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Abstract: Immune checkpoint blockade has revolutionized the treatment of
patients with advanced melanoma and many other cancers. Blockade of inhibi-
tory receptors, CTLA-4 and PD-1, enhances T-cell-mediated antitumor immune
responses, leading to improved survival and durable responses in patients. Based
on their mechanism of action, immune checkpoint inhibitors can also induce
immune-related adverse events that require careful monitoring and prompt treat-
ment. Despite these successes, only a fraction of patients benefit from immune
checkpoint blockade. Basic science approaches and clinical experience are defin-
ing predictive biomarkers to identify patients most likely to respond to therapy as
well as mechanisms of resistance that limit responses in certain tumors or shorten
the duration of response. New approaches and combination therapies are under
development to broaden the clinical impact of immune checkpoint blockade by
overcoming resistance to therapy and limiting adverse events.
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IVYA Immune Checkpoint Inhibitors in Melanoma

| Introduction

The development of immune checkpoint inhibitors has transformed the treat-
ment of melanoma (1). Immune checkpoint inhibitors were the first class of
therapy shown to improve the overall survival for patients with advanced
melanoma. In fact, long-term, durable tumor regression has become a reality for
some patients. However, only a subset of melanoma patients respond to immune
checkpoint inhibitors, highlighting the need to identify biomarkers that are
predictive of response and to develop strategies that overcome resistance. T-cell
activation is a complex process that begins with the binding of a specific T-cell
receptor (TCR) to its cognate peptide-MHC complex presented on the surface
of an antigen-presenting cell (APC). Full T-cell activation requires co-stimulatory
signals. CD28 is the major co-stimulatory receptor on T-cells, and by interacting
with B7 family ligands CD80 and CD86 on APCs, CD28 promotes enhanced
proliferation, IL-2 production, and T-cell survival (2) (Figure 1). In addition,
T-cell activation involves the carefully balanced integration of a number of
co-inhibitory signals delivered by immune checkpoint receptors. Immune
checkpoints are a critical control mechanism to turn off T-cell responses and
prevent destructive inflammation. The most extensively studied immune check-
point receptors are cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and
programmed cell death protein-1 (PD-1).
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Figure 1 Activation and control of T-cell responses. Interaction of the T-cell receptor (TCR, dark
blue) and accessory molecule (CD4 or CD8, pink) on the T-cell with peptide-MHC
(purple:light blue) on the APC together with co-stimulatory molecule CD28 (yellow) on the
T-cell with CD80 or CD86 (dark green) on the APC results in T-cell activation. Immune
checkpoints CTLA-4 (orange) and PD-1 (red) are expressed on T-cells after activation and
serve to dampen T-cell responses. Treg cells also suppress T-cell functions. CTLA-4 and PD-1
are targets of immunotherapeutics in melanoma. Blockade of these immune checkpoints
augments antitumor T-cell responses.
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| Biology of CTLA-4

Initially cloned in the 1980s, CTLA-4 is a member of the immunoglobulin (Ig)
gene superfamily with homology to CD28 (3). CTLA-4 is expressed on the surface
of activated T-cells and regulatory T (Treg) cells. CTLA-4 inhibits T-cell activation
during the priming phase of immunity (4-6) (Figure 1). Like CD28, CTLA-4
binds to the B7 ligands CD80 and CD86 on APCs, but unlike its homologue,
CTLA-4 binds these ligands with a much higher affinity and does not deliver a
positive signal (4, 6-8). Thus, CTLA-4 competitively inhibits the CD28:B7 inter-
action, leading to attenuation of co-stimulatory signaling. In addition, CTLA-4-
expressing cells have been shown to capture and degrade CD80 and CD86 from
the APC surface (9). The mechanism of action of CTLA-4-mediated T-cell sup-
pression involves the inhibition of IL-2 production and blockade of cell cycle
progression in T-cells following initial activation (5).

The expression of CTLA-4 is tightly regulated and dependent on T-cell activa-
tion. Unlike CD28, which is constitutively expressed by all T-cells, CTLA-4
expression is absent from naive T-cells (10). CTLA-4 is only expressed after T-cell
activation with transcript levels becoming detectable 1 h after TCR stimulation
(10) and cell surface expression at the immunological synapse showing up 24-48
h post stimulation (6). Furthermore, the strength of T-cell stimulation is directly
proportional to the level of CTLA-4 expression (11). In this way, CTLA-4 func-
tions as a T-cell intrinsic inhibitory feedback mechanism that plays a vital role in
shutting down T-cell-mediated immune responses. The critical importance of
CTLA-4 in the control of T-cell-mediated immunity has been demonstrated in
knockout animals, where CTLA-4-deficient mice develop a fatal lymphoprolifera-
tive disorder characterized by rapid T-cell proliferation and extensive tissue dam-
age, resulting in death at 4 weeks of age (12, 13).

