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Abstract
Background: Immune checkpoint inhibitors have revolutionized cancer therapeutic paradigm and substantially
improved the survival of patients with advanced malignancies. However, a significant limitation is the wide variability
in clinical response.
Main text: Several biomarkers have been evaluated in prior and ongoing clinical trials to investigate their prognostic
and predictive role of patient response, nonetheless, most have not been comprehensively incorporated into clinical
practice. We reviewed published data regarding biomarkers that have been approved by the United States Food and
Drug Administration as well as experimental tissue and peripheral blood biomarkers currently under investigation.
We further discuss the role of current biomarkers to predict response and response to immune checkpoint inhibi‑
tors and the promise of combination biomarker strategies. Finally, we discuss ideal biomarker characteristics, and
novel platforms for clinical trial design including enrichment and stratification strategies, all of which are exciting and
dynamic to advance the field of precision immuno-oncology.
Conclusion: Incorporation and standardization of strategies to guide selection of combination biomarker
approaches will facilitate expansion of the clinical benefit of immune checkpoint inhibitor therapy to appropriate
subsets of cancer patients.
Keywords: Biomarkers, Immune checkpoint inhibitors, Immuno-oncology, Combination immunotherapy, Resistance
mechanisms
The current landscape of cancer immunotherapy
Over the last decade, immune checkpoint inhibitors (ICI)
have transformed the landscape of treating advanced
malignancies, however, response rates remain widely
variable. Hence, biomarkers with high sensitivity and
specificity are required to identify sub-populations who
are most or least likely to elicit a sustained response.
Many patients with solid and hematologic malignancies
have the potential to respond to ICI given that tumors
are different from self and anti-tumor immune responses
is anticipated. However, intrinsic features of the tumor,
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tumor microenvironment (TME) and defects in the host’s
innate and adaptive immune mechanisms may compromise an effective anti-tumor immune response and
impact the host’s response to ICI. To overcome immunoresistance, rational combinatorial approaches have been
evaluated and implemented into clinical practice for
various tumor types (e.g., checkpoint inhibitors in combination with chemotherapy, targeted therapy or other
immune-modulatory agents). The future of successfully
treating cancers with single-agent or combinatorial ICI
strategies will depend on advances in the identification
and standardization of predictive biomarkers. An ideal
biomarker will be multifaceted in identifying patients
who are most likely to derive benefit from ICI while also
limiting exposure and toxicity. In this review, we aim to
describe the current practice of utilizing biomarkers in
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ICI monotherapy, dual biomarker approaches in combinatorial ICI therapies, and emerging technologies which
may represent the future of biomarker development
in the era of cancer immunotherapy. This review will
include current state of biomarkers for immunotherapy,
some of which were updated at the 2020 China ImmunoOncology (IO) Workshop co-organized by the Chinese American Hematologist and Oncologist Network
(CAHON), the China National Medical Product Administration (NMPA) and Tsinghua University.

The role of biomarkers in the current era
of single‑agent ICI therapy
Better understanding of the TME and mechanisms of
host immune evasion has led to development of various ICIs, which are active across solid and hematologic
malignancies. The first ICI approved by the U.S. Food
and Drug administration (FDA) was ipilimumab (anticytolytic T lymphocyte Antigen 4 (CTLA-4) therapy)
in 2011 after it was shown to prolong overall survival
(OS) in advanced melanoma [1]. Since then, seven additional agents have been approved with the incorporation of blocking programmed cell death protein 1 (PD1)
/ PD-Ligand 1 (PD-L1) pathway [2]. Biomarkers to predict response to ICI in advanced malignancies are being
extensively studied and some have been clinically validated. Biomarkers may be detected and measured in the
tumor tissue or in the peripheral blood.
Herein, we summarize the current FDA approved tissue biomarkers for solid malignancies including PD-L1,
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tumor mutational burden (TMB), and microsatellite
instability (MSI). We will discuss exploratory tissue biomarkers such as tumor gene expression profiling (GEP),
multiplex immunohistochemistry (IHC) and immunofluorescence (IF), tumor infiltrating lymphocytes (TILs),
immunoscore, T cell receptor (TCR) diversity, and
microbiome, as well as cellular and soluble peripheral
blood biomarkers.
Tissue biomarkers
Current U.S. FDA approved tissue biomarkers

Timeline for the approval of biomarkers in clinic application is described in Fig. 1.
PD‑L1 PD1 is expressed on activated TILs in various
tumors, while PD ligands (PD-L1 and PD-L2) are commonly upregulated on tumor cell surfaces [3, 4]. Forced
expression of PD-L1 on the surface of mouse tumor cells
inhibits local anti-tumoral T cell mediated responses
[5, 6], which forms the basis of PD1 pathway blockade
in enhancing antitumor function. PD-L1 expression on
tumor cells or TILs determined by IHC has become a
commonly used biomarker for selecting patients for ICI
therapy across tumor types [7, 8].
In The Blueprint PD-L1 Assay Comparison Project,
three different PD-L1 assays demonstrated correlation
with PD-L1 score and objective response for patients
treated with ICI in certain tumor types: PD-L1 IHC
22C3 pharmDx, PD-L1 IHC 28–8 pharmDx, and VENTANA PD-L1 (SP142) [9]. These assays showed high

