-tumor
therapy. A phase I study in 207 patients with an array
of advanced solid cancers treated with anti-PD-L1
antibody observed an objective response in 17.3%
with melanoma, 11.7% with RCC, 10.2% with NSCLC
and 6% with ovarian cancer®®. Expression of PD-L1
on the tumor cell surface seemed to correlate with
response to anti-PD-L1 therapy. These clinical studies
are summarized in Table 2.

Combination checkpoint blockade

Checkpoint blockade monotherapy with anti-PD-1 and
anti-CTLA-4 antibodies have shown durable, though
modest, tumor regression, but with the understanding
that the two checkpoints function through discrete
intracellular pathways, their clinical use together in
double checkpoint blockade appeared to be a potentially
additive or even synergistic therapy. Wolchok and
colleagues produced encouraging results in their phase
I trial of advanced melanoma treated with 1 mg/kg
Nivolumab and 3 mg/kg Ipilimumab concurrently®”.
At maximum tolerated doses, 53% of patients had an
objective response with an overall tumor regression
of greater than 80% for all patients. Importantly, the
side effect profile of combination therapy was similar
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to monotherapy and was largely reversible, indicating
that patients may be treated and any side effects
managed on an outpatient basis with corticosteroids.
As a consequence of such promising clinical results,
a number of clinical trials studying Nivolumab and
Ipilumab in combination are currently ongoing (Table
3). These include studies of advanced stage and
untreated melanoma, renal cell carcinoma, metastatic
colon carcinoma, and recurrent glioblastoma involving
dose escalation as well as sequential versus concurrent
therapy. Whether combination checkpoint blockade
extends to other solid tumors is yet to be seen, but
this period certainly marks the advent of combination
checkpoint blockade as a potential future anti-cancer
therapy. It is important to note that there may be
significant adverse events associated with immune
checkpoint blockade, including enterocolitis and
hypophysitis, among other immune related adverse
events'®”,

FUTURE THERAPIES

Immunotherapy with checkpoint blockade provides an
opportunity for future adjuvant therapy with other
treatment modalities, including.

Checkpoint blockade and chemotherapy
The emergence of checkpoint blockade as a
putative therapy for malignant neoplasms has
raised the possibility of combination cytotoxic and
immunotherapeutic regimens as avenues for tumor
eradication (Table 4). Chronic pro-cancer inflammation
mediated by cell-intrinsic somatic mutations and cell-
extrinsic pathways such as vascular proliferation
has historically prevented total tumor eradication by
chemotherapy™. Immune checkpoint blockade may
reprogram the inflammatory tumor microenvironment
by harnessing active tumor-specific effector and
memory CD4+ and CD8+ T-cells and thereby shifting
tumor-associated inflammation from a pro-cancer to an
anticancer state!). A number of pre-clinical and clinical
studies have combined various cytotoxic therapies with
checkpoint inhibitors with promising results.
Anti-CTLA-4 antibody combined with chemotherapy
in murine models of lung cancer has demonstrated
synergistic effects. Lesterhuis et a/®! found that
60% of mice receiving anti-CTLA-4 antibody and
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Table 3 Ongoing clinical Trials in combination anti-programmed death-1 and anti-cytotoxic T lymphocyte associated antigen-4

Blockade

Identifier Phase Cancer type Checkpoint antibodies Status
NCT02060188 2 Microsatellite High (MSI-H) Colon Cancer Nivolumab, ipilimumab Recruiting
NCT01454102 1 NSCLC Nivolumab, ipilimumab Recruiting
NCT01472081 1 RCC Nivolumab, ipilimumab Recruiting
NCT01024231 1b Melanoma MDX-1106, ipilimumab Active
NCT01928394 1/2 TNBC, GC, PC, SCLC, BC Nivolumab, ipilimumab Recruiting
NCT02017717 2b GBM Nivolumab, ipilimumab Recruiting
NCT01927419 2 Melanoma Nivolumab, ipilimumab Active
NCT01844505 3 Melanoma Nivolumab, ipilimumab Active
NCT01592370 1 Hematologic malignancy Nivolumab, ipilimumab Recruiting
NCT01783938 2 Melanoma Nivolumab', ipilimumab Recruiting