CTLA-4 IN CANCER

It was hypothesized that CTLA-4 could inhibit T-cell-mediated antitumor
immune responses by attenuating tumor-specific T-cell activation before these
T-cells have been able to eradicate tumors, and that blockade of CTLA-4 would
enhance T-cell-mediated antitumor immunity by removing this inhibitory sig-
nal. In mice, antibody-mediated blockade of CTLA-4 induces complete tumor
rejection and immunologic memory in several murine models of cancer (14). In
addition, preclinical murine studies have shown that CTLA-4 blockade syner-
gizes with radiation therapy (15), chemotherapy (16), molecularly targeted ther-
apy (17), and tumor vaccination (18) to eradicate established tumors. Mechanistic
studies in mice have shown that CTLA-4 blockade increases the ratio of effector
T-cells to Foxp3+ Treg cells in tumors (19). Blockade of CTLA-4 on Treg cells is
critical to CTLA-4 blocking antibody therapy. CTLA-4 plays a major role in Treg-
cell-mediated immunosuppression. Genetic ablation of CTLA-4 on Treg cells
results in fatal autoimmunity and is sufficient to induce tumor regression in
some models (20). In addition, maximal antitumor activity of CTLA-4 blockade
requires engagement of CTLA-4 on both effector and Treg-cell populations
(21). Furthermore, anti-CTLA-4 monoclonal antibodies of particular isotypes,
such as IgGl, induce depletion of intra-tumoral Foxp3+ Treg cells through

123



124

Immune Checkpoint Inhibitors in Melanoma

antibody-dependent cell-mediated cytotoxicity by Fcy receptor-expressing mac-
rophages within the tumor microenvironment (22). This activity likely contrib-
utes to antitumor efficacy.

CTLA-4 BLOCKADE IN THE TREATMENT OF MELANOMA

Based on the promising antitumor activity of CTLA-4 inhibition in preclinical
cancer models, several CTLA-4-blocking antibodies have been developed.
Ipilimumab is a fully human monoclonal antibody of the IgG1 isotype that binds
CTLA-4, preventing it from interacting with its ligands (23). Based on encourag-
ing results in early clinical studies of ipilimumab for metastatic melanoma, ipilim-
umab was advanced into Phase III trials. In the first Phase III study, previously
treated patients with unresectable Stage I1I or Stage IV melanoma were treated
with ipilimumab alone, ipilimumab with a glycoprotein 100 (gp100) melanoma-
specific peptide vaccine, or gp100 alone (24). This study demonstrated improved
overall survival in patients receiving ipilimumab (10.1 months for ipilimumab
alone and 10.0 months for ipilimumab and gp100, compared with 6.4 months for
gp100 alone) and led to the FDA approval of ipilimumab for patients with late
stage, unresectable melanoma. The overall response rate, including complete and
partial responses, was 10.9% for ipilimumab, 5.7% for ipilimumab and gp100,
and 1.5% for gpl00 alone. A subsequent study demonstrated a median overall
survival benefit of ipilimumab plus dacarbazine compared to placebo and dacar-
bazine (11.2 months vs. 9.1 months) in previously untreated metastatic mela-
noma patients (25). Overall response rates were 15.2% for ipilimumab and
dacarbazine versus 10.3% for placebo and dacarbazine. In addition, ipilimumab
therapy has demonstrated promising results in a Phase II study of melanoma
patients with brain metastases, who have historically been a difficult patient pop-
ulation to treat (26). Pooled analysis of overall survival data of Phase II and
Phase III trials including previously treated and treatment naive advanced mela-
noma patients revealed a median overall survival of 11.4 months with a plateau in
the survival curve at 22% at 3 years, demonstrating the durability of responses to
ipilimumab (27). Ipilimumab is also efficacious in the adjuvant therapy of Stage 111
melanoma patients with pathological involvement of regional lymph nodes. In a
Phase III study of Stage III melanoma patients who have undergone complete
surgical resection, ipilimumab improved both the 5-year recurrence-free survival
(40.8% vs. 30.3% with placebo) and the 5-year overall survival (65.4% vs. 54.4%
with placebo) (28), resulting in the FDA approval for ipilimumab for the adjuvant
therapy of melanoma.

Based upon preclinical studies discussed above, the mechanism of action of
ipilimumab is enhancing T-cell-mediated antitumor immunity through blocking
an inhibitory receptor on effector T-cells and depleting Treg cells. Analysis of pre-
and posttreatment TCR expression from melanoma patients reveals that ipilim-
umab treatment leads to the expansion of T-cell clones not detected before therapy
and only rarely boosts the expansion of T-cell clones present before therapy (29).
In this way, ipilimumab is thought to broaden the repertoire of responding melanoma-
specific T-cells. In addition, IFN-y is central to the antitumor activity in CTLA-4
blockade, and anti-CTLA-4 treatment increases IFN-y production by T-cells in
both mouse models and patients (30, 31).
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A second CTLA-4-blocking antibody, tremelimumab, has been developed.
Tremelimumab is a fully human anti-CTLA-4 monoclonal antibody of the 1gG2
isotype. Despite promising early clinical data in melanoma, tremelimumab failed
to hit its primary endpoint of improved overall survival in comparison to standard
of care chemotherapy for patients with previously untreated, unresectable Stage
IIT or Stage IV melanoma (32). As a result, clinical development for melanoma was
halted, but evaluation of tremelimumab in other cancers is currently ongoing.