Fig. 1 Timeline of biomarker test approvals by the U.S. Food and Drug Administration
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concordance among pathologists for determination of
PD-L1 expression on tumor cells; concordance of PD-L1
expression on immune cells was also demonstrated, albeit
with greater variability. The two methods to score PD-L1
expression using the PD-L1 IHC 22C3 or 28–8 pharmDx
assay are measurement of tumor proportion score (TPS)
and combined positive score (CPS) [10]. PD-L1 expression on tumor cells assessed via TPS is a well validated
biomarker in non-small cell lung cancer (NSCLC) [11,
12]. The CPS method was developed to aid in selection of
patients with urothelial cancer, gastric/gastroesophageal
adenocarcinoma, triple-negative breast cancer, and ovarian cancer who would benefit from pembrolizumab [13].
The VENTANA SP142 assay, on the other hand, uses
the percentage of PD-L1 positive immune cells to determine PD-L1 expression on TILs: IC0 (< 1%), IC1 (≥ 1%
but < 5%), and IC2/3 (≥ 5%).
It is important to note that PD-L1 is an imperfect biomarker by itself, as its expression can be triggered by
active immune response (i.e., patients with a negative
baseline PD-L1 stain might still respond to ICI). Further, tumors with high PD-L1 expression may be resistant to treatment. In fact, a study of 45 FDA approvals of
ICI from 2011 to 2019 showed that PD-L1 was only predictive in 28.9% of cases and was either not predictive
(53.3%) or not tested (17.8%) in the remaining cases [14].
Only 9 of the approvals were linked to a specific PD-L1
threshold and companion diagnostic assay, with variable
thresholds both within and across tumor types using several different assays, suggesting that PD-L1 testing has
certain limitations which must be considered in clinical
decision making. Therefore, various biomarkers predictive of ICI efficacy independent of PD-L1 status are being
evaluated, many of which are described below.
MSI and TMB MSI results from a defective DNA mismatch repair (dMMR) system which leads to clusters
of thousands of mutations along microsatellite regions
[15]. Tumors with deficient MMR (dMMR) or high MSI
(MSI-H) have increased mutational burden which leads
to infiltration of T cells in the TME, leading to improved
response with anti-PD1/PD-L1 therapies [16]. Furthermore, a higher TMB correlates with a greater probability of displaying neoantigens on the human leukocyte
antigen (HLA) molecules of tumor cell surface, eliciting
CD8+ T cell dependent immune responses and tumor
cell lysis [17, 18]. Importantly, TMB as a continuous
variable does not have a linear correlation with OS [19],
whereas PD-L1 expression has correlated with OS in
advanced NSCLC patients [20]. MSI or MMR is tested
using multiplex immunohistochemistry or molecularbased tests including polymerase chain reaction (PCR)
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and next-generation sequencing (NGS) [21]. TMB can
be evaluated by whole exome sequencing (WES) or NGS
gene panel assays, both of which have been used in clinical trials to correlate with response to ICI in melanoma
[22], NSCLC, urothelial carcinoma [23, 24], and colorectal cancer [24]. In a pooled analysis of patients with
various cancers treated with anti-PD1/PD-L1 therapies,
patients with high TMB had significantly improved progression-free survival as compared to patients with low
TMB [25].
In 2017, the U.S. FDA granted its first tissue/site-agnostic
approval to pembrolizumab for patients with advanced
cancers harboring MSI-H/dMMR who have progressed
on prior therapies with no further satisfactory treatment
options [26]. Pembrolizumab has recently been approved
in the first-line setting for patients with unresectable or
metastatic MSI-H or dMMR colorectal cancer [27, 28]
and for adult and pediatric patients with unresectable
or metastatic TMB-H (≥ 10 mutations/megabase) solid
tumors who have progressed on prior therapies with no
acceptable alternatives [29]. These approvals are summarized in Fig. 1.
Experimental tissue biomarkers

