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In the last 5 years, immune checkpoint antibodies have become established as
anticancer agents for various types of cancer. These antibody drugs, namely cyto-
toxic T-lymphocyte-associated antigen, programmed death-1, and programmed
death ligand-1 antibodies, have revealed relatively high response rates, the abil-
ity to induce durable responses, and clinical efficacy in malignancies not previ-
ously thought to be susceptible to immune-based strategies. However, because
of its unique mechanisms of activating the host immune system against cancer as
well as expensive cost, immune checkpoint blockade faces novel challenges in
selecting appropriate patient populations, monitoring clinical responses, and pre-
dicting immune adverse events. The development of objective criteria for select-
ing patient populations that are likely to have benefit from these therapies has
been vigorously investigated but still remains unclear. In this review, we describe
immune checkpoint inhibition-specific challenges with patient selection and mon-
itoring, and focus on approaches to remedy these challenges. We also discuss
applications of the emerging field of immunopharmacogenomics for guiding

doi: 10.1111/cas.12862

Introduction and principles of immune checkpoint
blockade

mmunotherapies such as immune checkpoint antibodies have

revolutionized cancer treatment. Rather than directly target-
ing cancer cells, immune checkpoint antibodies target proteins
that inhibit the host’s natural immune response towards cancer
cells and then strongly activate the host immune response to
eliminate cancer cells. At present, the three major target mole-
cules for such blockade are cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4), programmed death-1 (PD-1), and pro-
grammed death ligand-1 (PD-L1). Both CTLA-4 and PD-1/
PD-L1, which act through distinct mechanisms, are key regula-
tors responsible for maintaining homeostasis during the T cell-
mediated immune response. To date, ipilimumab (anti-CTLA-4
antibody), nivolumab and pembrolizumab (anti-PD-1 antibod-
ies) are approved for advanced melanoma, and nivolumab and
pembrolizumab are also approved for advanced non-small-cell
lung cancer (NSCLC).!

Application of antibodies against these immune checkpoint
molecules in cancer therapy was first proposed in the 1990s.*>
A type I transmembrane protein, CTLA-4 (also called CD152)
is expressed on the surface of regulatory T cells and regulates
the amplitude of the T cell response. Antigen-presenting cells
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selection and monitoring for anti-immune checkpoint treatment.

(APCs) display antigens on MHC to the T cell receptor (TCR)
of T lymphocytes. Effective T cell responses require costimula-
tory signals transmitted through the engagement of CD28 on
the surface of T cells with CD80 (also known as B7.1) and
CD86 (B7.2) on APCs (Fig. 1) CTLA-4 competes with
CD28 for binding with CD80 and CD86, resulting in the inhibi-
tion of TCR signaling, suppression of effector T cell activation,
and attenuation of the T cell-mediated immune response.®
Because of these functions, CTLA-4 plays indispensable roles
in the prevention of autoimmunity and the perpetuation of self-
tolerance.” Anti-CTLA-4 antibody was the first immune
checkpoint antibody shown to have antitumor potential, as
shown in a landmark study in mice in 1996.“"® Clinical trials
later proved that CTLA-4 blockade could also be applied to
have potent antitumor abilities in humans.”"®

Programmed death-1 is also a negative regulator of the T
cell immune response that physiologically functions to avoid
collateral damage caused by an overactive T cell response in
peripheral tissues (Fig. 2). PD-1 is expressed on activated T
cells as well as B cells and natural killer cells, and engages
with B7 family ligand partners, either PD-L1 (also known as
B7-H1 and CD274) or PD-L2 (B7-DC and CD273), found in
peripheral tissue cells, APCs, and tumor cells.” Binding of
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Fig. 2. Schematic of the actions of anti-programmed death-1/pro-
grammed death ligand-1 (PD-1/PD-L1) antibodies. In the periphery, PD-
1 can be inducibly expressed on the surface of T cells, as well as B cells
and monocytes. T cell activation releases interferons that cause the
upregulation of PD-L1 and PD-L2 on the surface of tumors (as well as on
T cells, B cells, and antigen-presenting cells, not shown here). Binding
between PD-1 and PD-L1 causes downregulation of T cell activity and is
intended to limit overly aggressive immune response in the periphery,
but is capitalized by tumor cells to limit the antitumor response of the
adaptive immune system. PD-L1 on tumor cells also binds to CD80 on T
cells, further initiating downregulation of activated T cells. Anti-PD-1
antibodies disrupt the PD-1/PD-L1 interaction, as well as PD-1/PD-L2
and PD-L1/CD80 interaction. TCR, T-cell receptor; ab, antibody; MHC,
major histocompatibility complex.

