
Review Article
Theme: Identification and Implementation of Predictive Biomarkers for Checkpoint Targeted Immunotherapy
Guest Editors: Baolin Zhang and Mario L. Rocci Jr.

Identification and Utilization of Biomarkers to Predict Response to Immune
Checkpoint Inhibitors

Ole Gjoerup,1,2,4 Charlotte A. Brown,1 Jeffrey S. Ross,1,3 Richard S. P. Huang,1 Alexa Schrock,1 James Creeden,1

David Fabrizio,1 and Khaled Tolba1

Received 10 July 2020; accepted 22 September 2020

Abstract. Immune checkpoint inhibitors (ICPI) have revolutionized cancer therapy and
provided clinical benefit to thousands of patients. Despite durable responses in many tumor
types, the majority of patients either fail to respond at all or develop resistance to the ICPI.
Furthermore, ICPI treatment can be accompanied by serious adverse effects. There is an
urgent need for identification of patient populations that will benefit from ICPI as single
agents and when used in combinations. As ICPI have achieved regulatory approvals,
accompanying biomarkers including PD-L1 immunohistochemistry (IHC) and tumor
mutational burden (TMB) have also received approvals for some indications. The ICPI
pembrolizumab was the first example of a tissue-agnostic FDA approval based on tumor
microsatellite instability (MSI)/deficient mismatch repair (dMMR) biomarker status, rather
than on tumor histology assessment. Several other ICPI-associated biomarkers are in the
exploratory stage, including quantification of tumor-infiltrating lymphocytes (TILs), gene
expression profiling (GEP) of an inflamed microenvironment, and neoantigen prediction.
TMB and PD-L1 expression can predict a subset of responses, but they fail to predict all
responses to checkpoint blockade. While a single biomarker is currently limited in its ability
to fully capture the complexity of the tumor-immune microenvironment, a combination of
biomarkers is emerging as a method to improve predictive power. Here we review the
steadily growing impact of comprehensive genomic profiling (CGP) for development and
utilization of predictive biomarkers by simultaneously capturing TMB, MSI, and the status of
genomic targets that confer sensitivity or resistance to immunotherapy, as well as detecting
inflammation through RNA expression signatures.

KEY WORDS: Comprehensive genomic profiling; Immune checkpoint inhibitors; Biomarkers; Tumor
mutational burden; PD-L1.

INTRODUCTION

Recent advances in cancer biology and tumor immunol-
ogy have ushered in a new era of cancer immunotherapy in
the form of immune checkpoint inhibitors (ICPI) (1). Modern
immunotherapy has transformed the practice of medical
oncology. A recent study found that the estimated percentage
of US patients with cancer who are eligible for ICPI increased
from 1.54% in 2011 to 43.63% in 2018 (2). The efficacy of

ICPI treatment, whether alone or in various combinations is
reduced by primary or acquired resistance to treatment, and
the impact of ICPI on overall survival (OS) of cancer patients
remains limited. Initially, the percentage of patients estimated
to respond to ICPI was 0.14% in 2011 and increased to
12.46% in 2018 (2). ICPI use may also cause unique side
effects unlike those associated with targeted agents and
chemotherapies, resulting from the immune system targeting
normal immune cells as well. The most common adverse
effects encountered are colitis, hepatitis, adrenocorticotrophic
hormone insufficiency, hypothyroidism, type 1 diabetes, acute
kidney injury, and myocarditis (3). With a main goal of
expanding immunotherapy applications, the identification and
utilization of biomarkers to guide both positive and negative
predictive decision insights are essential. Important positive
impact measures include the accurate prediction of initial and
long-term durable therapeutic responses and improvement in
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quality of life, while the identification of negative prediction
impact measures, such as predisposition to ICPI adverse
effects, will increase cost-effectiveness, due to decreased ER
utilization and hospitalizations.

Current FDA-approved predictive biomarkers linked to
ICPI use include PD-L1 expression via immunohistochemis-
try (IHC) and tumor mutational burden (TMB) detected
using comprehensive genomic profiling (CGP), with the
identification of microsatellite instability (MSI)/mismatch
repair deficiency (dMMR) by multiple modalities as part of
an FDA-approved indication for pembrolizumab. However,
when the significant frequency of non-responders and the
substantial costs of the typical treatment using ICPI of greater
than $150,000 per year are considered (4), it is apparent that
patient selection using additional validated biomarkers is
needed to optimize clinical outcomes and healthcare
resource utilization. In this review, we will explore the
current landscape of biomarkers to predict response to
ICPI, their current successes and limitations, and emerging
novel biomarkers that have potential to further improve
clinical efficacy.

IMMUNE CHECKPOINT BLOCKADE

In 2013, Chen andMellman proposed the cancer immunity
cycle as a framework to explain how genomic alterations
inherent to every cancer initiate a complex multi-step process
that culminates with an anti-tumor immune response as
illustrated in Fig. 1 (5,6). Today, this model forms the scientific
basis for application of immune checkpoint blockade in the
clinic, which is the foundation of modern immunotherapy.