TILs/immunoscore, Tumor GEP, multiplex IHC and IF,
HLA and TCR diversity TILs and Immunoscore
CTLA-4 or PD1 blockade unleashes cytotoxic T cell
activity against the tumor. The density and location of
TILs within the TME can predict response to ICI [30].
For example, the increased number of immunogenic peptides in MSI-H tumors is paralleled by an increase in TILs
and higher PD-1 expression [31]. As another example, an
“immune inflamed” phenotype is characterized by infiltration of CD4+ and CD8+ T cells in the tumor parenchyma [32] and has been correlated with increased OS
across tumor types [30]. “Immunoscore” was determined
by quantification of cytotoxic and memory T cell populations within the tumor core and invasive margins and
has been shown to be a prognostic marker in colorectal cancer independent of staging [33]. Immunoscore is
now being studied as a marker of response to ICI across
tumor types. In addition, the immunophenotype of TILs,
for example, increased TIL co-expression of PD-1 and
CTLA-4 has been correlated with better response to
ICI and longer progression-free survival (PFS) [34]. An
important clinical limitation of the Immunoscore and
immunophenotyping of TILs to predict response to ICI
is the infeasibility of obtaining tissue biopsy at various
time points during treatment and progression. Furthermore, these techniques do not differentiate T cell clones
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capable of targeting tumor-associated antigens, thus limiting specificity.
Tumor GEP
GEP is a comprehensive approach to assess response to ICI
using high-throughput tests to analyze immunologic transcriptomic patterns which predict sensitivity or resistance
to ICI. Interferon-γ (IFN-γ) and related gene signatures
have been assessed [35]. IFN-γ is a key cytokine secreted
by various immune cells which stimulates both the innate
and adaptive immune response, but simultaneously produces feedback inhibition of anti-tumoral immunity via
cross-talk with the PD-1 axis and other key immunosuppressive molecules within the TME [36–38]. A 10-gene
IFN-γ signature panel, and subsequently a 28-gene panel in
patients with metastatic melanoma receiving anti-PD1 ICI
was shown to correlate with improved response, PFS, and
OS in patients across 9 tumor types receiving PD-L1 blockade [39, 40]. The digitalization of gene expression analysis
overcomes the challenges of inter-laboratory variability and
observer bias with other techniques such as PD-L1 expression. One limitation of GEP is the dependence of the algorithm for each gene signature on the individual therapy
itself, i.e., IFN-γ transcriptomic patterns may correlate only
with response to therapy of directly related targets such as
downstream PD1/PD-L1 inhibition [35]. Other important
limitations include the inability to elucidate the cellular
source of gene expression, cellular co-expression, and geographical relationships of cells within the TME. Single cell
RNA sequencing discussed in Sect. 6.0 can alternatively
provide a higher resolution of cellular expression patterns
and differences within the TME.
Multiplex(m) IHC and IF
mIHC/IF allow for simultaneous visualization of multiple
proteins on the same tissue section. mIHC/IF techniques
provide information regarding spatial relationships and
cellular co-expression of multiple markers. The spatial
density of PD1/PD-L1 measured by mIHC was found to
be predictive of PD1 blockade in patients with metastatic
melanoma [41] and merkel cell carcinoma [42]. Recently,
Taube et al. reported in a systematic review that mIHC/IF
assays outperformed other biomarkers including PD-L1
IHC, TMB, and GEP. Additionally, the authors concluded
that TMB and mIHC/IF assays may have an additive value
in predicting response to PD1 blockade [43].
HLA
Previously, studies have shown that down-regulation of
HLA class I antigen peptide complexes by tumor cells

Page 4 of 13

is a mechanism of immune escape and often associated
with poor prognosis in cancer [44]. Recently, others have
investigated whether decreased or absence of HLA molecules and/or defects in the antigen-presenting machinery
molecules might predict response to ICI. In a retrospective analysis of two different trials of patients with melanoma treated with anti-CTLA-4 ± anti-PD1 ICI, HLA
I expression was a reliable marker of response to antiCTLA-4 ICI, but not to anti-PD1 ICI [45]. Though HLA I
and II antigen expression contributes to tumor cell recognition, their role as predictive biomarkers for ICI remains
unknown and would require prospective clinical studies to confirm. Furthermore, understanding of pathways
leading to restored HLA expression could be utilized to
conceive new combinatorial therapeutic strategies [46].
Microbiome The gastrointestinal microbiota is important for anti-tumor immunity with many functions on
both adaptive and innate immunity. Pre-clinical models
have suggested beneficiary effects of a healthy microbiota
in mouse models treated with immunotherapy. Clinically,
though increased Bacteroides in ICI non-responders
and Akkermansia in ICI responders [47–49] has been
reported, most studies have yielded mixed data regarding
the predictive role of microbiome composition. Another
area of study is the alteration of microbiota to improve
ICI response by way of fecal microbiota transplantation, transfer of specific bacteria or beneficial microbial
products and lastly, changes in diet. A landmark study
in melanoma showed a high-quality diet rich in whole
grains to positively correlate with ICI response [50]. Further research is needed to identify the correlative role of
microbiota composition with ICI response or toxicity and
moreover to validate the effects of microbiota alteration.

Exploratory peripheral blood‑based biomarkers in study

Peripheral blood-based biomarkers are attractive given
their non-invasive nature. Both cellular and soluble
peripheral blood biomarkers have been studied including immunophenotype of circulating peripheral lymphocytes, tumor-associated neoantigen specific T cells,
inflammatory cytokines, and tumor-specific antibodies. To date, there are no U.S. FDA approved peripheral
blood-based biomarkers to assess ICI response.
Cellular peripheral blood biomarkers