TOXICITY OF CTLA-4 BLOCKADE

Given the ability of ipilimumab to enhance T-cell responses, ipilimumab treat-
ment is associated with mechanism-based, immune-related adverse events. An
early Phase II dosing study demonstrated a dose-dependent increase in immune-
related adverse events with increasing ipilimumab dose (18% Grade 3 [severe] or
Grade 4 [life-threatening] immune-related adverse events at 10 mg/kg vs. 5%
Grade 3 or Grade 4 immune-related adverse events at 3 mg/kg) (33). Subsequent
Phase 1II trials evaluated ipilimumab doses of 3 mg/kg and 10 mg/kg. The FDA-
approved dose for melanoma treatment is 3 mg/kg every 3 weeks for four doses.
In clinical trials, additional doses were given for stable disease or objective
response. In the initial Phase III trial of ipilimumab at 3 mg/kg in patients with
advanced melanoma, all immune-related adverse events developed during the
induction and reinduction periods (24). Immune-related adverse events were
generally reversible when managed with vigilant monitoring and systemic cortico-
steroids, as documented in the Risk Evaluation and Mitigation Strategy associated
with the FDA approval. In the initial Phase III study of ipilimumab treatment of
advanced melanoma, 17.4-22.9% of patients receiving ipilimumab experienced
Grade 3 or Grade 4 treatment-related adverse events, with 10.2-14.5% of patients
experiencing Grade 3 or Grade 4 immune-related adverse events. In addition,
there were 14 treatment-related deaths, 7 of which were associated with immune-
related adverse events. The most common sites for immune-related adverse events
were the gastrointestinal tract and skin; 5.5-7.6% of ipilimumab-treated patients
experienced Grade 3 or Grade 4 gastrointestinal immune-related adverse events,
including diarrhea and colitis, and 1.5-2.3% of ipilimumab-treated patients had
Grade 3 or Grade 4 skin immune-related adverse events, including pruritus, der-
matitis, and vitiligo. Less frequently, patients experienced immune-related adverse
events involving the endocrine system (hypothyroidism, hypopituitarism,
hypophysitis, and adrenal insufficiency) or liver (hepatitis). Deaths associated
with immune-related adverse events were a result of septicemia, bowel perfora-
tion, liver or multi-organ failure, or Guillain—Barre syndrome. In the second
Phase 1II trial of ipilimumab treatment of advanced melanoma, treatment-related
Grade 3 or Grade 4 adverse events occurring in 56.3% (41.7% due to immune-
related adverse events) of patients receiving ipilimumab (10 mg/kg) and dacarba-
zine were increased compared with 27.5% (6% grade due to immune-related
adverse events) of patients receiving dacarbazine and placebo (25). The FDA-
approved dosing for the adjuvant therapy of melanoma is 10 mg/kg every 3 weeks
for four doses followed by 10 mg/kg every 12 weeks for up to 3 years or until
documented disease recurrence or unacceptable toxicity. In the Phase 111 trial of
ipilimumab (10 mg/kg) in the adjuvant setting, there was an increased rate of
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adverse events in patients receiving ipilimumab versus placebo. Adverse events of
Grade 3 or Grade 4 occurred in 54.1% (41.6% due to immune-related adverse
events) and Grade 5 (death) occurred in 1.1% of patients receiving ipilimumab
compared with 26.2% Grade 3 or Grade 4 (2.7% due to immune-related adverse
events) in patients receiving placebo (28). The incidence of immune-related
adverse events in this study of the adjuvant setting was higher than that observed
with the same dose in pooled analysis involving the treatment of patients with
advanced melanoma, and 40% of patients discontinued adjuvant therapy. Of
note, systemic immunosuppression for the management of immune-related
adverse events does not impact on antitumor activity, suggesting that the immune-
related mechanisms responsible for these autoimmune side effects are uncoupled
from the antitumor immune response (34). Table 1 summarizes the clinical effi-
cacy and adverse events with ipilimumab in the treatment of advanced
melanoma.

I Biology of PD-1

Programmed cell death protein 1 (PD-1) is another immune checkpoint in the Ig
superfamily (35, 36). Like CTLA-4, PD-1 inhibits T-cell activity and is expressed
by activated T-cells (Figure 1). However, instead of competitively inhibiting co-
stimulation by interfering with CD28/B7 ligand interaction, PD-1 negatively regu-
lates TCR-signaling events. While CTLA-4 inhibits T-cells during the priming
phase of immune responses, PD-1 is thought to inhibit activated T-cells at a later
stage in peripheral tissues. In this way, PD-1 plays a critical role in the mainte-
nance of peripheral T-cell tolerance. Consistent with the role of PD-1 in the pre-
vention of autoimmunity, PD-1-deficient mice spontaneously develop late-onset
autoimmunity, including lupus-like arthritis, glomerulonephritis, and cardiomy-
opathy, which is less severe, less frequent, and occurs later in life than CTLA-4-
deficient mice (35-38).