Since the first approval of anti-CTLA-4 treatment for
patients with metastatic melanoma in 2011, a series of fast-
paced ICPI approvals have changed how advanced cancer is
treated. At least seven monoclonal antibodies have gained
US regulatory approval in 45 different indications targeting
the CTLA-4 and PD-1/PD-L1 axes (7). However, with few

exceptions such as Hodgkin’s lymphoma and Merkel cell
carcinoma, the overall response rate (ORR) to ICPI
monotherapy remains in the 10–30% range (8,9), prompting
an exhaustive search to understand the biology of primary
and acquired resistance to ICPI, and define better predic-
tive biomarkers and novel combination regimens. In a
manner analogous to the activation of parallel signaling
pathways that often mediate acquired resistance to targeted
therapy in oncogene-addicted cancers, at least four novel
inhibitory receptors (LAG-3, TIM3, TIGIT, and VISTA)
are often upregulated in ICPI-resistant cancers and are
currently being explored as targets in conjunction with anti-
PD-1/PD-L1 or anti-CTLA-4 (10).

As the widespread use of ICPI continues to expand, the
identification and validation of biomarkers capable of
predicting both ICPI responses and adverse events have
never been more important.

BIOMARKERS FOR IMMUNE CHECKPOINT
INHIBITORS

The response to ICPI is influenced by both tumor
intrinsic and extrinsic factors, which can be monitored using
various biomarkers (Fig. 2). These biomarkers can be
detected using a wide array of molecular techniques, includ-
ing detection of PD-L1 expression by immunohistochemistry
(IHC), degree of T cell infiltrates within the tumor tissue by
IHC or immunofluorescence, as well as genomic/
transcriptomic biomarkers such as MSI, TMB, signaling
alterations, and IFN-γ pathway activity using CGP. CGP is
a next-generation sequencing (NGS)-based methodology that
simultaneously detects the four main classes of cancer-
associated genomic alterations and generates genomic signa-
tures, designed to provide prognostic, diagnostic, and predic-
tive insights that inform treatment decisions for individual
patients across all cancer types.

Fig. 1. Framework for signaling between activated T cells, antigen presenting cells, and tumor cells. T cell receptor (TCR)
interacts with neoantigen/major histocompatibility complex (MHC) to induce a stimulatory signal. T cells are kept in check
by activation of various coinhibitory receptors as outlined in the diagram. When these receptors or ligands are blocked by
therapeutic antibodies, ensuing T cell activation causes release of cytotoxic IFN-γ, perforin, and granzyme. IFN-γ activates
the interferon pathway through IFNGR1/2, JAK1/2 and STAT1
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PD-L1 IMMUNOHISTOCHEMISTRY AS THE FIRST
FDA-APPROVED BIOMARKER FOR IMMUNE
CHECKPOINT INHIBITORS

PD-L1 is an inducible type-I transmembrane ligand
expressed on a subset of macrophages, T-, B-lymphocytes,
NK cells, and endothelial cells in an inflammatory
microenvironment, where it maintains host immune re-
sponse and prevents autoimmunity by binding to the PD-1
receptor and inducing an immune checkpoint (11–13).
This function has been usurped by tumor cells in an effort
to evade immune surveillance and forms the basis for the
adoption of PD-L1/PD-1 blockade as an anti-cancer
therapy (12,14,15). Upregulation of PD-L1 through in-
flammatory signaling is mediated through IFN-γ (16,17)
produced by T-cells and NK cells. IFN-γ signals through
the JAK-STAT pathway and activates several interferon-
responsive factors (IRF) of which IRF-1 is responsible for
PD-L1 upregulation (18). Given the critical role played by
IFN-γ in upregulating PD-L1, expression of PD-L1
detected by IHC is often viewed as a surrogate marker
of an inflamed tumor microenvironment and enhanced
IFN-γ activity.

The most well-studied candidate biomarker in this
field and first to be granted regulatory approval as a
companion diagnostic test for PD-1 blockade was PD-L1
protein expression detected by IHC (19). PD-L1 expres-
sion varies significantly among different tumor types, and
this difference generally correlates with response to PD-1
pathway blockade (20,21), thus providing both a mecha-
nistic explanation for how tumors evade host immune
response (22) and a rationale for the development of PD-
L1 expression as a response biomarker (23). Data from
these early phase clinical trials provided the scientific
rationale for PD-L1 IHC testing and suggested that
expression of PD-L1 predicts a favorable response to
ICPI (24). This has led to the development of multiple
companion diagnostic tests to accompany PD-1/PD-L1
regulatory approvals that have included assessment of

PD-L1 expression on tumor cells, intra-tumoral inflamma-
tory cells, or both (25). Expression of PD-L1 on immune
cells is important in mediating immunosuppressive activity
(26) and predicting clinical response to ICPI based on the
numerous PD-L1 IHC companion diagnostic (CDx) ap-
provals in the past few years that is dependent solely on
immune cells expression or a combination of immune cell
and tumor cell expression of PD-L1. For example, PD-L1
is expressed on antigen presenting cells (APC), where a
cis interaction with CD80 is required for optimal immune
responses (27).

The initial approval of pembrolizumab for previously
treated non-small cell lung cancer (NSCLC) patients was
based on the KEYNOTE-001 trial and PD-L1 expression
level of ≥ 50% on tumor cells (tumor proportion score
(TPS)≥ 50%) using the DAKO 22C3 pharmDx assay
(23). Subsequent trials lowered that threshold to ≥ 1%
based on KEYNOTE-010 (28). Pembrolizumab approval
for treatment-naïve NSCLC patients followed a similar
route where initial approval based on KEYNOTE-024
required PD-L1 TPS≥ 50%, and this was subsequently
lowered to TPS≥ 1% based on KEYNOTE-042. This
variable threshold for the definition of a positive cut-off
among treatment-naïve patients and those previously
treated sets immune therapy biomarkers apart from
targeted therapy, where typically a binary system exists
for what constitutes a positive threshold for treatment
selection. Approvals for nivolumab and atezolizumab in
previously treated NSCLC patients were granted indepen-
dent of PD-L1 expression.

