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Abstract

Purpose of Review—Despite the clinical successes of immune checkpoint blockade across
multiple tumor types, many patients do not respond to these therapies or become resistant after an
initial response. This underscores the need to improve our understanding of the molecular
determinants of response to guide more personalized and rational utilization of these therapies.
Here, we describe available biomarkers of checkpoint blockade activity by classifying them into
four major categories: tumor-intrinsic, immune microenvironmental, host-related, and dynamic
factors.

Recent Findings—The clinical experience accumulated thus far with checkpoint blockade now
offers the opportunity to comprehensively study the molecular and immune features associated
with response. This is yielding a growing set of biomarkers whose integration will be key to more
accurately predict clinical outcome.

Summary—\We propose a model for systematic assessment of available baseline and dynamic
biomarkers in relationship with patients’ outcomes. This will improve our understanding of the
tumor-immune interactions and dynamics that predict a clinical response and will provide key
information to develop more personalized and effective treatment strategies.
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Introduction

The recognition that CTLA-4 and PD-1 are key regulators of T cell responses led to the
hypothesis that blocking these molecules could be a viable option to activate immune
responses against cancer [1,2]. CTLA-4 and PD-1 are both up-regulated on the T cell surface
upon T cell receptor (TCR) engagement and CD28 co-stimulation. In addition, CTLA-4 is
constitutively overexpressed on regulatory T cells. CTLA-4 and PD-1 respond to different
ligands involved in different phases of the immune response [3]. CTLA-4 outcompetes with
CD28 for binding to CD80 and CD86 on professional antigen-presenting cells (APCs),
which are mainly located in T cell priming sites (i.e., secondary lymphoid organs). PD-1
binds to its ligands, PD-L1 and PD-L2, which are typically up-regulated on inflamed tissues
in response to IFN-vy stimulation to prevent unwanted immune attack and maintain tissue
homeostasis. The CTLA-4 and PD-1 downstream signaling pathways can both mitigate TCR
activation cascade by recruiting and activating protein phosphatases SHP-1 and/or SHP-2.
Because of the central role of CTLA-4 and PD-1 in controlling respectively T cell priming
and effector function, these molecules have been defined as immune checkpoints. In light of
the localization of these immune checkpoints on the T cell surface, a logical approach to
block their function was the use of antagonist antibodies. This immunotherapeutic strategy
has revealed unprecedented successes in the treatment of multiple cancer types, leading to a
renewed confidence of the scientific community in this approach, which has been thus
considered again as a viable strategy for cancer treatment. CTLA-4 blockade with the fully
human IgG1 antibody ipilimumab for the first time showed the possibility to extend survival
in metastatic melanoma patients [4, 5¢¢] and received the US Food and Drug administration
(FDA) approval for the treatment of this disease in 2011. PD-1 pathway blockade has
extended these clinical successes to additional tumor types. Blocking PD-1 with the
antagonist antibody nivolumab or pembrolizumab has been approved for the treatment of
nonsmall cell lung cancer (NSCLC, squamous and non-squamous carcinoma), Merkel cell
carcinoma, head and neck squamous cell carcinoma, urothelial and kidney cancers,
microsatellite instability (MSI)-high cancers (such as MSI-high colorectal cancer),
refractory HL, hepatocellular carcinoma, and gastric cancer [6]. Similarly, PD-L1-blocking
antibodies atezolizumab, avelumab, and durvalumab have become part ofstandard ofcare for
patients with advanced NSCLC, urothelial carcinoma, or Merkel cell carcinoma [6]. Clinical
responses to these agents are generally durable across tumor type; however, they occur in a
minority of patients, with few exceptions in HL, desmoplastic melanoma, Merkel cell
carcinoma, and MSI-high cancers that respond to checkpoint blockade therapy in = 50% of
cases [6]. Understanding the determinants of response and resistance to checkpoint blockade
is therefore key for more successful utilization of these agents. The experience accumulated
thus far with checkpoint blockade now offers the opportunity to comprehensively study the
molecular and immune features associated with response. This is yielding a growing set of
biomarkers whose integration will be key to more accurately predict clinical outcome. Given
that checkpoint blockade is becoming the foundation of multiple-combination anti-cancer
programs, the capacity to identify patients more likely to respond to immunotherapy and
anticipate their outcome is extremely critical. Here, we provide an overview of the main
biomarkers of response to check-point blockade identified so far. Importantly, most of these
factors are not merely indicators of clinical outcome, but often play a mechanistic role in
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determining response and, as such, can also constitute mechanisms of responsiveness/
refractoriness. We classify these biomarkers into four major categories, depending on their
origin (tumor-intrinsic, microenvironmental, and host-related biomarkers) and relevance
during treatment (dynamic biomarkers). We then discuss the importance of systematically
assessing baseline and dynamic biomarkers for guiding proper therapeutic decisions.