PD-1 expression is absent on resting T-cells and is upregulated following activa-
tion (39, 40). Persistent T-cell stimulation, as present during chronic viral infection
and cancer, induces high levels of PD-1 expression, which subsequently induces a
state of T-cell exhaustion where T-cells gradually lose effector functions. PD-1 has
two ligands, namely, PD-L1 (35, 41) and PD-L2 (42). PD-L1 is constitutively
expressed on a variety of immune cells, including T-cells, B-cells, dendritic cells
(DO), NK cells, monocytes, and macrophages (43), as well as a number of nonhe-
matopoietic cells, including vascular endothelial cells (44) and many tumor cells
(45). PD-L1 expression can also be upregulated by pro-inflammatory cytokines
such as IFN-y (44, 46). PD-L2 is expressed on APC and can be induced on tumor
cells, including ~2% of melanoma cases (47).

The mechanism by which PD-1 inhibits T-cell activation is distinct from
CTLA-4. The intracellular region of the PD-1 protein contains an immunoreceptor
tyrosine-based inhibitory motif (ITIM) and an immunoreceptor tyrosine-based
switch motif (ITSM) that play critical roles in PD-1-mediated suppression (48).
Binding of PD-1 to its ligands triggers the phosphorylation of its ITIM and ITSM
domains which subsequently induces the recruitment of Src homology region 2
domain-containing phosphatase-1 (SHP-1) and phosphatase-2 (SHP-2) (48, 49).
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These phosphatases then dephosphorylate members of the TCR-signaling com-
plex, resulting in the inhibition of T-cell activation. Signaling through PD-1 inhib-
its TCR-induced proliferation, cytokine secretion, and expression of the
pro-survival gene, Bcl-xL (35, 39).

PD-1 IN CANCER

The PD-1/PD-L1 axis represents a critical immune escape mechanism for cancer.
In murine models of melanoma, PD-L1 expression correlates with diminished
antitumor CD8+ T-cell activity, and antitumor T-cell activity can be restored by
genetic deletion of PD-1 on T-cells or by treatment with PD-L1-blocking antibod-
ies (50). Tumor-specific T-cell populations from melanoma patients often express
high levels of PD-1, and melanoma tumor-infiltrating CD8+ T-cells often display
functional impairment consistent with exhaustion (51-55). Elevated PD-L1
expression has been observed on both tumor cells and immune cell infiltrates in
many different cancers, including melanoma (46, 56-59). Expression of PD-L1 in
melanoma is associated with immune cell infiltration of tumors. PD-L1 expression
is often located in close proximity to CD8+ T-cell infiltrates, and IFN-y produced
by these lymphocytes can lead to the upregulation of PD-L1 expression (56, 58,
59). These findings suggest that PD-1/PD-L1 functions as an adaptive tumor
immune escape mechanism and that infiltrating T-cells may induce their own
suppression through the production of pro-inflammatory cytokines. In a mouse
model of chronic infection, anti-PD-L1 antibody treatment reinvigorates exhausted
T-cells, but only produces minimal memory, and T-cells reacquire the exhausted
phenotype with persistent antigen, suggesting a limited duration of antitumor
T-cell responses to blockade of the PD-1/PD-L1 axis (60).

In addition to the well-established role of PD-1 on T-cells, a recent study dem-
onstrates that PD-1 has an intrinsic effect in melanoma cells (61). A portion of
human melanoma cells express PD-1. In in vitro studies, mouse models and human
xenografts, PD-1 expression on melanoma cells promotes tumor growth, and
inhibition of PD-1 reduces melanoma growth independent of the adaptive
immune system. Furthermore, anti-PD1 treatment in human melanoma patients
is associated with diminished PD-1 receptor signaling in melanoma cells, and a
high frequency of PD-1 receptor signaling in melanoma cells pretreatment is asso-
ciated with improved progression-free survival (PFS).

PD-1 BLOCKADE IN THE TREATMENT OF MELANOMA

Based on preclinical animal studies showing that blockade of the PD-1/PD-L1
signaling axis can restore the function of exhausted T-cells to mediate antitumor
immunity, several PD-1-blocking antibodies have been developed, including
nivolumab and pembrolizumab. PD-L1 blockade is also being explored. Although
antibodies blocking PD-L1 have been FDA-approved in the treatment of urothe-
lial carcinoma, nonsmall cell lung cancer and Merkel cell carcinoma, to date no
anti-PD-L1 antibodies have received FDA approval in melanoma.