Peripheral PD1+ CD8+ T cells It has been hypothesized
that monitoring of T cell activation in the peripheral
blood can predict response to PD1 blockade. In NSCLC
patients receiving anti-PD1 ICI, the early rise in Ki-67+
PD1+ CD8+ T cells correlated with clinical benefit [51].
Similar findings were noted in patients with thymic
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epithelial tumors who received pembrolizumab [52].
Gros et al. demonstrated that neoantigen-specific lymphocytes were preferentially enriched in the C
 D8+PD1+hi
+
+hi
or CD4 PD1
subsets, but not in the corresponding
bulk or PD1 fractions in patients with gastrointestinal
cancers. [53]. Peripheral T cell immunophenotyping warrants further investigating in order to understand of the
peripheral systemic impact of ICI on different immune
cells and potential correlation with clinical outcome.
Tumor antigen‑specific peripheral T cells Tumor antigen-specific T cells, specifically neoantigen-specific T
cells, are gaining increasing interest in being viewed as
important immunotherapy effectors. Peng et al. have
reported a sensitive method to recover antigen-specific
T cells, where the detected number of neoantigen-specific T cells strongly correlated with treatment response
of melanoma patients receiving PD1 blockade [54].
Similarly, Yuan et al. showed that in a subset of melanoma patients who express NY-ESO-1, those who had
measurable NY-ESO-1-specific CD4+ and CD8+ T cell
responses experienced more frequent clinical benefit
to anti-CTLA-4 ICI and a significant survival benefit as
compared to patients with an undetectable specific T cell
response [55]. Neoantigen specific T cell response were
detected in clinical responders with advanced melanoma
or NSCLC treated with ICI [56, 57]. Furthermore, neoantigen-specific T cells are a highly immunogenic target for
personalized vaccination. Cancer vaccines which target
tumor-associated or tumor-specific antigens can achieve
chronic therapeutic response because of immunologic
memory. Though several challenges, including variable tumor antigens and relatively low immune response,
must be overcome to translate vaccines into effective
anti-cancer therapies, many are currently being evaluated
in various solid tumors [58–61].
Soluble Peripheral blood biomarkers

Soluble PD‑1 and PD‑L1 Both PD‑1 and PD‑L1 have sol‑
uble forms (sPD1 and sPD‑L1) in the peripheral blood and
increased levels as measured by ELISA may correspond
with ICI response [62] Lower levels of sPD1 and sPD-L1
may correlate with longer survival in several malignancies [63], while increased post-treatment sPD1 may correlate with favorable response to ICI [62, 64]. Additionally, the magnitudes of the increase in circulating PD-L1
expression on the surface of exosomes released by metastatic melanomas during early stages of treatment were
found to be an indicator of the adaptive response of the
tumor cells to T cell reinvigoration, therefore stratifying
clinical responders from non-responders [65]. As sPD1
retains its ability to bind ligands and hence disrupt the
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PD1 axis, preclinical models have studied its role as a
therapeutic target. However, the lack of standardization
for measurement of sPD1 and sPD-L1 in the blood is a
significant limitation. Clinical studies in large cohorts of
patients will be needed to validate sPD1 clinically and
explore its role as an anti-cancer therapeutic target [66].
Circulating tumor DNA Over the last several years,
various methods of detecting circulating tumor DNA
(ctDNA) have been validated across tumor types to
detect minimal residual disease [67, 68] and to predict
response to ICI [69]. In patients with advanced NSCLC
receiving anti-PD1/PD-L1 ICI, > 50% ctDNA mutant
allele fraction decrease from baseline was associated
with radiographic response and superior PFS and OS
[70]. Recently, a personalized multiplex-PCR NGS assay
by Natera Signatera® has been studied in its role to predict ICI response. The Natera® ctDNA assay uses paired
tumor and peripheral blood WES to identify 16 tumorspecific variants [68, 71] which are then detected in the
peripheral blood through treatment. In patients with
advanced solid tumors treated with pembrolizumab,
an early decrease in mean ctDNA concentration and
on-treatment clearance of ctDNA are highly correlated
with improved OS, independent of tumor type, TMB,
or PD-L1 status [72]. Hsu et al. reported similar results
in patients with unresectable hepatocellular carcinoma
receiving atezolizumab plus bevacizumab where ctDNA
clearance during treatment correlated with improved PFS
[69]. ctDNA monitoring using this method has also been
shown to detect minimal residual disease after curative
intent treatment in order to identify those who will benefit from adjuvant ICI in patients with high-risk muscle
invasive bladder cancer [73] and to track tumor progression after curative-intent surgery and adjuvant chemotherapy/ICI treatment in patients with triple-negative
breast cancer [74]. These studies highlight the potential
for a broad clinical utility for ctDNA-based surveillance
in patients treated with ICI which could be generalizable
across cancer types. However further prospective larger
cohort studies are required prior to incorporation of
ctDNA monitoring into clinical practice for patients with
advanced malignancies receiving ICI.
Inflammatory cytokines. Cytokines play a critical role in
activation of host immunomodulation Through activation of immune cells, inflammatory cytokines typically
increase after PD1/PD-L1 axis blockade; additionally,
various cytokines have been shown to induce PD-L1
expression in tumor cells. Measurement of several
inflammatory blood cytokines including IFN-γ, IL-6,
IL-8, IL-11, and IL-2 has been evaluated across tumor
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types in patients receiving ICI [75]. However, various factors including tumor burden, presence of brain metastases, and co-existing conditions such as stress or infection may affect the levels of inflammatory cytokines in
peripheral blood limiting their sensitivity and specificity
as predictive biomarkers [76].
Neutrophil‑to‑lymphocyte ratio Low absolute lymphocyte count has been previously established as a marker
of poor prognosis across cancer types, and recently
has been shown to be associated with poor response to
immunotherapy [77]. Additionally, neutrophil-to-lymphocyte ratio (NLR), which can represent the balance
between pro-tumoral inflammatory status and antitumoral response, has been evaluated for predictive and
prognostic value in patients receiving ICI. In a retrospective study of 1714 patients across 16 cancer types, benefit from ICI was significantly higher for patients with
NLR low/TMB high as compared to the NLR high/TMB
low group [78]. These findings are supported by a recent
study of patients with stage III NSCLC treated with or
without consolidation immunotherapy, where pre-treatment higher NLR was associated with inferior PFS in
both groups with a greater effect in the group of patients
treated with ICI, suggesting that pre-treatment NLR may
be a predictive biomarker of ICI benefit [79].
Challenges and limitations of current biomarkers
to predict response to immune checkpoint inhibitors