The Blueprint project compared four trial-validated
anti-PD-L1 IHC assays in 39 NSCLC tumor samples
(Table I). The study showed that the percentage of PD-
L1 stained tumor cells was comparable between three of
the four assays (22C3, 28–8 and SP263) but consistently
lower with the fourth assay (SP142). All the assays
showed greater variability in PD-L1 staining on immune
cells than on tumor cells. The study indicated that
interchanging assay methods and cut-off values for PD-

Fig. 2. Overview of established and experimental immunotherapy
biomarkers. PD-L1 expression, TMB value, and MSI status have been
FDA approved as biomarkers for ICPI therapy under specific
conditions. Oncogenic signaling, which is analyzable through CGP,
can modulate the response to checkpoint inhibitors. Efforts to
incorporate TILs and inflamed RNA expression signatures into
composite biomarkers are ongoing
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L1 positivity can lead to inconsistent classifications of PD-
L1 status in some patients, highlighting the challenges of
the current IHC approach to assessing PD-L1 protein
expression.

In addition to the detection of PD-L1 protein expression
using IHC, CGP can be used for detection of amplification of
the chromosome 9p24.1 locus encompassing the genes
encoding PD-L1 (CD274), PD-L2, and JAK2 (Fig. 3) (29),
which has been observed in several malignancies including
Hodgkin’s lymphoma, various B cell lymphomas, as well as in
solid tumors. The CD274 gene amplification is quite uncom-
mon (< 2% of solid tumors), but, when it occurs, is nearly
always associated with high PD-L1 IHC staining. Preliminary
data indicate that amplification is associated with high
response rates to ICPI (29).

Taken together, PD-L1 is a sub-optimal predictive
biomarker for patients that may derive benefit from ICPI
treatment. Underscoring this point, patients harboring tumors
that are negative, or < 1% positive, for PD-L1 often still
experience impactful clinical responses from ICPI (30–34).
Thus, additional biomarkers are urgently needed to enhance
the predictive power of PD-L1 IHC assays. To provide an
overview, all the immune checkpoint biomarkers that will be
discussed are listed in Table II.

MISMATCH REPAIR DEFICIENCY/ MICROSATEL-
LITE INSTABILITY IS A POWERFUL PREDICTOR OF
SENSITIVITY TO IMMUNE CHECKPOINT
INHIBITORS

In 2017, the FDA granted a landmark first tissue agnostic
approval of pembrolizumab based on tumor biomarker status
only for the treatment of patients harboring microsatellite
instability high (MSI-H) or mismatch repair deficient
(dMMR) unresectable/metastatic solid tumors (35,36). While
MSI-H cases occur throughout the tumor spectrum at low
frequency, they are most prevalent in colorectal (CRC) and
endometrial carcinomas at approximately 15% frequency
(5% in metastatic CRC) (37,38).

To determine MSI/MMR status, four MMR proteins,
MSH2, MSH6, MLH1, and PMS2 are typically first assessed
in tumor tissues using IHC (39). If one or more of these
proteins are not detected through IHC, the CRC is classified
as mismatch repair deficient (dMMR). Due to errors in the
function of MMR during DNA replication, MSI can result.
While MSI-H status is associated with dMMR, differences in
how MSI and MMR are measured translate into less than
100% congruent results, for example, due to monoallelic loss
or loss of another uncharacterized MMR gene or promoter

Table I. IHC assays for Detection of PD-L1 Protein Expression

Clone 22C3 28–8 SP263 SP142

Therapeutic agent Pembrolizumab/Merck Nivolumab/
Bristol-Myers
Squibb

Durvalumab/
AstraZeneca

Atezolizumab/
Genentech

IHC Staining Platform Dako Ventana
Antigen Detection Tumor cell membrane

Immune cells
Tumor cell membrane
Infiltrating immune cells

Species Mouse Rabbit Rabbit Rabbit
High expression

Cut-off
NSCLC TPS≥ 1%
Gastric, GEJ CPS≥ 1%
ESCC CPS≥ 10%
Cervical Cancer CPS≥ 1%
UC CPS≥ 10%
SCCHN CPS≥ 1%

NSCLC ≥ 1%,
≥ 5%, ≥ 10%

SCCHN ≥ 1%
UC≥ 1%

≥ 25% of tumor cells
exhibit membrane staining; or,

ICP > 1% and IC+≥ 25%; or,
ICP = 1% and IC+ = 100%

UC≥ 5% IC
TNBC ≥ 1% IC
NSCLC ≥ 50%
TC or≥ 10% IC

Abbreviations: ESCC esophageal squamous cell carcinoma, GEJ gastroesophageal junction, UC urothelial carcinoma, SCCHN Squamous Cell
cancer of the Head and Neck, TPS tumor proportion score, CPS combined positive score, IC immune cells, ICP immune cells present

Fig. 3. Copy number plot showing amplification of CD274 in metastatic breast cancer. This tumor from a 64-year-old woman was MSS and
featured a TMB of 4 mutations/Mb. Genomic findings included CD274 (PD-L1) amplification at 25 copies/cell, as indicated by the arrow
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methylation (40). Early testing of MSI was performed on only
a few canonical microsatellite loci, BAT26, BAT26, D5S346,
D2S123, and D17S250 (41) via PCR followed by capillary
electrophoresis, a method requiring the analysis of paired
normal/tumor specimens. Additional MSI detection methods
are currently available, including single-molecule molecular
inversion probes (smMIPs), droplet-digital PCR, and next-
generation sequencing (NGS) (42,43). NGS-based methodol-
ogies and computational algorithms have allowed unbiased,
genome-wide screening of the molecular fingerprints of MSI,
greatly increasing the sensitivity of MSI detection (44). A
novel method of calling MSI using a targeted hybrid capture
NGS-approach was recently shown to be 97% concordant
with current standards, PCR and IHC, exhibiting 95%
sensitivity and 98% specificity, and unlike many PCR-based
tests, it does not require a matched normal tissue (40). A
recent study compared MSI status assessed by NGS or PCR
fragment analysis in 2189 matched cases from 26 cancer types
and found the sensitivity of the NGS test to be 95.8% and
specificity 99.4% relative to PCR (45). Recently, different
methods were compared for assessment of MSI status,
including PCR, NGS, and IHC (46).