Nivolumab is a fully human monoclonal antibody of the 1gG4 isotype that
binds to PD-1, preventing it from interacting with its ligands. Early clinical studies
of nivolumab showed promising antitumor activity against a variety of tumor
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types, including melanoma. Based on these results, Phase III trials were initiated
to test nivolumab against standard of care chemotherapy, first in previously treated
patients and then as a first-line treatment. In a Phase III trial enrolling Stage III or
Stage IV melanoma patients who had failed prior ipilimumab or BRAF inhibitor
therapy, nivolumab demonstrated activity in patients with and without BRAF
mutations and had an objective response rate of 31.7% compared to 10.7% for
patients on chemotherapy (62). In another Phase I1I trial, nivolumab was tested in
treatment-naive melanoma patients with wild-type BRAF (63). In this study,
patients were treated with either nivolumab or dacarbazine, and the nivolumab
group demonstrated improved efficacy in terms of 1-year overall survival (72.9%
vs. 42.1%), median PFS (5.1 months vs. 2.2 months), and objective response rate
(40.0% vs. 13.9%).

CTLA-4 and PD-1 induce T-cell suppression through nonoverlapping mecha-
nisms and likely impact different populations of T-cells during different phases of
the immune response (CTLA-4 during priming and PD-1 during the effector
phase), providing a mechanistic rationale for the combination of CTLA-4 and
PD-1 blockade. A subsequent Phase III trial in previously untreated melanoma
patients compared nivolumab and ipilimumab combination therapy, nivolumab
alone, and ipilimumab alone (64). The median PFS was 11.5 months, 6.9 months,
and 2.9 months, respectively. The objective response rate was 57.6, 43.7, and
19.0%, respectively. The median PFS and the objective response rate were signifi-
cantly improved in both the nivolumab and ipilimumab combination and the
nivolumab alone groups compared with the ipilimumab group. Based on these
studies, nivolumab is FDA-approved as a monotherapy in advanced melanoma
patients with wild-type BRAF and received accelerated approval for monotherapy
in patients with BRAFY?F mutation and in combination with ipilimumab.

A second anti-PD-1-blocking antibody was developed called pembroli-
zumab. Like nivolumab, pembrolizumab is a fully human monoclonal antibody
of the IgG4 isotype that binds to human PD-1 preventing ligand interaction.
A Phase 11 trial of advanced melanoma patients, who progressed on ipilimumab
therapy or BRAF and/or MEK inhibitors, demonstrated improved PFS with
pembrolizumab at both 2 mg/kg and 10 mg/kg doses every 3 weeks compared
with investigators’ choice of chemotherapy (65). A randomized Phase 111 trial
compared pembrolizumab every 2 weeks, pembrolizumab every 3 weeks,
and ipilimumab in the first-line treatment of advanced melanoma (66).
Pembrolizumab every 2 weeks and every 3 weeks demonstrated improved effi-
cacy compared with ipilimumab, in terms of 1-year overall survival (74.1 and
68.4% vs. 58.2%), median PES (5.5 months and 4.1 months vs. 2.8 months),
and objective response rate (33.7 and 32.9% vs. 11.9%). Based on these studies,
pembrolizumab at 2 mg/kg every 3 weeks is FDA-approved for the treatment of
advanced melanoma.

Toxicity of PD-1 blockade

The most common adverse events observed following PD-1 blockade are fatigue,
rash, diarrhea, pruritus, and nausea (62—64, 66). A similar pattern of mechanism-
based, immune-related adverse events are seen with PD-1 blockade as with
CTLA-4 blockade with ipilimumab. The vast majority of Grade 3 and Grade 4
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immune-related adverse events resolve quickly with delay in treatment and/or
administration of systemic corticosteroids using established safety management
guidelines (62, 63). Consistent with mouse studies in which the autoimmune
pathology of PD-1-deficient mice is decreased in severity compared to CTLA-
4-deficient mice, the toxicity associated with PD-1 blockade is diminished in
comparison to CTLA-4 blockade. In a Phase III trial of head to head comparison
of pembrolizumab and ipilimumab, both pembrolizumab groups had a signifi-
cantly lower incidence of Grade 3—-Grade 5 adverse events compared with ipilim-
umab (10.1-13.3% in the pembrolizumab groups vs. 19.9% in the ipilimumab
group), despite an approximately 3-fold longer duration of pembrolizumab ther-
apy (66). Although the combination of ipilimumab and nivolumab therapy
resulted in improved clinical efficacy, the combination therapy group had a higher
incidence of Grade 3 and Grade 4 adverse events compared with either nivolumab
or ipilimumab alone (55.5% vs. 16.3% or 27.3%, respectively) (64). Table 2 sum-
marizes the clinical efficacy and adverse events of Phase 111 trials of PD-1 blockade
as a first-line treatment of advanced melanoma.