Biomarkers to predict response is critical for the success of ICI therapy, however, we are facing many challenges in clinical development and implementation
into standard clinical practice. These challenges include
intra-tumoral and inter-tumoral heterogeneity, variability in host immunity, complexity of interactions between
tumor and immune cells in the tumor milieu, and evolution of the cancer through treatment [35]. Within the
primary tumor itself, certain sub-clones may not be accurately represented by the initial biopsy, and hence, biomarker analysis on pre-treatment tumor tissue may be
biased against potentially resistant sub-clones. Sites of
distant metastases may also contain various sub-clones
of the tumor presenting a discordance between initial
biomarker analysis and response to ICI therapy. Furthermore, the interplay of tumor and immune cells of the surrounding TME plays a significant role in amplification
or suppression of the tumor-induced immune response.
Hence, a biomarker representing the tumor cell alone
may be an insufficient illustration of the potential for
enhanced immune response with ICI. Importantly, the
ability of a host to surmount an anti-tumoral immune
response can be dependent on polymorphisms of HLA
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alleles and variability in the recombination and expression of the T cell receptor. Components of the antigen
presenting machinery are challenging to incorporate
into any single biomarker assay. Additionally, the cancer can evolve throughout treatment course and therefore resistant clones may not be identified by biomarkers
at baseline. Finally, laboratory tests used in biomarker
investigation have large variability in pre-analytic processing, diagnosis, and clinical interpretation. Even for
PD-L1 expression by IHC, multiple tests are available and
are not all interchangeable [80]. These limitations exemplify the challenge in implementing many of the assays
mentioned into clinical practice. Newer technologies are
emerging to address some of these challenges, though
further validation and standardization of these techniques is critical for reproducibility [35].
Complexity of resistance mechanisms to immune
checkpoint inhibitors and strategies to overcome
resistance

Resistance mechanisms to ICI may involve tumor intrinsic or extrinsic mechanisms, and these may be primary or
acquired over time.
Tumor intrinsic resistance mechanisms include
absence of tumor antigens leading to incomplete T cell
recognition [81] or alteration of antigen presenting cell
machinery [82]. Adaptive resistance can be from loss of
T cell function, lack of T cell recognition by downregulation of antigen presentation and development of escape
variants in the cancer. For example, the absence of surface expression of HLA class I or deficiency of HLA class
I folding and transport to cell surface leads to lack of
CD8+ T cell recognition and has been documented in
acquired resistance to PD1 blockade in melanoma [83].
Alternatively, chronic antigen exposure may lead to precursor memory T cell exhaustion with eventual deletion
and lack of memory formation [84]. Immunoediting is
a mechanism whereby tumor cells can downregulate
neoantigen expression leading to acquired resistance to
ICI [85, 86]. In relapsed NSCLC tumors after ICI therapy, loss of neoantigens has been described [87]. Furthermore, tumor-specific T cells which are activated by
checkpoint blockade primarily recognize mutational
neoantigens [88]; thus, mutations, deletions or epigenetic
changes which would lead to loss of expression of mutational neoantigens can all lead to acquired resistance to
ICI.
Tumor extrinsic resistance mechanisms to ICI involve
other components of the TME, which include T regulatory cells, myeloid derived suppressor cells (MDSCs) and
tumor associated macrophages (TAMs), all of which play
an important role in immune evasion [89, 90]. Immunosuppressive cytokines are often released by the tumor or
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TAMs for local suppression of anti-tumoral responses. For
example, TGF-β plays an important role in angiogenesis
and immunosuppression by stimulating T regulatory cells.
In an effort to overcome these resistance mechanisms, combination ICI strategies have been evaluated
to transform immunologically “cold” tumors into “hot”
tumors [91], enhance endogenous T cell function [81],
or adoptively transfer antigen-specific T cells, etc. These
strategies have been described in detail elsewhere [92].
Combination approaches currently in clinical development include increasing the neoantigen quantity (e.g.,
chemotherapy, radiotherapy and epigenetic modulation mechanisms), altering the neoantigen quality (e.g.,
neoantigen vaccine, tumor-associated antigen vaccine),
and improving antigen presentation and/or T-cell priming (e.g., DC vaccine, oncolytic virus, anti-CTLA4 ICI,
chemotherapy, and targeted therapies). Combinations
with antibodies which enhance immunostimulatory targets or deplete immunosuppressive T regulatory cells in
order to increase T effector cell function include antiGITR antibody, anti-41BB antibody, anti-OX40 antibody,
and anti-ICOS antibody [93–95]. Another strategy is the
combination with inhibitors of immunosuppressive molecules in the TME (e.g., IDO inhibitor, CSF1R inhibitor,
Adenosine R inhibitor, TGFβ inhibitor, VEGF inhibitor,
and PI3K inhibitors). Response to each of these strategies
is dependent on the tumor biology and host immunity,
and importantly the primary mechanism by which host
immune evasion occurs. Identifying resistant mechanisms to single agent ICI therapy with use of novel biomarkers is crucial to developing effective combinatorial
strategies. Ideal biomarkers will have the ability to identify a suitable combinatorial approach for each patient.
Biomarker strategies in combination therapies