Tumor-Intrinsic Biomarkers

Tumor-intrinsic biomarkers refer to tumor-specific factors that alter the capability of tumor
cells of being recognized by immune cells or responding to immune stimuli. Aligned with
the fact that tumor elimination induced by checkpoint blockade is primarily mediated by T
cells, the major tumor-intrinsic factors associated with response to checkpoint blockade are:

. Tumor mutation burden, in terms of non-self-peptide load generated by
mutations
. Tumor PD-L1 expression, as a measure of tumor sensitivity to PD-1 pathway

blockade or more generally a feature of adaptive resistance to an already-
generated immune response

. IFN-+y responsiveness and tumor antigen presentation

Mutation and Neoantigen Tumor Load

We and others have reported that tumor somatic mutational burden [non-synonymous
mutations and insertion/deletion (indel) variants] is associated with clinical efficacy of
checkpoint blockade in advanced melanoma, NSCLC [7e, 8+, 9, 10, 11¢]. The hypothesis is
that, during its development, the tumor acquires mutations, some of which create
immunogenic neoantigens that can promote activation of specific cytotoxic T cell responses,
in particular when immune checkpoints are blocked. However, the more the tumor diverges
from self (due to mutations), the more it needs to evade immune surveillance to survive and
progress. Reducing immune constraints for (neo)antigen recognition with checkpoint
blockade may render tumor cells more vulnerable to a specific T cell attack. Based on this
principle, either total tumor mutational burden (clonal + passenger mutations), or clonal
mutations (shared by all tumor cells), or the amount of predicted immunogenic neopeptides
(capable of binding to patient-specific HLA molecules) have been intensively studied in
association with response to check-point blockade. Snyder et al. performed whole exome
sequencing on tumor tissue biopsies collected from advanced melanoma patients either
before or after treatment with ipilimumab and showed that patients with tumors harboring
more than 100 mutations had a significantly longer survival [7¢] (Table 1). Similarly, Van
Allen et al. analyzed mutational burden in tumor biopsies from melanoma patients before
treatment with ipilimumab and found that patients experiencing clinical benefit were
enriched for tumors with relatively higher numbers of non-synonymous mutations and
neoantigens predicted to bind to patient-matched HLA class | molecules [9] (Table 1).
Similar results were observed in melanoma and NSCLC patients treated with PD-1 blockade
monotherapy [8¢, 10] and more recently in NSCLC patients treated with combination PD-1
and CTLA-4 blockade [12] (Table 1). In general, total tumor mutational burden was found to
correlate with the amount of potentially immunogenic predicted neoantigens [9, 12, 13].
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These results helped explain the observation that across all human cancer types, those with
relatively high numbers of genetic somatic mutations are generally more responsive to
checkpoint blockade [14e¢]. These findings led to the hypothesis that tumors harboring
mutations in mismatch-repair (MMR) genes, having a reduced capacity to correct DNA
replication errors, could be optimal targets for immunotherapy with checkpoint blockade.
One of the most common outcomes of MMR deficiency is microsatellite instability (MSI).
According to this hypothesis, MSI-high solid tumors were found to be particularly
responsive to PD-1 blockade [15¢¢, 16], which was thus granted a specific indication for
malignant diseases with these genetic abnormalities independent of the tissue of origin.
Aligned with this concept, mutations in genes that control genomic stability, such as BRCA2
[17] andp53 [18], were found more frequently altered in responding tumors in melanoma
and NSCLC patients treated with checkpoint blockade [10, 12, 19], further highlighting an
association between mutations in genes controlling DNA stability/repair, tumor somatic
mutation load, and responsiveness to immunotherapy. As an additional modality to enrich
for tumors more likely able to respond to checkpoint blockade, quantification of indels has
been proposed based on the rationale that indels, generating frameshift mutations, can
produce higher numbers of immunogenic neoantigens [11¢]. Interestingly, all checkpoint-
blockade-approved tumor types have significantly higher frameshift neoantigens compared
to malignancies for which these therapies have not been approved [11¢]. This is particularly
relevant for renal cell carcinoma, which is characterized by a low burden of somatic
mutations, but, having on average elevated proportions of coding indels [11¢], may result
immunogenic and can respond to checkpoint blockade [20]. Given the impact of somatic
tumor mutational load on response to checkpoint blockade, facilitating assessment and
quantification of this parameter is desirable to implement its utilization and improve
patients’ management. Toward this goal, it has recently been demonstrated that tumor exonic
mutation burden can be faithfully estimated by targeted next-generation sequencing of most
common oncogenes, such as those included in MSK-IMPACT (468 genes) or
FoundationOne (315 genes) panel tests, which are routinely employed for tumor molecular
diagnosis [12].