'Nivolumab is sequentially dosed with Ipilimumab in this study, whereas in all other studies it is concurrently dosed. Identifier refers to Clinicaltrials.gov
identifier. NSCLC: Non-small cell lung cancer; RCC: Renal cell carcinoma; TNBC: Triple negative breast cancer; GC: Gastric cancer; PC: Pancreatic cancer;

SCLC: Small cell lung cancer; BC: Bladder cancer; GBM: Glioblastoma.

Table 4 Clinical study outcomes of combination chemotherapy and immune checkpoint blockade

Ref. Phase Cancer type Treatment combination Outcome

Robert et al™ 3 Melanoma Ipilimumab + dacarbazine 3-yr survival 20.8% (P < 0.001)
Lynch et al®™ 2 NSCLC Ipilimumab + paclitaxel, carboplatin (phased) irPFS HR: 0.72, P = 0.05
Reck et al[™ 2 SCLC Ipilimumab + paclitaxel, carboplatin (phased) irPFS HR: 0.64, P = 0.03
Hersh et al™ 2 Melanoma Ipilimumab + dacarbazine ORR: 14.3% (95%CI: 4.8-30.3)

All outcomes are in combination therapy treatment arms. NSCLC: Non-small cell lung cancer; SCLC: Small cell lung cancer; irPFS: Immune-related pro-

gression free survival; HR: hazard ratio; ORR: Objective response rate.

gemcitabine had complete tumor regression, compared
to 13% in those receiving anti-CTLA-4 alone and 8%
in those receiving gemcitabine alone. Importantly,
this combination effect was timing dependent, with
greatest tumor regression observed in mice receiving
concomitant anti-CTLA-4 and gemcitabine. In a
murine mesothelioma model, anti-CTLA-4 antibody
administered between cisplatin dosing intervals
inhibited tumor regrowth and prolonged survival in mice
receiving anti-CTLA-4 plus cisplatin therapy compared to
cisplatin alone (38 d vs 30 d, P = 0.0139)"", Moreover,
combination anti-CTLA-4 plus cisplatin therapy produced
increased intratumoral CD4+ and CD8+ lymphocytic
infiltrate and increased expression of markers of
lymphocyte activation including interleukin-2 (IL-2),
IFN-y, granzyme B and perforin®®”,

In line with pre-clinical findings, clinical studies in
metastatic melanoma have shown improved disease
control with combination Ipilimumab and chemotherapy.
In a phase II study of Ipilimumab and dacarbazine in
metastatic melanoma, those who received combination
therapy had an objective response rate (ORR) of
14.3% vs 5.4% in those who received dacarbazine plus
placebo, and a median OS of 14.3 mo vs 11.4 mo™”.
Those who received combination therapy in this study
did experience moderately increased immune mediated
adverse events compared to the placebo arm (65% vs
53.8%)". A phase III study of untreated metastatic
melanoma had similar findings of OS in those receiving
Ipilimumab plus dacarbazine (11.2 mo vs 9.1 mo) with
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durable improvements in survival rates at three years
(20.8% vs 12.2%, P < 0.001). Combination checkpoint
blockade plus chemotherapy has even shown disease
control in advanced melanoma with brain metastasis,
with Ipilimumab plus fontemustine producing disease
control in 50% with intracranial disease and in 46.5%
with stage IV disease without brain metastasis®".
Retrospective studies have shown that even regional
chemotherapy in melanoma followed by Ipilimumab
has produced higher complete rates than IL-2 alone
(33% vs 0%, P = 0.021)®%. Importantly, combination
anti-CTLA-4 in melanoma not only improves tumor
regression, but Ipilimumab plus dacarbazine has
demonstrated increasing quality-adjusted survival over
time compared to dacarbazine alone, with a difference
of 3.28 mo at 4 years (P = 0.0074)",