The analytical and clinical validation of assays is essential
prior to use in clinical trials and patient care. The Centers for
Medicare & Medicaid Services (CMS) regulates all clinical
laboratory testing in the USA through the Clinical Labora-
tory Improvement Amendments (CLIA) for Laboratory
Developed Tests with best practice guidelines for NGS-
based genomic testing outlined by the Association of
Molecular Pathology with liaison representation from the
College of American Pathologists (47). Even more robust
performance requirements from the US FDA need to be
demonstrated prior to approval or clearance of a diagnostic
device (48). Foundation Medicine’s FoundationOne®CDx is
currently FDA approved and Memorial Sloan Kettering
Cancer Center’s MSK-IMPACT is FDA authorized for the
detection of MSI in tumor tissue using CGP. In this
exceptional case, the FDA granted approval of
pembrolizumab for treatment of MSI-H/dMMR cancers
without an accompanying CDx, because the clear benefits
from use of the product were viewed as outweighing the risks
from lack of an approved CDx (35). MSI screening, when
integrated into CGP, can routinely be applied broadly across
many tumor types, where PCR would be impractical due to
low MSI frequencies. The utilization of CGP for the
detection of MSI also allows the detection of alterations in
other potentially targetable genes to inform precision
treatment options, in addition to identifying alterations
within the MLH1, MSH2, MSH6, PMS2, and EPCAM
genes found in patients with Lynch Syndrome, an inherited
condition that causes an increased risk for CRC, endome-
trial, and other cancers. As a major advance for patients
where the amount of tissue for IHC is insufficient, MSI can
also be detected by ctDNA-based liquid biopsy using hybrid
capture gene panels that also include targeted microsatellite
loci (49–51). By overcoming major challenges such as
repetitive loci, low tumor fraction, high-level technical noise
through selection of informative microsatellite loci, and
application of bioinformatics to improve sequencing accu-
racy, this important test is now ready for further validation
in prospective studies.

NEOANTIGENS AND TUMOR MUTATIONAL
BURDEN

Cancer develops when the repair of DNA damage
sustained during exposure to exogenous and endogenous
carcinogens gives rise to genomic alterations that disrupt the
function of oncogenes and tumor suppressors and allows the
developing cancer cells to escape host surveillance.
Neoantigens are defined as tumor-specific antigens that arise
from non-synonymous mutations and other genetic alter-
ations (52). These neoantigens, when processed into short
peptides and presented by MHC molecules to T cells,
stimulate the immune system recognition of cancer cells as
“non-self” and enable subsequent immune-mediated attack
(53). This nascent anti-tumor immune response is further
amplified by immune checkpoint blockade (54,55). The
number of mutations, and particularly the number of clonal
immunogenic mutations, predicts tumor response to anti-
CTLA4 and anti-PD-1 (56).

CGP has the ability to identify acquired non-germline
mutations that have the potential to generate neoantigens,
which in turn may be used to predict responses to ICPI
(52,57). In contrast with measuring TMB directly, computa-
tional algorithms for neoantigen prediction from sequencing
data have been developed and are constantly being refined,
but current algorithms are not strongly predictive of ICPI
responses (52,58). However, efforts to use HLA genotyping
to predict the relative efficiency of neoantigen presentation,
and the use of this information together with TMB to predict
ICPI responses is showing promise (59,60).

Determining TMB from sequencing data has emerged as
a major predictive biomarker for ICPI responses (61–64),
especially in ICPI monotherapy trials. TMB is a measure of
the number of somatic, non-driver mutations per Mb of
DNA, which includes substitutions, insertions, and deletions
(indels) (61–64). TMB is often considered a surrogate for
neoantigen load. Mutational processes, such as those derived
from cigarette smoke (lung and bladder cancer) and ultravi-
olet light (melanoma), are known to increase TMB, and the
concomitant higher mutational burden leads to an increase in
neoantigens and immunogenicity, thus providing a rationale
for the role of TMB as predictive biomarker for ICPI
response. The range of somatic mutations among tumors
varies from 0.01 per Mb to more than 400 mutations per Mb
(65,66). TMB was originally assessed by whole exome
sequencing (WES); however the impracticality of applying
WES on a routine clinical scale has refocused the application
of TMB towards CGP panels (66). To date, Foundation
Medicine’s FoundationOne®CDx assay, in which TMB is
calculated based on a ~ 0.8 Mb genomic region, is the only
FDA approved assay which includes TMB as part of its tumor
profiling claim. Two additional assays have received FDA
authorization, including MSK-IMPACT, which covers
~1.5 Mb over 468 genes and Omics Core from NantHealth,
which covers ~39 Mb over 19,396 genes.