Biomarker identification to inform which patient might
benefit from combination ICI strategies remains an area
of significant interest. Certain biomarkers such as PD-L1
and GEP are inflammatory biomarkers and can characterize an inflamed TME (i.e., “cold” vs. “hot”). Others such
as TMB and MSI are related to the tumor immunogenicity (i.e., TMB “high” vs. TMB “low”). Inflammatory and
immunogenicity biomarkers are shown to be independent
from each other but can be complimentary to help elucidate the potential defects of anti-tumor immune response,
therefore guides combination strategy selection. Figure 2
demonstrates how combination biomarker approaches
can highlight potential mechanisms of immune resistance
including intrinsic signaling and extrinsic host factors in
the tumor microenvironment (i.e., T
 MBlowInflamcold, etc.).
To characterize each of these TME states in the clinical
setting will be crucial in order to select appropriate combinatorial approaches that will benefit each patient.
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PD‑L1 in combination with TMB

The predictive power of PD-L1 in combination with
TMB was studied in 759 patients with advanced NSCLC
who were treated with either anti-PD-L1 ICI alone or
in combination with anti-CTLA-4 ICI. TMB was determined by NGS and was compared to PD-L1 expression.
While TMB and PD-L1 were independent predictors of
ICI efficacy and did not correlate with each other, those
with high TMB and PD-L1 ≥ 1% had the highest durable clinical benefit rate [96]. Finally, in a large meta-analysis of 14,395 patients with advanced NSCLC receiving
ICI, the combination of PD-L1 and TMB was associated
with increased power to predict OS, which was further
improved with incorporation of CD8+ TILs [97].
PD‑L1 in combination with C
 D8+TILs

The product of PD-L1+ cell and CD8+ TILs densities has
been studied in baseline tumor biopsies of patients who
received durvalumab for advanced cancers in a phase I/
II clinical trial. The proportion of C
 D8+ TILs and PD-L1
expression as measured by IHC was used to create a
CD8+xPD-L1 signature. For those who received durvalumab, a high CD8+xPD-L1 signature was associated
with a significantly higher OS [98].
TMB in combination with GEP

The relationship between TMB and GEP was evaluated
by Cristescu et al., in a study involving > 300 patient samples across 22 solid tumor types from four clinical trials. Patients were stratified into four biomarker-defined
clinical response groups based on predefined cutoffs
for TMB and GEP. The patients with GEPhiTMBhi had
the highest objective response rates and the longest
PFS. Response was moderate in those with GEPhiTMBlo
and GEPloTMBhi and reduced or absent in those with
GEPloTMBlo. These groups were then used to guide
transcriptome and exome analyses of tumors in a large
molecular database of 6384 tumors, where gene enrichment analysis was used to categorize tumors into discrete
subgroups (e.g., proliferative, vascular, myeloid and stromal) that exhibited patterns of potentially targetable biology to enhance clinical response [99]. Similar strategies
of stratifying patients by combination biomarkers to elucidate the underlying patterns of tumor immunobiology /
resistant mechanisms, will enable biology-driven personalization of treatment regimens and advance the field of
precision immuno-oncology.
Emerging novel biomarker technologies: single‑cell RNA
sequencing (scRNA‑seq)

Advances in single-cell RNA sequencing (scRNA-seq)
have allowed for comprehensive analysis of the immune
system and characterization of tumor heterogeneity
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Fig. 2 Using dual biomarker approaches to group potential resistant mechanisms for effective combination strategies

through cancer evolution [100–103]. Many of the previously defined technologies are limited by analysis on the
most abundant cancer cells, which can mask the profiles of rare cell populations which play key functional
roles. Conversely, high throughput scRNA-seq has the
potential to reveal the high complexity and diversity of
immune infiltrating cells in tumors. For example, the
individual transcriptomes of 16,291 individual immune
cells from 48 melanoma tumor samples showed that a
single transcription factor, TCF7 visualized within C
 D8+
T cells predicted positive clinical outcomes in an independent cohort of ICI-treated patients. Conversely, cells
expressing exhausted or dysfunctional signatures were
associated with ICI resistance [104]. Recently, the functional role of non-immune cells in predicting response
to ICI was explored by Dominguez et al., who identified
a population of carcinoma-associated fibroblasts (CAF)
that are programmed by TGF-β and express LRRC15
protein in > 80,000 single cells from 22 patients with pancreatic ductal carcinoma. ICI trials comprising of > 600

patients across six cancer types revealed that elevated
levels of LRRC15+ CAF correlated with poor response to
anti-PD1 ICI [105].
scRNA-seq provides transcriptomic signature profiles on
several cell types (i.e., tumor cells, immune cells, hematopoietic cells, and non-immune cells), all of which may
have an impact on response or resistance to ICI. The future
of scRNA-seq will involve combination of other -omic
techniques as well as delineation of the spatial interaction
between different groups of cells. One major limitation in
using scRNA-seq to assess ICI response is that analysis
requires cell isolation from their environment, making it
challenging to assess connections between cells of different
compartments which may be overcome by incorporating
spatial transcriptomic techniques.
Incorporation of biomarkers into prospective clinical trials