The benefits of Ipilimumab combined with
chemotherapy are not limited to melanoma, but have
been observed in NSCLC and small cell lung cancer
(SCLC) as well. In a phase II trial of stage IIIB/IV
NSCLC treated with Ipilimumab plus paclitaxel and
carboplatin, phased Ipilimumab with chemotherapy
improved immune-related progression free survival
(irPFS) compared to concurrent Ipilimumab and control
treatments (5.7, 5.5, 4.6 mo, respectively), as well
as PFS (5.1, 4.1, 4.2 mo, respectively) and median OS
(12.2, 9.7, 8.3 mo, respectively)®". Similarly, in a phase
II study of SCLC treated with Iplimumab plus paclitaxel
and carboplatin, only phased Ipilimumab improved
irPFS compared to the control [hazard ratio (HR) =
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0.64, P = 0.03], but without any improvement in PFS or
oS,

While a number of clinical studies show a
potential adjunctive role for anti-CTLA-4 therapy with
chemotherapy, combination anti-PD-1 antibody with
cytotoxic regimens are just entering pre-clinical and
clinical studies. Hasan et a/l®® demonstrated that
doxorubicin down-regulates surface PD-L1 expression
in breast cancer, leading to anti-apoptotic effects
through intracellular regulation by PD-L1 of apoptotic
machinery®. Their findings emphasize the need to
further elucidate the cell-level interactions between
chemotherapy, PD-1 and PD-L1 in cancers being targeted
by anti-PD-1 therapy. Moreover, case reports have shown
severe hypersensitivity reactions including autoimmune
demyelinating polyneuropathy in those who received
anti-PD-1 therapy followed by vemurafenib®”. The
mechanism behind such adverse events is unclear,
but it is evident that the safety of combining anti-PD-1
with cytotoxic therapies must be established. Currently,
ongoing phase I trial Checkmate 012 (NCT01454102) is
recruiting those with stage IIIB/IV NSCLC for treatment
with Nivolumab in combination with a number of
chemotherapeutic regimes.

Given what studies have shown regarding
combination Ipilimumab and chemotherapy, it is
worthwhile pursuing such combination regimens with
other checkpoint inhibitors in pre-clinical and clinical
settings. It is important to maintain that cytotoxic
therapy is successful only if the host is able to mount
an appropriate immune response to counter procancer
inflammation and immune resistance of cancer cells;
in those whose cancers are particularly aggressive
because of up-regulation of immune checkpoint ligands,
checkpoint inhibitor therapy provides the opportunity to
combat tumor regrowth and allow cytotoxic therapy to
fully eradicate tumor®®,

Checkpoint blockade and radiation therapy

Radiation therapy produces effects locally and
systemically to promote tumor regression. Locally,
tumor cell destruction through apoptotic pathways
is closely interlinked with increased inflammatory
changes that recruit antitumor immune responses.
Ionizing radiation induces DNA damage that initiates
a cascade of intracellular and extracellular events.
Intracellularly, caspases inactivate proteins responsible
for DNA damage recognition and repair. Extracellularly,
a number of “stress signals” are expressed that attract
immune-mediated cell death®'%), The expressed stress
signals along with tumor antigens released by damaged
tissue not only promote direct tumor destruction
through cell mediated immunity, but provide an
immunogenic substrate for an increased inflammatory
response!>'*'%1 Early studies showed that T-cells were
involved in tumor regression in irradiated mice, and it is
now understood that radiation therapy modulates the
tumor microenvironment through increased cytokine
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expression and antigen expression™® !,

In effect, radiation therapy recreates an immun-
ogenic tumor microenvironment in the place of one that
was immunosuppressive.