It has become clear that tumor immunogenicity is not always a linear function of tumor
mutational burden and neoantigen load. The quality of tumor neoantigens is a key
determinant of the depth and duration of response to checkpoint blockade. Specifically, the
amount of clonal (present in all tumor cells) compared to subclonal (present only in a subset
of tumor cells) tumor neoantigens was found to better correlate with survival in melanoma
and NSCLC patients treated respectively with ipilimumab or anti-PD-1 monotherapies [21°].
This highlights the dual impact of tumor heterogeneity on sensitivity to immunotherapy: by
promoting divergence from self, it may favor tumor immune recognition, but this comes at
the expense of an increased degree of diversity within the tumor cells themselves, which
may favor escape form immune reactions.

Tumor PD-L1 Expression

PD-L1 expression on the tumor cell surface has a dual value: on the one hand, it indicates
the presence of a specific target for checkpoint blockade, on the other it works as a surrogate
biomarker of intra-tumor T cell infiltration and/or T cell responses. This is because PD-L1
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expression is induced by IFN-a and irn-y, via JAK/STAT signaling during an ongoing
immune response, presumably as a defense mechanism to ensure tissue homeostasis. In
tumor cells, PD-L1 overexpression may result from the same mechanism and leads to
“adaptive” immune resistance to ongoing inflammation. Accordingly, PD-L1 expression was
found to be associated with poor prognosis and reduced overall survival in patients with
kidney [22], esophageal [23], gastric [24], and ovarian cancers [25], underscoring a
mechanism of resistance to spontaneous anti-tumor immune responses. In light of currently
available PD-1 pathway blocking agents, the interpretation of PD-L1 overexpression has
now changed into a sign of potential tumor vulnerability to immunotherapy. In a phase I trial
with nivolumab in patients with multiple advanced solid cancers, baseline PD-L1 expression
in > 5% tumor cells was associated with a higher overall response rate [26+]. In subsequent
studies with PD-1 blockade, the absolute or binary predictive value of this parameter has not
been entirely consistent (Table 2). The use of different assays, antibodies, and scoring
methods to assess PD-L1 expression across these studies may contribute to the difficulties to
reach a definitive agreement on this biomarker [39]. Currently, PD-L1 expression status is
part of the therapeutic indication of pembrolizumab in metastatic NSCLC, with 1 and 50%
PD-L1* tumor cells being respectively the cutoff for second- and first-line treatment based
on two studies demonstrating efficacy in these patient populations [38, 40]. In other
malignancies, the predictive value of tumor PD-L1 expression has to be determined. In the
CheckMate 067 phase m trial comparing checkpoint blockade monotherapy versus
combination in previously untreated advanced melanoma patients, nivolumab + ipilimumab
achieved a slightly improved survival outcome in patients with tumor PD-L1 expression
levels <1%, highlighting the potential benefit of using combination check-point blockade in
these cases [37¢¢].

PD-L1 up-regulation on tumor cells is not only a response to microenvironmental immune
stimuli but can also be induced as part of tumor-intrinsic oncogenic signaling cascades, such
as JAK-STAT [41, 42], Akt/mTOR [43], MYC [44], and RAS [45], by loss of function in
tumor suppressor genes, such as PTEN [46], and by genetic alteration in the PDL1 gene
itself, including amplification [47] and structural variations causing PDL1 3’-UTR
disruption and transcript stabilization [48]. An emblematic example of these mechanisms is
HL, where the recurrent chromosome 9p24 amplification leads to PDL 1, PDL 2, and JAK
copy number increase. The genetic basis for PD-L1 overexpression in HL and the
characteristically pronounced but ineffective inflammatory response in the involved lymph
nodes constituted the rationale to test PD-1 blockade against this malignancy. Both
nivolumab and pembrolizumab have been granted accelerated approval by the FDA for the
treatment of refractory classical HL based on exceptional anti-tumor activity [49ee, 50]. Of
note, the anti-tumor activity of PD-1 blockade in HL seems to rely more on CD4" than
CD8* T cell-mediated mechanisms, as most of responding tumors have dysfunctional class-I
(but not class-11) MHC antigen presentation [35]. The impact of oncogene-driven/genetic-
driven relative to immune-driven tumor PD-L1 overexpression has not been systematically
evaluated. It is logical to think that tumors overexpressing PD-L1 because of intrinsic
mechanisms of PD-L1 induction, without substantial T cell infiltration, will not be
particularly sensitive to PD-1 pathway blockade.
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IFN-y Responsiveness and Antigen Presentation