Differences in panel size, technical sensitivity of the
assay, pre-analytical and analytical variables, in addition to
the underlying bioinformatics pipelines, however, are known
causes of variability in TMB estimates across laboratories
(62,64,67). Size of the genomic panel has been identified as a
key indicator in the sensitivity of panels to capture accurate
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TMB measurements. In general, evidence suggests that gene
panels of ≥ 0.5 Mb are needed to accurately stratify TMB
subpopulations down to levels of 10 mut/Mb (66). Beyond the
minimum size of the genomic content to accurately calculate
TMB, cancer panels by design over-represent cancer-related
genes and thus filtering the driver mutations from the
calculation is important to reduce the bias that can lead to
TMB over-estimations. Furthermore, TMB is a continuous
variable that has been forced into a binary definition of high
or low based on discrete cutoffs. More work is needed to
understand the relationship of clinical response along the
continuum of TMB scores and how discrete values can
provide more clinical information beyond a simple dichoto-
mous classification. Additionally, harmonization efforts are
currently underway to ensure alignment and improve inter-
changeability between TMB estimates generated from differ-
ent targeted gene panels or WES (64,68–70), an activity
essential to ensure this biomarker provides consistent infor-
mation to inform treatment decisions across diagnostic
platforms. Furthermore, studies indicate that TMB acts as
an independent biomarker from PD-L1 with limited overlap
(Fig. 4) (71). While TMB may outperform PD-L1 as a
predictive biomarker, the use of both tests may enhance the
identification of patients that might benefit from ICPI (72,73).

MSI-H/dMMR tumors are almost always accompanied by a
high TMB, ranging fromas low as 6mutations/Mb to as high as 819
mutations/Mb in MSI-H CRC (74). In contrast, most tumors with
high TMB are not MSI-H. Tumors with exceptionally high TMB
respond favorably to ICPI such as pembrolizumab. MSI-H CRC
tumor class can be subdivided according to the TMB value.
Specifically, the MSI-H population with > 37 mutations/Mb

predicted a positive impact on tumor response, progression-free
survival (PFS), and overall survival (74). Furthermore, while the
majority of microsatellite stable (MSS) colorectal tumors are
predicted to be resistant to ICPI, a minority of about 3% has high
TMB and may respond favorably (75). This observation may
increase the number of colorectal tumors eligible for ICPI by 50%
beyond the MSI-H population (75). Mutations in the replicative
polymerases POLE and POLD are also associated with ultra-high
TMB values, and case studies suggest favorable responses to
checkpoint blockade (76,77).As a specific example, a patientwith a
rare case of hypermutated, MSS castration-resistant prostate
cancer was found by CGP to harbor a POLE V411L
mutation, and the patient is demonstrating a long-term
complete response (> 6 years) to ICPI (78).

Several large-scale clinical studies have evaluated the
relationship between TMB and treatment outcome in cancer
patients and found notable clinical benefit associated with the
TMB high population especially in single ICPI treatment
protocols. A few of the landmark studies merit further
discussion. In a retrospective study of melanoma, Snyder
et al. found that higher TMB was correlated with overall
survival from ipilimumab or tremelimumab treatment (79).
Rizvi et al., in a prospective study of NSCLC, found that a
TMB greater than the median was associated with longer PFS
and durable responses using pembrolizumab (80). Van Allen
et al. performed WES from 110 patients with melanoma
treated with ipilimumab and demonstrated that mutational
load, neoantigen load, and expression of cytolytic markers
were associated with clinical benefit from ipilimumab (81).
Chalmers et al. established potentially broad impact of TMB
for prediction of ICPI responses in a range of tumor types by
analyzing 100,000 human cancer genomes (66). Goodman
et al. performed a retrospective pan-tumor study and
demonstrated higher response rate and increased PFS when
TMB≥ 20 mutations/Mb after treatment with various ICPI
(82). Yarchoan et al. showed correlation between clinical
response to anti-PD-1/PD-L1 and TMB across 27 different
tumor types (83). Similarly, Samstein et al. found that high
TMB, calculated from MSK-IMPACT NGS, predicted better
overall survival across multiple cancer types (57). In the
CheckMate-227 trial for NSCLC, TMB was found to be
predictive of PFS for nivolumab/ipilimumab treatment
(32,84). In addition, a study of real-world cancer data from
a clinical-genomic database revealed that TMB≥ 20 mut/ Mb
was associated with improved overall survival in NSCLC
treated with ICPI (85). Collectively, these examples as well as
many additional studies found an association between high
TMB and favorable clinical response rates with a single
immunotherapy agent (86).

In June 2020, FDA granted regulatory approval for the
use of FoundationOne®CDx as the first companion diagnos-
tic for pembrolizumab, Merck’s anti-PD-1 therapy, to identify
patients with unresectable or metastatic TMB-H (≥ 10
mutations/Mb) solid tumors that that have progressed follow-
ing prior treatment and who have no satisfactory alternative
treatment options. This approval was based on a prospec-
tively planned retrospective analysis of the KEYNOTE-158
open-label trial, which used a clinical trial assay (CTA) based
on FoundationOne®CDx to determine TMB status in
patient’s tumor tissue. The results showed that patients with
TMB ≥ 10 mutat ions/Mb who were treated with