Systemically, radiation therapy may promote
tumor regression in distant sites through the abscopal
effect. The abscopal effect is an immune-mediated
phenomenon, involving dendritic cell presentation of
dying tumor cell antigens to antigen-specific T-cells,
resulting in activation of anti-tumor T-cells that may
destroy tumor at peripheral sites!**?!, Such a systemic
effect of local radiation therapy has been observed
in mammary carcinoma in mice and human hepatic
carcinoma after radiation of bony metastases as well
as adenocarcinomat*****!, Such observations provide
promise for future combination therapies involving
immunotherapy and local radiation therapy to destroy
even metastatic disease.

The non-redundancy of immune checkpoint
signaling and the ability of radiation therapy to enhance
tumor immunogenicity provide powerful opportunities
for combination multi-checkpoint blockade and adjuvant
radiotherapy!''®’. Inhibitory checkpoint co-receptors have
been shown to be co-expressed on effector T-cells, and
at least PD-1 and CTLA-4 are known to signal through
distinct and synergistic pathways***'"*® Similar to a
vaccine, radiation therapy may prime an inflammatory
response that induces tumor expression of inhibitory
co-receptor cognate ligands which can subsequently be
blocked by checkpoint blockade; in addition, radiation
causes local tumor destruction, increased immune
activity, and an abscopal effect™***!, For these reasons,
inhibitory immune checkpoint blockade and local
radiotherapy are promising components of anti-cancer
combination therapy. As discussed, radiation therapy
induces the expression of a number of “danger signals”,
or cytokines and ligands expressed by tumor cells under
stress. This stress response is highly immunogenic, and
when combined with antibodies that block inhibitory
interactions between tumor and T-cell, have the
potential to produce significant anti-tumor immune
responses. Irradiation of tumor cells up-regulates the
retinoid acid early inducible-1 (RAE-1) ligand, which
binds to receptor NKG2D on CD8+ T-cells and is critical
in the cytotoxic lymphocyte effector response*?’,
Another such danger signal released after tumor
cell irradiation is CXCL16, which is a chemokine that
recruits effector T-cells to the area of inflammation**".,
Sensitizing T-cells within the tumor microenvironment
to tumor antigens produces an ideal environment
for checkpoint blockade, as evidenced by synergistic
responses in metastatic murine breast cancer regression
after CTLA-4 blockade combined with radiotherapy™*'.
Moreover, preclinical evidence shows that fractionated
radiation may be superior to single dose radiation in
producing the optimal degree of local inflammation to
adequately sensitize T-cells for CTLA-4 blockade!**?. The
synergism between radiation therapy and checkpoint
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blockade extends to PD-1 inhibition, with significantly
increased survival observed in a mouse model of
GBM treated with combination anti-PD-1 antibody
and radiation therapy compared to either treatment
alone!***, Radiation has been found to up-regulate
PD-L1 on tumor cells, and when radiation is combined
with antibody-mediated PD-L1 blockade, cytotoxic T-cell
activity is increased and MDSC's suppressing effect
on T-cells is inhibited!**. Clearly, preclinical models
show that radiation therapy is a potent up-regulator of
immune activity in the tumor microenvironment, and
has the potential to synergize with checkpoint blockade
by sensitizing T-cells to tumor antigens.

Promising outcomes in pre-clinical studies in
combination checkpoint blockade of CTLA-4 and PD-1
and combination radiation therapy and CTLA-4 have
prompted a slew of clinical trials in an array of solid
tumor types. Following from the success of pre-clinical
studies combining radiation and anti-CTLA-4 therapy,
Slovin and colleagues conducted a phase I/II dose
escalation study of Ipilimumab and radiotherapy in
castration-resistant prostate cancer (NCT00323882)!"**.,
At a maximum dose of 10 mg/kg Ipilimumab and 8 Gy
of radiation per lesion, 26% of patients experienced
grade 3 or 4 adverse events, six out of 33 patients had
stable disease and one patient experienced a complete
remission. There are now two phase III studies of
radiotherapy and Ipilimumab in castration-resistant
prostate cancer underway. In addition, a number of
phase I and II trials studying combination Ipilimumab
and radiation therapy in a variety of solid tumors are
currently recruiting or underway, including colon cancer,
NSCLC, triple negative breast cancer, melanoma, rectal
carcinoma, head and neck cancer, cervical cancer, and
metastatic melanoma to the brain. These trials differ in
the mode of radiation therapy, varying from stereotactic
radiosurgery to whole brain radiation to brachytherapy,
and some compare fractionation to single dose. It will
be interesting to see whether clinical outcomes correlate
to the encouraging findings of pre-clinical studies
combining checkpoint blockade and radiation.