Tumor expression of the IFN-y receptor signaling cascade and antigen presentation
machinery are important factors determining response to immunotherapy. IFN-vy is produced
mainly by natural killer (NK) cells or activated antigen-specific T cells. When sensed by
tumor cells, IFN-y promotes direct anti-tumor effects by limiting tumor growth and survival
and indirect immune-mediated anti-tumor activity by favoring tumor immune recognition
via the JAK/STAT pathway, leading to up-regulation of inducible proteasome subunits,
transporters associated with antigen processing (TAP), class | and class 11 MHC molecules,
and T cell-recruiting chemokines [51, 52]. Given the harmful consequences of IFN-y-
mediated signaling, PD-L1 is concomitantly induced to control for excessive unwanted T
cell responses against host damaged tissues. In the setting of a tumor, this mechanism can
favor immune escape and indicates adaptive immune resistance. Signs of adaptive immune
resistance (i.e., PD-L1 overexpression in association with elevated IFN-y and immune
infiltrates) in turn may indicate sensitivity to immunotherapy with checkpoint blockade, in
particular PD-1/PD-L1 blockade. However, under the selective pressure of strong anti-tumor
immune responses, the tumor can evolve to lose the capacity to respond to IFN-y by
acquisition/selection of loss-of-function mutations or epigenetic inactivation of JAK1/JAK2
genes, becoming insensitive to immunotherapy [53,54]. Of note, JAK1 loss-of-function
precludes signaling from both type-I [IFN-a, IFN-B] and type-I1 interferons (IFN-vy), while
JAK2 loss-of-function primarily abolishes responsiveness to IFN-y [55]. The tumor can also
directly lose the capacity of being recognized by immune cells by acquisition/selection of
loss-of-function mutations in the antigen presentation machinery, with the most common
genetic alterations occurring in the beta 2-microglobulin (B2M) gene [56, 57+ 58]. p2M
serves as a structural protein to properly assemble class | MHC on the cell surface. The
tumor evolutionary advantage of losing p2M stems from the possibility to inactivate all
class-1 HLA alleles through the loss of a single gene ($2M). Tumor loss of IFN
responsiveness and antigen presentation machinery may result from a natural immunoediting
process that can be accelerated during treatment with immunotherapy leading to
refractoriness. Importantly, CRISPR-Cas9-genome-editing-based screening of genes
affecting the capacity of melanoma cell lines to be recognized and killed by CD8* T cells
objectively demonstrated that loss of genes involved in IFN-vy signaling and/or antigen
presentation is a top mechanism leading to immune resistance in vitro and in vivo [59, 60].
Inactivating mutations of class | HLA and B2M genes are significantly enriched in
immunogenic tumors characterized by high mutation burden (i.e., MSI-high tumors) and
correlate with T cell infiltration and cytolytic activity, highlighting an active mechanism of
immune escape under the pressure of on-going anti-tumor T cell responses [13, 61, 62]. In
addition, analysis of loss-of-function mutations in the type | IFN response pathway in
TCGA datasets of skin cutaneous melanoma, breast invasive carcinoma, and prostate
carcinoma underscored an association between the presence of these alterations and poor
clinical outcome [55, 63]. Acquisition of loss-of-function mutations in the IFN response
pathway and antigen presentation machinery during treatment with checkpoint blockade
have been also observed and reported to occur in association with the development
ofresistance in particular in melanoma and lung cancer patients [56, 57, 58].
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An interesting exception to this model is HL, which largely loses expression of class-1 MHC
and p2M [35] and can still respond to PD-1 blockade. Recent work showed the correlation
between expression of class-11 MHC and clinical response of HL patients to PD-1 blockade
and the predictive potential of class-1l MHC expression for prolonged survival in these
patients, indicating the involvement of CD4" T cells in the anti-lymphoma activity of anti-
PD-1 [35].

Together, these findings underscore the importance of assessing the functional status of the
IFN response pathway and antigen presentation machinery in tumor cells at baseline and
during treatment with checkpoint blockade to anticipate clinical outcome and guide proper
therapeutic decisions. In this context, particular attention should be given to those cases
showing loss of heterozygosity in JAK1/2 and p2M, because, under a strong immune
selective pressure, these abnormalities can pre-dispose to the acquisition of inactivating
mutations in the second allele resulting in complete loss of gene function, which will render
the tumor refractory to immunotherapy [56, 63]. To overcome resistance conferred by
deficiencies in the antigen presentation process, the use of NK-stimulatory or adoptive
therapies represents a rational approach. Preclinical evidence supports the relevance of
potentiating NK surveillance against B2M-deficient tumors [56], and checkpoint blockade in
combination with antibodies blocking NK inhibitory receptors (such as inhibitory KIR) is
actively investigated in patients with solid and hematologic malignancies (NCT01592370,
NCT03335540, NCT03341936, NCT03203876, NCT01714739) [64].