PD-L1/2 to PD-1 inhibits kinase signal pathways involved in
T cell activation. Chronic antigen exposure, caused by chronic
viral infection or cancer, was first shown to induce high
expression of PD-1 (considered to represent a state of T cell
exhaustion or anergy) which can be reversed upon the block-
ade of the PD-1/PD-L1 interaction."'”’

Similar to CTLA-4, cancer cells capitalize on the inhibitory
role of the PD-1/PD-L1 interaction to evade host T cell immune
attack on cancer cells.'" Quantitative analysis of 150 melanoma
specimens revealed that PD-L1 expression in tumor cells is
tightly colocalized with tumor-infiltrating lymphocytes in cancer
tissues and is also upre%ulated geographically in areas of high y-
interferon production."® Therefore, cancer cells protect them-
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Fig. 1. (a) T cell activation requires both signal 1,
mediated by antigen presentation on MHC by
dendritic cells to the T-cell receptor (TCR), and
costimulatory signals from CD80/86 engagement
with CD28 on the surface of T cells. This initial
activation sends signals to release cytotoxic T-
lymphocyte-associated antigen-4 (CTLA-4) from
intracellular vesicles. (b) Downregulation of T cell
activity can occur distinctly through two
mechanisms. CTLA-4 is upregulated on the surface
of T cells in response to initial activation, and
outcompetes binding to CD80/86. In the periphery,
tumor cells can present programmed death ligand-1
to programmed death-1 on the surface of T cells
and also induce downregulation of T cell activity.
APC, antigen-presenting cell; MHC, major
histocompatibility complex.

selves from cytotoxic T cell attack by increasing expression of
PD-L1 on their surface, which anergizes activated T cells. Stud-
ies in mice showed that blockade of the PD-1/PD-L1 interaction
could be used as a promising anticancer strategy.'* Of note, the
mechanisms to block PD-1 or PD-L1 are not equivalent because
blockade of PD-L1 leaves the PD-1/PD-L2 interaction intact,
which may maintain T cell anergy.

The U.S. FDA approved ipilimumab, a fully humanized
monoclonal IgG1 antibody against CTLA-4, in 2011 for treat-
ment of advanced melanoma. At the time, ipilimumab was the
first anti-immune checkpoint agent to show survival benefit in
patients with metastatic melanoma.'” Pembrolizumab, a PD-1
antibody, was granted accelerated approval in 2014 by the
FDA in advanced melanoma for patients previously treated
with ilpilimumab or BRAF inhibitors based on two stud-
ies.>1® Two anti-PD-1 antibodies, pembrolizumab and
nivolumab, showed superior overall survival in ipilimumab-
refractory melanoma compared to chemotherapy, conclusively
establishing these antibodies as standard of care after ipili-
mumab in advanced melanoma.'”'®

Progress in clinical trials: optimizing the regimen

After the approval of these three agents in advanced melanoma
and NSCLC, these drugs have been tested in various cancer
types. In some trials, the immune checkpoint blockade antibod-
ies are combined with each other or other systemic therapies.
For example, in both advanced and untreated melanoma, com-
pelling evidence is emerging that PD-1 blockade may be more
efficacious than CTLA-4 blockade. The first high-profile phase
IIT trial to compare pembrolizumab with ipilimumab showed
improved progression-free and overall survival rates in a pem-
brolizumab-treated group, compared with ipilimumab alone,
with lower incidence of drug-related grade 3-5 adverse
events."'” Combination trials published in 2015 have indicated
that the combination of nivolumab and ipilimumab also has
superior ?rogression-free survival over ipilimumab monother-
apy,?*?? strongly suggesting PD-1 blockade may be superior
to CTLA-4 blockade in melanoma.