Checkpoint blockade and bacterial vaccination vectors

Attenuated strains of Listeria monocytogenes has been
developed with deletion of the internalin B and actin A
genes that are capable of expressing tumor-associated
antigens*®!, These strains have been used as tumor
vaccination vectors and have been shown to elicit
tumor-specific Th1 CD8+ immune responses in murine
breast cancer!'®'*1, Moreover, Olino et a/'**® have
developed such an attenuated strain expressing antigen
AH1 of murine colorectal cancer line CT26; they found
that this vaccine successfully treated 90% of mice with
hepatic CRC metastases via a strong tumor-specific
CD8+ response with central and effector memory T-cell
generation™®!, Of note, this vaccine down-modulated
PD-1 and had variable effects on CTLA-4 on tumor-
infiltrating lymphocytes!*®’. Given that the anti-tumor
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effects mediated by Listeria vaccines are largely CD8+
mediated, there may be a role for combination Listeria
and anti-CTLA-4 therapy, as CTLA-4 is expressed on
effector T-cells. In @ murine model of Listeria infection,
anti-CTLA-4 therapy after priming with attenuated
Listeria resulted in an augmented immune responses
when mice were re-infected with virulent Listeria'**..
Anti-CTLA-4 therapy resulted in increased numbers of
CD4+ and CD8+ T-cells specific for Listeria antigen,
and upon re-infection produced more rapid bacterial
clearance. Such data indicates that combination Listeria
and anti-CTLA-4 therapy could have similar immune
effects in a tumor model, priming the immune system
with a tumor-antigen expressing Listeria vaccine vector
and augmenting the resultant Thl immune response
with anti-CTLA-4 antibody. Combination immune
checkpoint blockade and bacterial tumor vaccine
therapy is a promising future therapeutic that is worth
exploring in murine cancer models.

CONCLUSION

In the field of passive immunotherapies, immune
checkpoint blockade has garnered significant attention
as an efficacious component of anticancer therapy.
Anti-CTLA-4 and anti-PD-1 monotherapies have
demonstrated significant cancer regression in a number
of solid tumor types, but combination blockade of both
immune checkpoints has resulted in significant tumor
regression®”). The future of checkpoint blockade may
be as an adjuvant to chemotherapy and radiotherapy,
augmenting the immune response to destroy even
therapy resistant tumor. Research in bacterial vaccine
vectors is still in its early stages, but murine cancer
models demonstrate robust antigen-specific cytotoxic
T-cell responses to Listeria monocytogenes vector
priming, which can be combined with checkpoint
blockade to further augment anti-tumor responsest 253,
In addition, checkpoint receptor expression in other
immune cells, such as NK cells, provides opportunities
for inducing anti-tumor immune responses mediated by
cells other than T-lymphocytes. KIR is such a checkpoint
expressed primarily on NK cells that, when blocked,
may prevent downregulation of NK cell activation;
moreover, LAG-3 is also expressed in NK cells and other
antigen presenting cells™!, Thus, the future of immune
checkpoint blockade may expand to include modulation
of many types of immune effector cells in addition to
T-cells. The paradigm of anticancer therapy is now
making space for immunotherapies, with checkpoint
blockade showing great promise for future therapeutics.
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