Fig. 4. The relationship between PD-L1 IHC, tumor mutation
burden, and microsatellite instability across multiple tumor types
with a PD-L1 IHC CDx. Data was available for all three biomarkers
for 22,592 clinical cases in multiple tumor indications with PD-L1
IHC CDx. Tumor types in this cohort stained with a PD-L1 IHC CDx
assay and interpreted with associated cut-offs included: non-small cell
lung cancer (TPS≥ 1), esophagus squamous cell carcinoma (CPS≥ 10),
urothelial carcinoma (CPS≥ 10), cervix cancer (CPS≥ 1), gastric/
gastroesophageal adenocarcinoma (CSP≥ 1), head and neck squamous
cell carcinoma (CPS≥ 1) stained with the DAKO PD-L1 22C3 CDx
assay; and breast carcinoma (IC≥ 1) stained with VENTANA SP142
CDx assay. TMB and MSI were determined using the
FoundationOne®CDx or FoundationOne® CGP assay. TMB+ was
considered positive at the pan-tumor CDx cut-off ≥ 10 mutations/Mb
and MSI+ was equivalent to MSI-High
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pembrolizumab had a higher overall response rate (28%)
compared with patients with TMB values < 10 mutations/Mb
(7%) (87). As illustrated in Fig. 5, TMB-H has been detected
in a large number of solid tumor types; therefore, this new
approval may provide additional treatment options to a large
number of advanced cancer patients. While TMB as a
biomarker predictive of ICPI efficacy appears established
for single agent trials, the predictive power of TMB for
patients receiving combinations of ICPI with chemo is not as
well-established (86).

For many patients, obtaining sufficient tissue for CGP
can be a challenge, so the ability to generate predictive
genomic data utilizing ctDNA from liquid biopsies would
provide significant benefit to cancer patients. Additional
benefits include ease of blood sample collection at one or
multiple points and speed of processing (88). The analysis of
ctDNA, however, presents considerable challenges for labo-
ratories, and as in the case of tumor tissue, the entire liquid
biopsy workflow needs to be carefully optimized, with
appropriate quality controls included for the measurement of
extraction efficiency and fragment size and assays appropriately
validated for accuracy, reliability, and robustness (89–91).
Several ctDNA companion diagnostics are being developed to
predict and monitor responses to therapy, as well as detect
emerging resistance. Currently, plasma-based measurement of
TMB (bTMB) based on ctDNA is being evaluated as a non-
invasive, predictive biomarker for ICPI efficacy. Gandara et al.
published the clinical utility of a bTMB assay in a retrospective
study of the POPLAR and OAK randomized NSCLC clinical
trials, using the former as a training set and the latter for
validation (92). By setting a cutoff for bTMB at 14 mutations/
Mb, they were able to predict which patients would derive
clinical benefit from atezolizumab. Furthermore, TMB values
derived from plasma samples were generally correlated with
TMB values obtained from tissue from the same patients;
however many samples were discordant due to low tissue tumor
purity or low cell-sfree DNA inputs. The BF1RST trial also
supported the predictive value of bTMB in NSCLC (93). A

study of theMYSTIC trial usingGuardantOmni fromGuardant
Health also found bTMB to be predictive of PFS andOS benefit
with durvalumab ± tremelimumab in NSCLC (94). In addition
to NSCLC, a recent phase III EAGLE study demonstrated that
bTMB can predict survival in head and neck squamous cell
carcinomas treated with durvalumab + tremelimumab when
compared with chemotherapy (95). Collectively, while these
data suggest bTMBmay be an actionable biomarker in NSCLC
for ICPI therapy, additional prospective studies are needed to
demonstrate clinical utility. FDA recently approved
FoundationOne®Liquid CDx, which is a comprehensive liquid
biopsy test with multiple CDx indications and offers pan-tumor
profiling of over 300 genes (link to FDA label (96)); on the
professional services page, bTMB is reported to support clinical
use in cancer patients as deemed appropriate by the treating
physician.

THE TUMOR MICROENVIRONMENT MODULATES
T-CELL INFILTRATION AND RESPONSES TO
CHECKPOINT INHIBITORS

The tumor microenvironment (TME) encompasses a
broad range of cell types such as cancer-associated fibroblasts,
endothelial cells, blood vessels, lymph vessels and a highly
heterogeneous immune cell population (including T cells, B
cells, NK cells, dendritic cells, monocytes, neutrophils,
basophils, eosinophils) that coexist with and occasionally
support the tumor cells (97). The complexity of the TME
and the dynamic nature of the tumor-immune interplay
makes predictions of ICPI responses challenging. ICPI are
believed to act in large part by awakening pre-existing tumor
immune responses, and effector T cells are critical for these
responses. Therefore, immune cell infiltration of the tumor is
a contributing factor to ICPI outcome. Specifically, the
density of tumor-infiltrating lymphocytes (TILs) is a positive
prognostic indicator. Tumors are classified according to four
immune phenotypes as immune inflamed (previously referred
to as “hot”), immune excluded, immunosuppressed, or

Fig. 5. The percentage of cases with TMB ≥ 10 Mut/Mb across various solid tumor types determined using the
FoundationOne® CDx assay
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immune desert (previously referred to as “cold”) (98). The
immunoscore was devised to quantify the density of CD3+

and CD8+ T cells at the center and invasive margin of the
tumor using IHC coupled with automated quantitative
imaging (99,100). While the immunoscore was shown to have
significant prognostic value in colon cancer, its potential value
more broadly as a predictive marker for ICPI is still under
evaluation (101).