Microenvironmental Biomarkers

Throughout its development, the tumor establishes interactions within its environment, with
the immune system being the most dynamic component. Tumor-immune actions and
reactions occur in an ongoing dialog that shapes tumor evolution toward immune escape
[65]. Depending on the stage of tumor evolution with respect to immune escape, this dialog
may be more or less coherent. For example, elevated mutational burden and neoantigen load
in tumors with intact antigen presentation machinery may very likely associate with
abundant T cell infiltration. This in turn can activate immune suppressive mechanisms,
including expression of inhibitory factors (i.e., PD-L1) and recruitment of
immunosuppressive cells [Tregs, myeloid-derived suppressor cells (MDSCs), M2
macrophages] as a physiologic feedback loop to preserve tissue homeostasis. A similar
situation can indicate potential responsiveness to immunotherapy. However, tumor and
microenvironmental immune features are not always “in phase” in these bidirectional
interactions [66, 67] and predicting the outcome of immunotherapy based only on one of
these two sides may not necessarily be successful. Assessment of microenvironmental
parameters, in particular immune cells, is thus as important as evaluation of tumor-intrinsic
biomarkers. However, characterization of immune infiltrate is more challenging than
quantification of a single tumor marker or genetic features because of immune processes
being very dynamic and changing over time. Another limitation is technical and resides in
the amount and quality of tumor tissue required and difficulties in the analysis
standardization.
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All immune cell types can infiltrate a tumor, including innate cells (macrophages, dendritic
cells, mast cells, NK cells) and B and T cells at different stages of maturation/activation and
different subsets of CD4™ T cells [T helper 1 (Th1) cells, Th2 cells, Th17 cells, Tregs, T
follicular helper (TFH) cells]. These immune cells can be present in the tumor core and/or
invasive margins. Both composition and localization of tumor immune infiltrate can
influence the outcome of cancer patients [68]. Before the advent of immunotherapy, several
studies clearly showed the association between long survival and high intra-tumor density of
CD3™ T cells and cytotoxic and memory CD8* T cells in patients with different types of
cancer undergoing surgery [69]. Based on this evidence, quantitation of memory CD45RO*
and cytotoxic CD8* T cells in the tumor core and invasive margins was proposed as a new
scoring system to predict survival [70]. The so-called immune score was specifically
established to predict disease recurrence after surgery in patients with local colorectal cancer
based on the evidence that a baseline low immune score significantly enriched for patients
that developed recurrent disease after surgery [70-72, 73¢]. Application of this concept to
predict response to checkpoint blockade has shown promising results [74+]. Comparison of
CD8*, CD4*, PD-1%, and PD-L1* cell population densities within the tumor and the invasive
margin in pre-treatment biopsies from advanced melanoma patients treated with
pembrolizumab revealed that invasive margin CD8* T cell density has the strongest
predictive potential of response to PD-1 blockade [74¢] (Table 3). Interestingly, in these
patients, the presence of tumor-associated CD8* T cells correlated with both improved
clinical outcome and PD-1 and PD-L1 expression in the tumor [74¢]. This indicates the
importance of pre-existing tumor-associated CD8" T cells as well as an active PD-1/PD-L1
pathway inhibiting these T cells in dictating sensitivity to PD-1 blockade.

While the presence of cytolytic immune cells in the tumor is generally a biomarker of
potentially favorable outcome to immunotherapy (Table 3), the presence of
immunosuppressive cells may have a dual meaning. In fact, immune inhibitory cell subsets
can be recruited as a consequence of inflammation and ongoing immune response. In this
case, treatment with checkpoint blockade can be particularly valuable. For example, high
baseline intra-tumor Tregs was found to be associated with an improved clinical outcome to
CTLA-4 blockade [75] (Table 3). This may be due to the capacity of anti-CTLA-4 to
directly inhibit one of the major mechanisms of Treg suppression (CTLA-4) in a tumor that
recruits Tregs as a key immune escape mechanism. The presence of alternative
immunosuppressive cell subsets at baseline may instead indicate reduced sensitivity to
CTLA-4 blockade. As an example, elevated frequencies of circulating MDSCs have been
shown to inversely correlate with response to ipilimumab in advanced melanoma patients
[77] (Table 3). If checkpoint blockade cannot directly inhibit the immunosuppressive
populations that accumulate into an inflamed tumor, combinations with agents targeting
these regulatory subsets may be effective. Pre-clinical studies in mouse tumor models have
shown that the presence of MDSC or tumor-associated macro-phages can be efficiently
counteracted by inhibition of PI3Ry or CSF-1R respectively in combination with checkpoint
blockade leading to improved anti-tumor effects [80, 81].
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Host Biomarkers