Biomarkers can play an important role with both
prognostic and predictive values. How can we integrate biomarkers into clinical trial designs in the era of
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Fig. 3 The incorporation of prospective biomarkers in immunotherapy clinical trials

immunotherapy? A biomarker enrichment strategy has
recently gained popularity for efficacy and safety assessments. Biomarkers have been applied to select the
appropriate study patient population to either increase
the rate of response or decrease toxicity. For example,
when appropriate biomarkers are incorporated to select
patients who receive frontline anti-PD1 monotherapy,
treatment can further be tailored to responders versus
non-responders, i.e., switching to combination regimens
in the non-responder cohort based on resistance mechanisms determined by selected biomarkers, or continuing
the same treatment in the responder cohort. A biomarker
stratification strategy is another novel approach where
response/clinical benefit is determined in each biological
group with distinct resistant mechanisms based on the
selected biomarkers, such as TMB and/or inflammation
markers. These two strategies for innovative clinical trial
design are described in Fig. 3.
It is still a great challenge to identify effective biomarkers and clinical trial design is often complex [106]. NCI
Investigational Drug Steering Committee (IDSC) created
a Biomarker Task Force who provided recommendations
for investigators developing clinical trials with biomarker
studies for scientific rationale, assay criteria, trial design
and analysis [107]. The FDA also provided guidance for
enrichment strategies [108], which is encouraging with

its increasing utilization. In addition, unprecedentedly and rapidly emerging biomarker technologies will
advance and facilitate these applications in next generation clinical trials.

Conclusions
We have summarized the role and challenges of currently
approved and exploratory tissue and peripheral blood
biomarkers in use for predicting response to ICI. While
ICI has improved survival and outcome of patients with
advanced malignancies, complex resistance mechanisms
limit clinical efficacy calling for more accurate prognostic and predictive biomarkers. Combination ICI strategies are being developed to overcome resistance and
further improve effectiveness of immunotherapy, and
emerging technology allows us to better characterize
TME and identify novel biomarkers. Incorporation and
standardization of biomarker techniques, and multi-biomarker strategies to guide selection of combination ICI
approaches will facilitate expansion of the clinical benefit
of immunotherapy to appropriate subgroups of patients
with advanced cancer.
Abbreviations
ICI: Immune checkpoint inhibitors; TME: Tumor microenvironment; FDA: Food
and Drug Administration; CTLA-4: Cytolytic T lymphocyte antigen 4; PD-1:

Sankar et al. Biomarker Research

(2022) 10:32

Programmed cell death protein; TMB: Tumor mutational burden; MSI: Micro‑
satellite Instability; GEP: Gene expression profiling; IHC: Immunohistochem‑
istry; IF: Immunofluorescence; TIL: Tumor infiltrating lymphocytes; TCR: T cell
receptor; CPS: Combined positive score; TPS: Tumor proportion score; NSCLC:
Non-small cell lung cancer; MMR: Mismatch repair; HLA: Human leukocyte
antigen; PCR: Polymerase chain reaction; NGS: Next-generation sequencing;
WES: Whole exome sequencing; PFS: Progression-free survival; IFN: Interferon;
ctDNA: Circulating tumor DNA; MDSC: Myeloid derived suppressor cells; TAM:
Tumor associated macrophages; scRNA-seq: Single-cell RNA sequencing;
CAF: Carcinoma-associated fibroblasts; IDSC: Investigational Drug Steering
Committee.
Acknowledgements
None.
Authors’ contributions
KS and JCY were responsible for formal data curation, writing and visualiza‑
tion of the manuscript. JY and SH-L aided in manuscript conceptualization,
visualization, supervision, and project administration. The author(s) read and
approved the final manuscript.
Funding
None.
Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
KS does not have any competing interests to declare. JCY declares research
funding from Janssen, GSK, Nektar, Celgene, Takeda, Karyopharm, Sanofi,
CARsgen, Regeneron. WS is full time employee of Kira Pharmaceuticals. SH-L is
a paid scientific advisor to Amgen, BMS, Regeneron, Genmab, Xencor, Merck,
Astellas.
Author details
1
Division of Hematology/Oncology, Department of Internal Medicine,
University of Michigan, Ann Arbor, MI, USA. 2 Rogel Cancer Center, University
of Michigan, Ann Arbor, MI, USA. 3 Pelotonia Institute for Immuno-Oncology,
The Ohio State University, Columbus, OH, USA. 4 Johns Hopkins University,
Baltimore, MD, USA. 5 Kira Pharmaceuticals, Cambridge, MA, USA. 6 Division
of Medical Oncology, University of Utah, Salt Lake City, UT, USA. 7 Huntsman
Cancer Institute, Salt Lake City, UT, USA.
Received: 3 November 2021 Accepted: 20 April 2022