Taken together, PD-1 blockade has become the first-line therapy for advanced
melanoma patients, given its improved clinical efficacy and improved safety pro-
file compared with ipilimumab. It remains to be determined whether PD-1 block-
ade results in the same long-term duration of response as ipilimumab.

| Biomarkers of Checkpoint Inhibitor Activity

The clinical development of CTLA-4 and PD-1-/PD-L1-blocking antibodies has
had a profound impact on the treatment of melanoma and several other cancers.
However, despite this success, only a minority of advanced melanoma patients
respond to checkpoint blockade, with a 10-40% objective response rate with
monotherapy and up to 58% with combined ipilimumab and nivolumab. As a
result, considerable effort is being invested in the identification of predictive bio-
markers to identify patients most likely to benefit from checkpoint blockade and
those at high risk for treatment failure who would benefit from more aggressive
combination therapy in order to limit unnecessary exposure to immune-related
adverse events. Early clinical experience with immune checkpoint blockade has
identified several biomarkers associated with treatment efficacy, including tumor
mutational burden, the presence of tumor-infiltrating lymphocytes, PD-L1 expres-
sion, and intestinal microbiota.

The primary mechanism of action of checkpoint inhibitor therapy involves the
activation of antitumor T-cells. Many of the tumor-specific T-cells recognize tumor
expressed “neoantigens” that are a product of mutational events in tumor cells
(67, 68). Since these mutations arise through a random process, it is thought that
tumors characterized by a high overall mutational load are more likely to result in
the formation of immunogenic neoantigens. Whole exome sequencing of mela-
noma patients treated with anti-CTLA-4 therapy revealed that antitumor responses
were associated with high mutational load, and strong responders expressed a
specific antigen signature (69). Similarly, neoantigen load was shown to correlate
with clinical response in a second cohort of melanoma patients treated with ipili-
mumab (70). The clonality of neoantigen expression has also been correlated with
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clinical response to checkpoint inhibitors. Melanoma and nonsmall cell lung can-
cer patients with neoantigens expressed in all tumor cells (clonal neoantigens)
experienced long-term clinical benefit to anti-CTLA-4 and anti-PD-1 treatment
(71). However, patients with neoantigens expressed in only a subset of their tumor
cells (subclonal neoantigens) responded poorly to checkpoint blockade (71).

Preexisting tumor-infiltrating lymphocytes have been associated with clinical
responses to PD-1 blockade. In melanoma, response to pembrolizumab is associ-
ated with a higher number of CD8+, PD-1+, and PD-L1+ cells within the tumor
and at the invasive margin at baseline; the proximity of PD-1+ and PD-L1+ cells
at baseline; and an increased density and proliferation of CD8+ T-cells on treat-
ment, suggesting the need for preexisting T-cells in the tumor inhibited by PD-1/
PD-L1 interaction (59). Flow cytometric analysis of melanoma tissue biopsies
from patients undergoing treatment with pembrolizumab also showed that
patients who responded to therapy had increased frequencies of tumor-infiltrating
CD8+ memory T-cells compared to nonresponders (72).

Although early clinical trials showed an association between PD-L1 expression
and objective response in patients with metastatic melanoma treated with PD-1 or
PD-L1 blockade, patients whose tumor cells lacked PD-L1 expression still bene-
fited from PD-1/PD-L1 blockade. Phase III trials of PD-1 blockade have demon-
strated similar results. Although the subgroup of patients with tumor cells that
were PD-L1+ had numerically higher objective response rates, patient subgroups
with tumor cells that were PD-L1+ and PD-L1- both demonstrated improved
overall survival and objective response rates when treated with nivolumab com-
pared with dacarbazine (63). An overall survival benefit of pembrolizumab com-
pared with ipilimumab was not observed in the subgroup of patients with
PD-L1- tumor cells; however, the sample size of PD-L1- patients was too small to
draw definitive conclusions (66). The patient subgroup with PD-L1+ tumor cells
had the same PFS with combination ipilimumab and nivolumab therapy as with
nivolumab alone, whereas PFS in the subgroup with PD-L1- tumor cells was
improved with combination therapy versus nivolumab alone, suggesting that
patients with PD-L1- tumor may have greater benefit from combination therapy
(64). Yet, 41.3% of patients with PD-L1- tumors had an objective response to
nivolumab alone (64). Analysis and interpretation of PD-L1 expression in tumors
is complicated by multiple factors. Different trials used different anti-PD-L1 anti-
bodies and immunohistochemical assays and different cutoff points for defining
PD-L1 positivity. While most studies have assessed PD-L1 expression on tumor
cells, PD-L1 expression on T-cells and macrophages may influence response to
PD-1 blockade (57, 73). PD-L1 expression measured at one time point and in one
metastasis is not representative, as PD-L1 expression is dynamic and differs in dif-
ferent metastases from the same patient (57, 66). Lastly, other PD-1 ligands may
be involved in response to PD-1 blockade. In summary, clinical experience to date
indicates that lack of PD-L1 expression in tumor cells is not a reason to withhold
anti-PD-1 therapy.