Several transcriptomic signatures have been developed
to monitor the TME and help to assess ICPI sensitivity or
resistance. Ayers et al. compiled a NanoString 18-gene T cell-
inflamed gene expression profile (GEP, also referred to a
“Tumor Inflammation Signature” (TIS)) based on IFNγ
responsive genes that appears to have predictive power for
checkpoint therapy in various tumor types (102). Another
gene expression signature, “immune-predictive score”
(IMPRES), was built on a total of 297 patient samples
derived from 10 datasets of patients treated with ICPI (103).
The predictive power of IMPRES in melanoma was superior
to other markers but remains to be tested in other tumor
types. Jiang et al. developed the tumor immune dysfunction
and exclusion (TIDE) RNA expression signature to model T
cell dysfunction and exclusion, which are major causes of
tumor immune evasion (104). TIDE was able to predict
outcomes from treatment of melanoma patients with ICPI, as
well as help to identify specific resistance mechanisms. It
should be emphasized that all the above transcription
signatures are derived from bulk RNA sequencing and
therefore represent a composite picture of signaling from
tumor cells, immune cells, and other cell types in the TME.
Recently, single-cell RNA sequencing was leveraged to reveal
resistance programs in melanoma that are associated with T
cell exclusion and immune evasion, and this program
could predict ICPI responses in multiple cohorts (105).
There are ongoing efforts to test all these transcriptional
signatures in a broader context of tumor types and in
prospective clinical trials.

MULTIMODAL BIOMARKERS IMPROVE
PREDICTION OF IMMUNE CHECKPOINT
RESPONSES

Over the past 5 years, the search for predictive immune
oncology biomarkers to help guide patient selection for ICPI therapy
has expanded from the relative simplicity of PD-L1 IHC to include
TMB, MSI, GEP, multiplex IHC/immunofluorescence (mIHC/IF),
as well as multimodality biomarker strategies that combine
two or more of the above biomarkers. A recent meta-
analysis comparing these four testing modalities evaluated
specimens from 8135 patients with more than 10 different
solid tumors (106). The authors assessed output of these
different biomarkers as area under the curve (AUC) of the
summary receiver operating characteristic (sROC) curves
and concluded that TMB, PD-L1 IHC, and GEP demon-
strated comparable efficacy in predicting response to anti–
PD-1/PD-L1 treatment. However, mIHC/ IF and some
biomarker combinations were associated with improved
performance over PD-L1 IHC, TMB, or GEP alone,
suggesting that mIHC/IF has diagnostic accuracy compara-
ble with multimodal approaches in predicting response to
anti–PD-1/PD-L1. Other studies have combined biomarkers

as well. By integrating multiple clinical trials with genomic
and biomarker databases, Cristescu et al. demonstrated that
combining TMB together with GEP had a greater predictive
power to stratify patients that will respond to ICPI (107).
Miao et al. investigated markers beyond TMB and revealed
the role of mutational clonality (representing intratumoral
heterogeneity), mutational signatures, and genetic driver
events in responses to immune checkpoint blockade (108).
Anagnostou et al. demonstrated that tumor purity signifi-
cantly impacts the predictive value of TMB and generated a
multivariate model based on weighted contributions from
TMB, tumor purity, a smoking signature, receptor tyrosine
kinase (RTK) mutations, and HLA genetic variation (109).
These combined biomarker approaches are particularly
relevant in view of the expanding repertoire of candidate
checkpoint inhibitors entering clinical trials in combination
with anti-PD-1/PD-L1 (LAG3, TIM3, TIGIT, VISTA,
GITR) (10). Matching individual patients/tumors to the
correct checkpoint combination will require insight into the
immune composition of TME in order to speed up trial
accrual and subsequent FDA approval. Similarly, an under-
standing of various oncogenic signaling pathways and co-
occurring mutations in tumor suppressors will be critical to
help guide the pairing of small molecule inhibitors of PARP,
BRAF, MEK, phosphatidylinositol 3-kinase (PI3K), and
RTKs with checkpoint inhibitors. CGP provides enormous
predictive value for ICPI responses by simultaneously
reporting TMB value, MSI status, and oncogene and tumor
suppressor alterations, while also allowing the identification
of alterations that will guide these future combination
therapy strategies (for example with BRAF, RTK or PI3K
inhibitors). The ability of biomarkers to predict efficacy of
ICPI must be evaluated for both single-agent ICPI regimens
and in combination with other therapies.

FACTORS THAT IMPACT RESPONSE TO IMMUNE
CHECKPOINT BLOCKADE

Although durable responses to checkpoint blockade
have been observed in a wide range of tumor types, most
tumors fail to respond or eventually develop resistance. Both
primary and acquired resistance is widespread, and it can be
difficult to distinguish between these. ICPI responses have
been attributed to the genomic correlates of T cells, tumor
cells, or the TME. Cytotoxic T cell function requires proper
tumor infiltration, effector function, reduced exhaustion,
increased clonality, and enhanced stemness, properties which
can be partially assessed using transcriptional signatures.
Favorable responses to checkpoint blockade are correlated
with high neoantigen load, increased TMB, upregulated PD-
L1, and certain inactivating mutations in SERPIN3 and
SERPIN4, which are associated with benefit and longer
survival in melanoma (110). Also, a recent study of NSCLC
patients demonstrated that mutations in the putative tumor
suppressor FAT1 were a favorable predictive factor inde-
pendent of TMB (111). The diagram in Fig. 6 provides an
overview of potential resistance mechanisms for ICPI. One
of the prevalent resistance mechanisms corresponds to
deficient antigen presentation, which can occur on several
levels. Mutations or loss of heterozygosity (LOH) of B2M
have been shown to confer resistance to checkpoint
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blockade in melanoma and other tumors (112–115). HLA
genes, which encode MHC I proteins that present intracel-
lular peptides, have been shown to undergo LOH and
thereby contribute to immune evasion for example in
NSCLC (116). Conversely, HLA class I diversity positively
impacts responses to checkpoint blockade (117). Antigen
presentation also involves IFN-γ and the downstream JAK/
STAT pathway. Genomic defects linked to resistance have
been detected in IFNγ receptor (IFNGR1), IFNGR2, IRF1,
JAK1 and JAK2, as well as through amplification of the
inhibitor SOCS1 (115,118–120).