Combining the immune checkpoint antibodies with other
therapies, including systemic chemotherapies and molecular
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targeted therapies, has also been explored, although such com-
binations are often affected by higher incidences of adverse
events.***» For example, the combination of ipilimumab and
dacarbazine has better survival than dacarbazine alone for
untreated melanoma patients, but 56% of patients treated with
the combination treatment experienced grade 3—4 treatment-
related adverse events.>>

In addition to melanoma and NSCLC, immune checkpoint
blockade is gaining traction in other cancer types, including
refractory non-Hodgkin’s lymphoma, metastatic bladder can-
cer, intensively treated renal cell carcinoma, and colorectal
cancers with mismatch repair deficiencies (Table 1).(26’29)
With over 130 active clinical trials registered in the USA, it is
beyond the scope of this review to highlight all the cancer
types and combinations of immune checkpoint blockade thera-
pies that are underway. Of note, while the immune checkpoint
antibodies have shown positive results in a large number of
clinical trials, at least one phase III trial using ipilimumab in
metastatic castrate-resistant prostate cancer failed to demon-
strate a positive result.*”

Immunotherapy-specific challenges in clinical evaluation

One of the most exciting characteristics of the checkpoint inhi-
bitors is that the clinical responses observed have been remark-
ably durable even after cessation of treatment.®" In a pooled
analysis of 1861 patients treated with ipilimumab, 22% sur-
vived for at least 3 years, with the Kaplan—-Meier survival
curve achieving a plateau that extended from 3 to 10 years
after treatment.”? Similar durability has been seen with anti-
PD-1 inhibitors. In two major NSCLC trials, 28% and 27% of
patients survived at least 18 months.®* In melanoma, 43% of
patients survived at least 2 years.** Hence, patient selection
and monitoring for immunotherapy, if established, has the
potential to offer unprecedented durable responses in other
refractory stages of disease.

The first immune checkpoint blockade-specific challenge in
patient selection is how to define clinical efficacy with immune
checkpoint inhibitors. In general, tumor responses to
immunotherapies have shown tendencies to deviate from the
widely used Response Evaluation Criteria in Solid Tumors
(RECIST), meaning that a subset of patients who ultimately sur-
vive on therapy do not meet criteria for objective response dur-
ing the trial period. The primary biological response of immune
checkpoint blockade is blockage of immune suppressive mole-
cules, resulting in activation of intratumoral infiltrated T lym-
phocytes and increase in cytokine production. Due to the
inflammation caused by these secreted cytokines, tumor sizes
may initially enlarge (termed pseudo-progression)*" on radio-
graphic assessment early after the initiation of treatment, before
causing tumor shrinkage.®>*® Accordingly, a delayed separa-
tion of survival curves from control arms has been observed in
multiple trials. For example, in follow-up reports of the earliest
CTLA-4 blockade trials, the average time among all patients to
achieve complete response was 30 months, a period before
which clinical trials often conclude.®” Therefore, immune
checkpoint blockade therapy requires innovative strategies for
monitoring and evaluating patient response based on the mode
of action of the drugs.

Patient selection: predictive biomarkers
In the era of precision medicine, it is critically important to

address how to select the patients that are likely to derive
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benefit from immune checkpoint blockade therapy.®®>% Inves-
tigation into identifying factors involved in the immune check-
point pathways in the tumor immune microenvironment has
been extensively carried out and several molecules have been
proposed to predict clinical response.

Intratumoral PD-L1 expression for patient selection. A number
of studies investigating the safety and efficacy of PD-1/PD-L1
antibodies reasonably hypothesized that tumor cell expression
levels of PD-L1 would predict response to both therapies. An
early phase I trial suggested that tumors with positive PD-L1
staining by immunohistochemistry showed better response to
anti-PD-1 agents than PD-L1-negative tumors, with an objec-
tive response rate of 36% versus 0%.“” A meta-analysis of
1475 patients concluded that PD-L1-positive tumors also have
an improved response rate compared to PD-L1-negative tumors
(34% vs 19.9%).“" However, no clear threshold for positivity
of PD-L1 has been defined. Although many trials applied 5%
staining in tumor cells as positive, a phase I study of patients
with NSCLC treated with pembrolizumab applied a cut-off of
50% positive staining in tumor cells and obtained an objective
response rate of 45.2% with a median overall survival of
26 months in PD-L1-positive patients. Although the authors
concluded that the PD-L1 positivity in >50% of tumor cells is
a promising biomarker, tumors with as few as 1% of tumors
cells staining positive for PD-L1 still showed a median overall
survival of >8 months.“? In addition, multiple trials have
shown no correlation or inconclusive correlation between the
clinical response and PD-L1 status in cancer tissues (Table 2).
Therefore, the mechanism of how PD-L1-negative patients
respond to anti-PD-1 treatment still needs to be clarified. Of
interest, pembrolizumab was recently approved specifically for
use in NSCLC for PD-L1-positive tumors as defined by a com-
mercial immunohistochemical diagnostic assay.”’