In addition to tumor- and immune-related factors, certain features of the host may also
impact on the response to checkpoint blockade. Recent studies have highlighted that the
composition of the gut microbiota can influence the outcome of multiple types of cancer
therapies, including checkpoint blockade [82, 83]. Seminal observations in mouse
preclinical models opened the way for investigating the impact of gut microbiota in response
to immunotherapy in cancer patients. Anti-tumor activity of checkpoint blockade was found
to be significantly reduced in germ-free mice or mice treated with broad-spectrum
antibiotics [84e, 85¢]. Checkpoint blockade also deeply altered the composition of the gut
microbiota and in different ways in responding compared to non-responding animals, and
oral supplementation of the favorable microbiota could restore the therapeutic efficacy of
checkpoint blockade [84, 85¢]. Analysis ofanti-PD-1 clinical benefit in the relationship with
the consumption of antibiotics for routine indications showed significantly shorter survival
in cancer patients that were treated with antibiotics shortly before, during, or shortly after
PD-1 blockade [86], highlighting the importance of the host microbiome in the response to
immunotherapy in cancer patients. Multiple studies in melanoma patients have also recently
described an association between the baseline composition of gut microbiota and improved
activity of PD-1 or CTLA-4 blockade [87-90]. Importantly, this association vanishes if oral
microbiota is interrogated in place of gut microbiota [89]. Even though different microbial
species may be associated with response to checkpoint blockade therapy, there seems to be a
trend toward an enrichment in Firmicutes in responders and Bacteroidetes in non-responders
[87, 88]. Importantly, these analyses have demonstrated the potential of monitoring
particular microbial species in the gut to predict clinical outcome of checkpoint blockade.
These results are corroborated by mechanistic studies in mice showing improved tumor
control and immune activity of checkpoint blockade upon fecal microbiota transplantation
from responders. The presence of beneficial gut microbiota is also associated with increased
T cell activation in the gut and peripheral blood and tumor and with reductions in
immunosuppressive cells (Tregs and MDSCs). Initial observations suggest that the same
taxa that are associated with checkpoint blockade clinical activity may also be associated
with toxicities, in particular colitis [87, 88, 91]. This further strengthens the importance of
further assessing gut microbiota in patients undergoing immunotherapy to anticipate both
response and toxicity.

An additional host factor, Fcy receptor polymorphisms, which alter the binding affinity for
antibody Fc regions, have been studied in association with the clinical outcome of
checkpoint blockade therapy, in particular ipilimumab. Previous studies with depleting, Fc
competent, 1IgG1 antibodies as cancer treatments, including anti-CD20 rituximab, anti-HER2
trastuzumab, and anti-EGFR cetuximab, have highlighted the potential impact of host Fcy
receptor polymorphisms on anti-tumor activity [92]. In particular, single-nucleotide
polymorphisms leading to FCGR2A (CD32) H131R and FCGR3A (CD16) V158F amino
acid changes have been shown to increase binding affinity for IgG1 antibodies and this can
improve antibody effector functions [92].

Ipilimumab is an 1gG1 antibody with functional Fc region, and it can activate Fcy
downstream effector functions, including antibody-dependent cellular cytotoxicity (ADCC).
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In contrast to tumor-targeting antibody therapeutics, ipilimumab targets CTLA-4, which is
expressed on immune cells. CTLA-4 is expressed at very high levels on Tregs, and treatment
with anti-CTLA-4 antibodies has been shown to downregulate tumor-infiltrating Tregs via
ADCC in preclinical mouse tumor models [93, 94]. Similarly, ipilimumab was found to
effectively engage CD16 on human “non-classical” CD16™ monocytes ex vivo leading to
ADCC-mediated Treg lysis, and in melanoma patients, higher baseline frequencies of
circulating non-classical monocytes were associated with response to ipilimumab [95].
Although the effect of ipilimumab on Tregs in cancer patients in vivo has not yielded
conclusive results [95, 96], these findings raised the possibility that Fcy receptor
polymorphisms may impact on the clinical activity of ipilimumab. Initial studies in
melanoma patients treated with ipilimumab showed no correlation between Fcy receptor
polymorphisms and clinical outcome [75]. More recently, incorporation of CD16 V158F
polymorphism information into multiple regression analysis of survival was found to
significantly improve prediction of clinical benefit in melanoma patients [97]. Among
patients with high mutational load or high intra-tumor CD8 expression in two independent
patient cohorts, the presence of CD16 V158F polymorphism correlated with significantly
extended overall survival [97]. These findings support further investigation of Fcy receptor
polymorphisms and Treg depletion in the anti-tumor activity of CTLA-4 blockade in
patients. A recently initiated clinical trial testing a modified version of ipilimumab with
more potent depleting functions will contribute to clarify the relevance of these factors
(NCT03110307).

The class-1 HLA (HLA-I) genotype is emerging as an additional host genetic factor that can
influence the outcome of checkpoint blockade. HLA-I molecules are both polygenic—being
encoded by three genes (HLA-A, HLA-B, and HLA-C)—and highly polymorphic, with over
10,000 distinct alleles described thus far [98]. The combination of multiple genes and alleles
ensures enough diversification of HLA molecules to bind and present a wide range of
peptides for T cell recognition and activation. It is logical to think that HLA zygosity can
impact on the efficiency of antigen presentation and immune reactions. In the setting of
cancer patients treated with checkpoint blockade, reduced HLA-I zygosity, decreasing the
number and diversity of tumor-associated peptides possibly being presented, may negatively
impact on anti-tumor activity. Initial evidence supporting this hypothesis has been recently
documented by a retrospective analysis of 1535 patients with advanced solid cancers,
including melanoma and NSCLC, treated with checkpoint blockade, where homozygosity at
one HLA-I locus (A, or B, or C) was associated with reduced overall survival [99].
Interestingly, HLA-I zygosity in combination with mutation burden appeared to more
accurately predict clinical benefit, with homozygosity in at least one HLA-I locus and <113
mutations/exome enriching for patients with significantly shorter survival [99]. The potential
usefulness of this biomarker needs to be confirmed in additional series of patients with
longer follow-up.