Another major contribution to resistance comes from
activation of oncogenic signaling pathways or loss of tumor
suppressor function, both of which can frequently be detected
by CGP. Mutational inactivation of the tumor suppressors
KEAP1 and STK11/ LKB1, individually or in combination, in
NSCLC was initially shown to act as a negative predictor of
ICPI responses (121,122). Preserved STK11 function appears
to play a role in normal lymphocyte trafficking. However, a
recent study based on real-world data from the Foundation
Medicine-Flatiron Health NSCLC Clinico-Genomic database
(CGDB) suggests that mutations in KEAP1 and STK11 are
prognostic rather than predictive, since they did not exhibit
treatment-specific effects (123). Although STK11/KEAP1
mutations significantly reduce the likelihood of ICPI benefit
in NSCLC, given the lack of other treatment options for
advanced disease patients, ICPI might still be considered,
even when these tumor suppressors are inactivated. Defects
in the PTEN tumor suppressor were linked in melanoma to
resistance to anti-PD-1/ PD-L1, mainly due to increased
suppressive cytokines and reduced autophagy (124,125).
Furthermore, mutational activation of the WNT/ β-catenin
pathway in melanoma caused immune cell exclusion, reduc-
ing dendritic cell recruitment and T cell priming, thus

resulting in poor outcome from ICPI (126). In NSCLC,
EGFR mutations were associated with low response rate to
ICPI and poor infiltration of CD8+ T cells relative to KRAS-
driven tumors (127,128). The effect of KRAS mutations was
variable, depending on tumor context and co-occurring
mutations, whereas BRAF mutations were associated with
favorable ICPI responses (129). Loss-of-function mutations of
SWI/ SNF chromatin modifier genes such as PBRM1,
ARID1A, and SMARCA4 have been linked with improved
ICPI responses, but these observations require confirmation
in additional studies. In the case of PBRM1 loss, the evidence
has been confounding insofar as supporting contradictory
roles in either resistance or susceptibility to checkpoint
blockade, and uncertainty also remains whether this effect is
associated with prior antiangiogenic anti-VEGF therapy
(108,130–133). The reported association of ARID1A loss
with impaired MMR and TMB-H may underlie favorable
ICPI responses (134).

There is considerable concern that in a minority of cases
ICPI treatment can lead to hyperprogressive disease (HPD),
but the evidence is mixed on the specific biological underpin-
nings, and whether this is even a true phenomenon (135). A
recent study of 214 patients with multiple tumors found HPD
in 15% and an associated OS of 4.8 months versus 8.7 months
for patients with or without HPD, respectively (136). Another
study of 155 patients with various tumors reported that 4% of
patients experienced HPD after anti-PD-1/ PD-L1 therapy, as
defined by <2 month “time to treatment failure,” a tumor
burden increase > 50% and greater than twofold tumor
growth rate compared with pre-immunotherapy (137). Spe-
cifically, they demonstrated that 4/6 patients with tumors
harboring MDM2/4 amplifications and 2/10 with EGFR
mutations exhibited HPD. It remains unclear if HPD is
associated specifically with ICPI or would occur regardless

Fig. 6. Landscape of immune checkpoint blockade resistance pathways. The diagram shows how tumor proteins are
degraded through the proteasome to generate neoantigens that subsequently traffic through the ER and Golgi to
finally be presented via MHC-I on the cell surface. As indicated by specific examples, every step of this process can
be interfered with to prevent an anti-tumor immune response. Oncogenic signaling mechanisms known to modulate
ICPI responses are also depicted. The predictive versus prognostic role of STK11 and KEAP1 in checkpoint
responses remains debatable
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of the agent used. In another retrospective study further
validating this data, the incidence of HPD was 66% for
MDM2/4 and 50% for EGFR amplification; furthermore,
they also found HPD in 43% of patients with 11q13
amplification (138). Taken together, while the numbers are
small and prospective study validation is needed, these data
suggest that patients with MDM2/4 amplification, EGFR
activation, or 11q13 amplification may be at risk for HPD.

CONCLUSION

No single biomarker is likely to reliably predict re-
sponses to ICPI treatment across different tumor types and
immunotherapy agents due to the complex and dynamic
nature of tumor-immune cell interactions. The most highly
characterized biomarkers to date, PD-L1 protein expression,
and pan-tumor biomarkers MSI-H/dMMR and TMB, are
important, but not optimal, due to inconsistencies related to
tumor biology, protocols, and interpretations. Given the
importance of the accurate and sensitive detection of these
complex biomarkers, in addition to the large number of
additional molecular biomarkers associated with ICPI resis-
tance and response that can also be detected using CGP, this
testing should be integrated into each cancer patient’s journey
to ensure appropriate ICPI therapy utilization. Moving
forward, future, even more complex composite biomarkers
comprised of PD-L1 expression, TMB, inflammation signa-
tures, TILs, and oncogenic alterations assessed by CGP are
likely to be paramount for accurately predicting responses to
immune checkpoint blockade. The development of algo-
rithms to weigh the biomarkers into an ICPI Response
Prediction Score could potentially emerge as a superior
method of prediction of response to single ICPI or combined
ICPI with chemotherapy or other treatment regimes.
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