While many studies define PD-L1 positivity according to
tumor cell expression, PD-L1 expression on immune cells,
including macrophages, dendritic cells, and T lymphocytes,
has also been investigated. One study of anti-PD-L1 antibody
in multiple tumor types reported significant association
between PD-L1 expression in tumor-infiltrating immune cells
and clinical response (P < 0.007).(43) However, a different
study of 41 patients comprised of five solid-tumor types trea-
ted with nivolumab showed no association between PD-LI
expression in immune cells with objective response.'?

The variability of the results listed above is generated by a
number of factors, including the complexity and dynamic nat-
ure of the PD-1/PD-LI1 interaction, subjectivity of PD-L1
staining, variations in techniques and assays used, tumor
heterogeneity, and use of archival tissues that may not reflect
the status of PD-1/PD-L1 interaction at time of treatment.“*
Because of the variability of results across trials and the inabil-
ity to exclude patients with negative PD-L1 expression as poor
responders, there is still no solid evidence for applying PD-L1
expression level on tumor or immune cells as a sole criterion
for patient selection.*>

Intratumoral and tumor microenvironment correlate as predic-
tors. Intensive efforts have also highlighted specific factors in
the tumor microenvironment as potential predictive biomarkers
because of their influence on drug action. Herbst et al.*> ana-
lyzed pretreatment and on-treatment tumor biopsies from
patients treated with MPDL3280A across seven solid malig-
nancies and found an association between high CTLA-4
expression in pretreatment tissue samples and good therapeutic
response. Other investigators have similarly shown that high
intratumoral baseline expression of FoxP3 and indoleamine
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2,3-dioxygenase, a metabolic enzyme that inhibits the immune
responses through depletion of amino acids, is associated with
clinical activity of ipilimumab.“®

Anti-PD-1/PD-L1 therapies may have improved prognosis in
patients whose tumors have pre-existing coalitions of cytotoxic
T lymphocytes that are in an anergic state.°" Serial on-treat-
ment biopsies from 46 patients with melanoma treated with
pembrolizumab revealed that patients who responded well to
pembrolizumab had higher densities of CD8" T cells at the
invasive tumor margin and center and that the densities of
CD8" T cells in close proximity to PD-1"/PD-L1" tumor cells
increased after treatment.”

However, while it is not clinically practical to obtain serial
biopsy samples to monitor patient immune response, pretreat-
ment biopsy samples may be acceptable surrogates for captur-
ing a signature of the balance between active and suppressive
immune elements. Quantitative and standardized means of
assessing the balance between active and suppressive immune
factors are critically important for the development of vali-
dated and robust criteria for selecting and monitoring patients
for immune checkpoint inhibitors.

Mutational landscape of tumors as predictors of neoanti-
gens. Advances in sequencing technology in the clinical set-
ting have also ushered in new strategies for identifying
biomarkers to immune checkpoint blockade treatment.“*® Non-
synonymous somatic mutations are considered to be the basis
for generation of cancer-specific neoantigens, which are likely
to be recognized by and induce clonal expansion of certain T
cells. This hypothesis was indirectly supported by findings that
mutations in DNA-damage repair genes increases somatic
mutation burden, and are associated with longer recurrence-
free survival in surgically resected muscle-invasive bladder
cancer patients.*”> A high somatic mutation burden should the-
oretically increase the probability of generating neoantigens
that can be presented with HLA molecules on the surface of
cancer cells, recognized by CD8" T cells, and can induce clo-
nal expansion of cytotoxic T cells. Indeed, in tumors treated
with pembrolizumab, the overall mutational burden correlated
with response to therapy; interestingly, the absolute burden of
predicted neoantigens seemed to be a better predictor.®”