Dynamic Biomarkers

Baseline tumor-intrinsic and immune microenvironmental factors are all valuable parameters
helping to estimate the outcome of immunotherapy. However, many cases do not present
with all favorable/negative features in these multifactorial categories and predicting the
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relative contribution of favorable and detrimental features in the overall response may be
difficult. Monitoring dynamic biomarkers during treatment may add value in the prediction
of a clinical result. Among the most frequently reported dynamic biomarkers of ipilimumab,
increases in peripheral blood absolute lymphocyte counts (ALC), absolute eosinophil count
(AEC) [100-102], and activated Ki67* [103] and/or ICOS™ T cell frequencies [104, 105]
have been described in melanoma patients. Of note, on-treatment increases in ALC and AEC
[100-102], ICOS™ T cell frequencies [104, 105], and decreases in circulating neutrophil/
lymphocyte ratios [106] and circulating MDSCs [77] have all been shown to associate with a
positive clinical outcome to ipilimumab.

Changes in circulating T cells have been also found to be associated with activity of PD-1
blockade. Rapid increases in proliferating Ki67*PD-1"CD8" T cells have been observed
after anti-PD-1 treatment in melanoma patients, indicating reinvigoration of previously
exhausted (PD-1*) CD8* T cells [107]. Importantly, the ratio between Ki67*CD8* T cells
and tumor burden correlated with survival in these patients [107]. We have recently reported
that PD-1 blockade can reduce peripheral frequencies of a non-conventional
immunosuppressive TFH-like PD-1"Foxp3~CD4* T cell subset in association with clinical
benefit in melanoma patients, highlighting the impact of CD4* T cells in the response to
anti-PD-1 [108]. Interestingly, these immunosuppressive TFH-like cells can be induced by
CTLA-4 blockade, whereas addition of anti-PD-1 to anti-CTLA-4 treatment helps maintain
stable levels of these cells [108] Given the biologic relationship between TFH and B cells
and in light of preliminary evidence of the poor prognostic value of TFH-associated genes in
B-cell lymphoma patients treated with anti-CD20 combination immunotherapy [78] (Table
3), this immunosuppressive TFH-like cell subset deserves particular attention in the setting
ofB-cell malignancies.

T cell repertoire diversity and clonality assessed by next-generation deep sequencing of the
complementarity-determining region 3 (CDR3) from rearranged TCR can be used to
monitor induction of T cell responses. In metastatic castration-resistant prostate cancer and
melanoma patients, CTLA-4 blockade with ipilimumab or tremelimumab was found to
increase peripheral TCR repertoire diversity with no specific expansion of clonal T cell
populations [109,110]. The predictive/prognostic significance of this effect has to be
validated in larger studies. Initial results have shown that patients with longer survival tend
to less frequently lose baseline high-frequency clones upon CTLA-4 blockade, pointing to
the importance of pre-existing T cell responses in the anti-tumor activity of anti-CTLA-4
[109]. This is in agreement with the association between broad baseline TCR repertoires and
improved outcome of CTLA-4 blockade [111]. Monitoring changes in peripheral TCR
repertoires during immunotherapy can also provide important information to anticipate
toxicities. Reduction in peripheral TCR evenness was found to parallel severe organ
infiltrations with mononuclear cells in mice treated with anti-4—1BB alone or in combination
with anti-PD-1 [112]. Furthermore, in patients with metastatic castration-resistant prostate
cancer or melanoma treated with ipilimumab or tremelimumab, increases in peripheral TCR
repertoire diversity were found to be associated with the development of immune-related
adverse events [110, 113].
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As opposed to peripheral blood dynamic biomarkers that are more easily detectable but do
not necessarily associate with clinical outcome, changes in intra-tumor immune cells may
more reliably indicate an ongoing immune response and therapeutic effect. For these
analyses, the limitation is the requirement of longitudinal tumor biopsies, which cannot
always systematically be collected. Results from small studies with checkpoint blockade
treatment in solid and hematologic cancer patients have frequently highlighted an
association between clinical responses and increases in tumor-infiltrating T cell density
and/or activation, including enhanced expression of IFN-y-induced and Thl-associated
genes, which are indicative of ongoing anti-tumor immune responses [75, 76, 78, 114, 115].
Effects of checkpoint blockade on intra-tumor TCR repertoire diversity in association with
anti-tumor activity have also started to be investigated. Initial analyses in melanoma patients
treated with nivolumab have shown that clinical responses are associated with a decrease in
evenness of TCR representation in the repertoire of tumor-infiltrating T cells during therapy,
indicating relative expansion of specific clonal T cell populations in responding tumors
[115]. Interestingly, in responding patients, this effect correlated with elimination of clonal
tumor mutations, consistent with therapy-induced T cell responses against relevant truncal
neoantigens [115]. Of note, intra-tumor TCR clonality upon treatment with nivolumab
increased more efficiently in patients with HLA-1 heterozygosity, suggesting that HLA
diversity may influence activation and expansion of relevant T cell clones [99]. The
association between reduction in TCR evenness and anti-tumor effects of immunotherapy
has been further confirmed in preclinical studies with B16-melanoma bearing mice treated
with a panel of immunomodulatory antibodies, including anti-PD-1 [112].