In murine models, the presence of certain species of intestinal bacteria is asso-
ciated with spontaneous antitumor immunity, and the presence of these bacteria
can improve responses to CTLA-4 and PD-1 blockade (74, 75). In addition,
T-cells, specific for some of these bacteria, are found in melanoma patients
responding to anti-CTLA-4 treatment (75). The mechanism by which intestinal
microbiota modulate antitumor immune responses is thought to involve the
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activation of innate immune cells, including DC, making them better able to stim-
ulate T-cells. Alternatively, specific antigens from these bacteria may mimic anti-
gens expressed by the tumor, leading to the activation of tumor cross-reactive
T-cells.

As antigen load is a key factor in T-cell exhaustion in preclinical models,
more integrated strategies to predict the response to therapy are under investi-
gation. These strategies incorporate immune status and tumor burden. A recent
study found that the magnitude of reinvigorated, exhausted CD8+ T-cells in
the peripheral blood on treatment with pembrolizumab in relationship to the
pretreatment tumor burden correlated with clinical response, suggesting a
clinically accessible on-treatment predictor of response (76). A more compre-
hensive strategy called the “cancer immunogram” incorporating the tumor
mutational load, general immune status of the patient, immune cell infiltration
of the tumor, absence of checkpoints, absence of soluble inhibitors, absence
of inhibitory metabolism, and sensitivity to immune effectors is also under
development (77).

| Mechanisms of Resistance to Immune Checkpoint Blockade

Recent clinical experience has uncovered several resistance mechanisms to
immune checkpoint blockade. These resistance mechanisms involve changes to
the tumor microenvironment that limit T-cell activation, tumor infiltration, and
effector-mediated destruction of tumor cells. A lack of tumor-associated antigens
can impair tumor-specific T-cell activation and allows tumors to escape immune
checkpoint blockade. Failure of tumor antigen presentation can occur as a result
of outright antigen loss or from defects in components of antigen processing and
presentation pathways. Failure of tumor antigen presentation is a major mecha-
nism by which tumors escape from T-cell-mediated immune recognition (78, 79).
Analysis of pretreatment and posttreatment tumor samples from patients with
nonsmall cell lung cancer treated with checkpoint blockade revealed the loss of
several neoantigens from treatment-refractory tumor cell clones (80). These neo-
antigens were capable of stimulating T-cell responses in vitro, and their loss coin-
cided with the emergence of disease resistance. Mutations in 2-microglobulin, a
protein required for the folding and transport of MHC Class 1 to the cell surface,
have also been observed in melanoma patients at the time of anti-PD-1 treatment
failure (81).

Mechanisms that inhibit T-cell trafficking to tumor tissue also cause resistance
to immune checkpoint inhibitors. Mutations in BRAF and loss of PTEN expres-
sion both contribute to immune checkpoint blockade resistance in murine mod-
els and patients by inducing the production of a number of immunosuppressive
proteins, including VEGF that limits T-cell trafficking to tumor sites and inhibits
T-cell effector functions (82, 83). In addition, melanoma patients whose tumors
had elevated signaling activity in the WNT/B-catenin pathway lacked infiltrating
T-cells, and murine studies have shown that WNT signaling can promote anti-PD-
L1/anti-CTLA-4 treatment failure in melanoma models (84).

Mutations in genes involved in the IFN-y signaling pathway also contribute
to both primary and acquired resistance to immune checkpoint blockade.
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IFN-y signaling plays a critical role in T-cell-mediated antitumor immunity by
enhancing MHC expression and subsequent tumor antigen presentation, induc-
ing the recruitment of other immune cells, inhibiting tumor cell proliferation,
and inducing tumor cell apoptosis (85). IFN-y binds to the interferon gamma
receptor 1 (IFNGR1) and interferon gamma receptor 2 (IFNGR2) and signals
through the Janus-activated kinase 1 (JAK1) and Janus-activated kinase 2 (JAK2)/
signal transducer and activator of transcription 1 (STAT1) signaling pathway
(85). Ipilimumab-refractory melanoma tumors were insensitive to IFN-y signal-
ing due to mutations in IFNGR1, IFNGR2, JAK2, and interferon regulatory factor
1 (IRF1) which is responsible for the INF-y-induced upregulation of PD-L1 (86).
Mutations in JAK1 and JAK2 were also found in melanoma and colorectal cancer
patients who failed to respond to anti-PD1 despite having tumors with high
mutational load (87, 88). Similar mutations in JAK1 and JAK2 were also detected
in relapsing tumors from melanoma patients who initially responded to anti-
PD-1 therapy, indicating that loss of responsiveness to IFN-y signaling may be a
potential tumor escape mechanism contributing to relapse following immune
checkpoint blockade (81).