Bioinformatics approaches provide useful tools for predict-
ing neoantigens from whole exome and transcriptome sequenc-
ing data. For example, in a study of mice injected with the
d42m1-T3 sarcoma cell line, mutations occurring in the Lama4
and Alg8 genes were successfully identified as d42m1-T3-spe-
cific neoepitopes that stimulated a CD8* T cell response.®" In
these methods, prediction of binding to individual HLA mole-
cules is essential for identifying possible neoantigens.
Although the total number of somatic missense mutations cor-
related with long-term response to ipilimumab, a signature of
preserved tetrapeptides in neoepitope polymers was a more
accurate predictor of clinical response in melanoma.*?

Avenues for future direction: immunopharmacogenomics

The work carried out thus far in patient selection and monitor-
ing in immune checkpoint therapy has underlined the impor-
tance of deeply understanding both the immune and genetic
landscape of tumors in order to predict clinical response. The
next step will be integrating the knowledge gained from these
studies and applying it to modulating and improving clinical
response. We have proposed a new study field, termed
immunopharmacogenomics, which links the pharmacological
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response to cancer genomics with immunogenomics using
massively parallel next-generation sequencing of the TCR
repertoire. Immunopharmacogenomics has shown promise in
both serving as a pharmacodynamics marker of immunothera-
peutic activity and potentially modulating the clinical
response. The TCR sequencing of tumor-infiltrating lympho-
cytes (TILs) from pretreatment biopsy samples, with compar-
ison of on-treatment or post-treatment biopsy samples, can
provide critical information about the changes in TIL reper-
toire during immune checkpoint inhibitor therapy. For exam-
ple, deep sequencing of TCR repertoires from serial tumor
tissue biopsies on treatment showed a 10-fold clonal expan-
sion in cancer tissues in responders, but less or no expansion
of clonal T cells in non-responsive patients.*”” While serial
tissue biopsies are difficult to obtain, peripheral blood sam-
ples collected from patients on anti-CTLA antibody therapy
showed an increase in TCR diversity for most patients on
therapy, suggesting that TCR sequencing can be a tool for
pharmacodynamics monitoring.®” Deep sequencing of the
TCR, both within the tumor and in the peripheral blood, can
therefore provide direct quantification of the clonality and
specificity of T cells.®®

In addition, identifying TCR sequences that are expanded in
tumors of patients treated with immune checkpoint blockade
has the potential for new therapeutic interventions such as pro-
duction of genetically engineered T cells targeting cancer cells.
Particularly, there is significant interest and progress in identi-
fying T cell clones that recognize neoantigens generated by
somatic missense mutations in cancer cells.*® The oligoclonal
expansion of these T cells, which recognize neoantigens, may
be potential immune responses against cancer. T-cell receptor
deep sequencing has already been used to identify oligoclonal
expansion of CD8"-PD-1" TILs in melanoma tumors that are
specific for mutated antigens.®* Therefore, immunopharma-
cogenomics may both offer insight into patient selection and
monitoring on immune checkpoint blockade as well as offer
avenues to enhance the clinical response.”>”® Tissue and
blood samples, collected from patients on immune checkpoint
antibody therapy, are needed to further validate this work.

Conclusions

Although the immune checkpoint inhibitors are already suc-
cesses as anticancer agents, we are still far from knowing
which patients may benefit from the use of immune checkpoint
monotherapies or from knowing at what point to alter the
direction of treatment. Immunopharmacogenomics may have a
strong foothold in addressing lingering questions about predic-
tive biomarkers for immunotherapy.

In summary, the class of immune checkpoint inhibitors has
already changed how we think of anticancer strategies. In
chess, the point of victory is called checkmate, stemming orig-
inally from the Russian phrase, “shakh mat” or “death to the
king.” In the balance between natural immunity and cancer tis-
sues, immune checkpoint inhibitors, by unleashing the body’s
armament of self-defense already poised for action, may have
the potential to, at last, bring death to cancer. There remains
much work to do, however, to bring that potential to its full
realization.
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