Conclusions and Perspectives

The availability of an increasing number of patients treated with checkpoint blockade now
offers a real opportunity to define robust biomarkers of biologic and therapeutic activity.
This process has been significantly accelerated by the possibility to comprehensively
interrogate tumor genome and transcriptome via next-generation sequencing techniques.
Thus far, analysis of tumor-restricted factors with these methods has been the most
successful approach toward the identification of biomarkers of response to checkpoint
blockade. The degree of tumor foreignness, quantified by tumor somatic mutational burden
and/or neoantigen load, has shown to impact on the clinical outcome as long as tumor cells
have the capacity to correctly present antigens. Tumor expression of PD-L 1 provides an
additional indication of potential susceptibility to checkpoint blockade, in particular when it
is driven by /FN-y as a result of T cell infiltration. This highlights the relevance of
microenvironmental factors in the prediction of responses. Depending on their assortment,
tumor-infiltrating immune cells can provide both stimulatory and inhibitory signals for anti-
tumor immune responses and the tumor can sense these signals and react accordingly.
Importantly, the definition of immune stimulatory and immunosuppressive signals as
(respectively) positive and negative modulators of an anti-tumor immune response may not
be the same in solid and hematologic cancers. As an example, PD-1 expression has recently
been found to constitute a tumor suppressor gene in T cell lymphoma [116] and blockade of
PD-1 has the risk to accelerate T cell leukemia-lymphoma progression [117].
Characterization and interpretation of the /mmune landscape in tumors is challenging mainly
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because of the highly dynamic environment. Based on the assumption that T cells are the
ultimate mediators of tumor clearance in response to immunotherapy, studying the IFN-y
response pathway and T cell infiltration/activation is showing the relevance of these factors
in checkpoint blockade responses. Current efforts to more comprehensively define the
immune determinants of response to immunotherapy by single-cell transcriptomic analyses
of tumor immune infiltrate will provide new insights into relevant biomarkers and molecular
mechanisms underlying checkpoint blockade activity. Important factors to consider in the
definition/interpretation of immunotherapy biomarkers are the plasticity of the tumor
immune landscape and its heterogeneity across lesions in the same patients [118]. The
possibility to assess tumor-intrinsic and immune-microenviron mental factors in different
lesions in metastatic patients may provide more accurate indication of the potential efficacy
of an immunotherapeutic intervention. As our understanding of pharmacodynamic
biomarkers of checkpoint blockade is improving, monitoring their occurrence during
treatment will also be of significant aid to guide proper therapeutic decisions. In this regard,
the possibility to evaluate activity of immunotherapy by assessing relevant immune changes
in peripheral blood during treatment would be invaluable. Systemic factors can be easily and
repeatedly monitored, and if they correlate with local anti-tumor activity, they may provide a
net measure of the effects of immunotherapy across multiple lesions.

Based on these considerations, a logical approach toward an improved use of checkpoint
blockade is to perform coordinate baseline assessments of tumor immune state followed by
careful evaluation of pharmacodynamic biomarkers to anticipate clinical outcome and
optimize treatments if needed (Fig. 1). Immunotherapy studies are now starting to integrate
multiple tumor- and immune-related parameters to clarify the molecular determinants of
responses to immunotherapy. As an example of how to organically integrate these factors,
the cancer immunogram was proposed to visualize cancer immune states and optimize
treatments in a more personalized manner [119]. We should update the parameters to
incorporate in such model and monitor its evolution over time during specific treatments to
clarify which state(s) more likely renders tumors responsive to immunotherapy (Fig. 1).
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Immunograms of baseline and dynamic biomarkers. Examples of immunograms, including
available baseline and dynamic biomarkers, potentially associated with response or lack of
response to immune checkpoint blockade (ICB). Systematic assessment of biomarker
immunograms before and after treatment in correlation with outcome will help define the
tumor-immune state(s) and type of evolution that predict a clinical response
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