Tumor-extrinsic mechanisms of resistance to immune checkpoint blockade
have also been identified, including additional immune checkpoint receptors,
immunosuppressive cytokines, and other factors present in the tumor microen-
vironment and immunosuppressive immune cell populations. In addition to
CTLA-4 and PD-1, several other immune checkpoint receptors have been identi-
fied including lymphocyte activation gene 3 (LAG-3), T-cell immunoglobulin
and mucin 3 (TIM-3), V-domain Ig-containing suppressor of T-cell activation
(VISTA), and T-cell immunoreceptor with Ig and ITIM domains (TIGIT) that are
expressed by T-cells and negatively regulate immune responses (89). These
checkpoints are often co-expressed by CTLA-4 and PD-1l-expressing T-cells
within tumors, and their expression can be upregulated following anti-CTLA-4
and anti-PD-1 treatment (89).

Immunosuppressive factors in the tumor microenvironment produced by
tumor cells and infiltrating immune cells may also cause immune checkpoint
blockade resistance by inhibiting T-cell activity. TGF-f is an immunosuppres-
sive cytokine produced by many different human tumor types that may limit
the efficacy of checkpoint blockade by stimulating Treg cells and impairing
T-cell function (90). In addition, indoleamine-pyrrole 2,3-dioxygenase (IDO),
an enzyme responsible for the breakdown of tryptophan, is expressed in many
tumors and may inhibit T-cell proliferation by depleting tryptophan (89).
CD73, an ecto-enzyme responsible for mediating the catalysis of adenosine
monophosphate to adenosine, is expressed by many tumors and is associated
with anti-PD-1 resistance in murine models (91). Elevated levels of adenosine,
as a result of CD73 expression, suppress T-cell activity by signaling through the
adenosine receptor 2A (91).

Certain tumor-infiltrating immune cell populations also contribute to immune
checkpoint blockade resistance. Myeloid-derived suppressor cells (MDSCs) are a
CD11b+CD33+ myeloid cell population that plays an immunoregulatory role in a
number of disease states, including cancer (92). MDSCs are immunosuppressive
and contribute to angiogenesis, tumor invasion, and metastasis (93, 94). In addi-
tion, pretreatment MDSC frequencies are inversely correlated with clinical
responses to ipilimumab and nivolumab in melanoma patients (95, 96).
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| Future Directions

These resistance mechanisms must be overcome in order to improve the clinical
efficacy of immune checkpoint blockade for melanoma and other cancers.
A number of strategies are currently being tested to target additional sources of
immunosuppression in the tumor microenvironment for use in combination
with immune checkpoint inhibitors. Tumor-specific peptide and cell-based vac-
cines are being tested in combination with CTLA-4 and PD-1-/PD-L1-blocking
antibodies in order to boost antitumor T-cell responses (97). Molecularly targeted
agents are also being combined with immune checkpoint inhibitors. BRAF inhi-
bition, which is FDA-approved for the treatment of metastatic melanoma express-
ing the activating BRAFY®®F mutation, has been shown to increase MHC
expression, tumor antigen presentation, and T-cell infiltration (98-102). Similarly,
MEK inhibitors have been shown to improve CD8+ T-cell activity in preclinical
models in combination with PD-1 blockade (103). Given the clinical success of
CTLA-4 and PD-1/PD-L1 inhibition, blocking antibodies have been developed to
target additional immune checkpoints, including LAG-3, TIM-3, VISTA, and
TIGIT, and these agents have entered clinical trials alone and in combination
with anti-CTLA-4 and anti-PD-1/PD-L1 (89, 97). Furthermore, numerous treat-
ments are being developed to target immunosuppressive cytokines and other
factors present in the tumor microenvironment, including IDO inhibitors, CD73
blocking antibodies, and adenosine receptor 2A antagonists (97). Finally, strate-
gies to deplete or reprogram MDSC are also under development for use in com-
bination with immune checkpoint blockade. Signaling through the gamma
isoform of phosphatidylinositide 3-kinase (PI3Ky) is critical for the maintenance
of myeloid cell immunosuppression in tumors, and genetic deletion or pharma-
cologic inhibition of PI3Ky results in tumor-infiltrating myeloid cells with a more
pro-inflammatory phenotype in murine models (104). In addition, the small
molecule PI3Ky inhibitor TPI-549 improved the ability of immune checkpoint
blockade to induce tumor regression in preclinical murine models of melanoma,
breast, and head and neck cancer (104, 105).

| Conclusion

Immune checkpoint inhibitors have revolutionized the treatment of melanoma
and many other cancers. Blocking antibodies to CTLA-4 and PD-1/PD-L1 have
improved survival for many patients, and long-term durable responses have been
observed in some patients. However, despite this promise, clinical benefit from
immune checkpoint blockade is only seen in a minority of melanoma patients,
and autoimmune toxicity, while manageable, requires careful monitoring. Clinical
experience with anti-CTLA-4 and anti-PD-1/PD-L1 therapy has uncovered critical
parameters that govern effective antitumor immune responses. This knowledge is
leading to the identification of subsets of patients most likely to respond to therapy
with immune checkpoint inhibitors. In addition, these insights have identified
new immune targets that promise to expand the clinical reach of immunotherapy
to more patients and cancer types.
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