References
1. Schadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, et al.
Pooled analysis of long-term survival data from phase II and phase III tri‑
als of ipilimumab in unresectable or metastatic melanoma. J Clin Oncol.
2015;33(17):1889–94.
2. Vaddepally RK, Kharel P, Pandey R, Garje R, Chandra AB. Review of
indications of FDA-approved immune checkpoint inhibitors per NCCN
guidelines with the level of evidence. Cancers. 2020;12(3):738.
3. Sfanos KS, Bruno TC, Meeker AK, De Marzo AM, Isaacs WB, Drake CG.
Human prostate-infiltrating CD8+ T lymphocytes are oligoclonal and
PD-1+. Prostate. 2009;69(15):1694–703.
4. Ahmadzadeh M, Johnson LA, Heemskerk B, Wunderlich JR, Dudley
ME, White DE, et al. Tumor antigen-specific CD8 T cells infiltrating the
tumor express high levels of PD-1 and are functionally impaired. Blood.
2009;114(8):1537–44.

Page 10 of 13

5. Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al.
Tumor-associated B7–H1 promotes T-cell apoptosis: a potential mecha‑
nism of immune evasion. Nat Med. 2002;8(8):793–800.
6. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al.
Colocalization of inflammatory response with B7–H1 expression in
human melanocytic lesions supports an adaptive resistance mecha‑
nism of immune escape. Sci Transl Med. 2012;4(127):127ra37.
7. Herbst RS, Soria JC, Kowanetz M, Fine GD, Hamid O, Gordon MS,
et al. Predictive correlates of response to the anti-PD-L1 antibody
MPDL3280A in cancer patients. Nature. 2014;515(7528):563–7.
8. Powles T, Eder JP, Fine GD, Braiteh FS, Loriot Y, Cruz C, et al. MPDL3280A
(anti-PD-L1) treatment leads to clinical activity in metastatic bladder
cancer. Nature. 2014;515(7528):558–62.
9. Tsao MS, Kerr KM, Kockx M, Beasley MB, Borczuk AC, Botling J, et al.
PD-L1 immunohistochemistry comparability study in real-life
clinical samples: results of blueprint phase 2 project. J Thorac Oncol.
2018;13(9):1302–11.
10. Roach C, Zhang N, Corigliano E, Jansson M, Toland G, Ponto G, et al.
Development of a companion diagnostic PD-l1 immunohistochemistry
assay for pembrolizumab therapy in non-small-cell lung cancer. Appl
Immunohistochem Mol Morphol. 2016;24(6):392–7.
11. Herbst RS, Baas P, Kim DW, Felip E, Pérez-Gracia JL, Han JY, et al. Pem‑
brolizumab versus docetaxel for previously treated, PD-L1-positive,
advanced non-small-cell lung cancer (KEYNOTE-010): a randomised
controlled trial. Lancet. 2016;387(10027):1540–50.
12. Herbst RS, Baas P, Perez-Gracia JL, Felip E, Kim DW, Han JY, et al. Use
of archival versus newly collected tumor samples for assessing PD-L1
expression and overall survival: An updated analysis of keynote-010
trial. Ann Oncol. 2019;30(2):281–9.
13. Kulangara K, Hanks DA, Waldroup S, Peltz L, Shah S, Roach C,
et al. Development of the combined positive score (CPS) for
the evaluation of PD-L1 in solid tumors with the immuno‑
histochemistry assay PD-L1 IHC 22C3 pharmDx. J Clin Oncol.
2017;35(15_suppl):e14589–e14589.
14 Davis AA, Patel VG. The role of PD-L1 expression as a predictive
biomarker: an analysis of all US Food and Drug Administration (FDA)
approvals of immune checkpoint inhibitors. J Immunother Cancer.
2019;7(1):278.
15. Parsons R, Li GM, Longley MJ, Fang WH, Papadopoulos N, Jen J, et al.
Hypermutability and mismatch repair deficiency in RER+ tumor cells.
Cell. 1993;75(6):1227–36.
16. Llosa NJ, Cruise M, Tam A, Wicks EC, Hechenbleikner EM, Taube JM, et al.
The vigorous immune microenvironment of microsatellite instable
colon cancer is balanced by multiple counter-inhibitory checkpoints.
Cancer Discov. 2015;5(1):43–51.
17. Peggs KS, Segal NH, Allison JP, Cell Press. Targeting Immunosupportive
Cancer Therapies: Accentuate the Positive. Eliminate the Negative
Cancer Cell. 2007;12:192–9.
18 Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and
co-inhibition. Nat Rev Immunol. 2013;13:227–42.
19 Nie W, Qian J, Xu MD, Gu K, Qian FF, Hu MJ, et al. A non-linear associa‑
tion between blood tumor mutation burden and prognosis in NSCLC
patients receiving atezolizumab. Oncoimmunology. 2020;9(1):1731072.
20. Huang Q, Zhang H, Hai J, Socinski MA, Lim E, Chen H, et al. Impact
of PD-L1 expression, driver mutations and clinical characteristics on
survival after anti-PD-1/PD-L1 immunotherapy versus chemotherapy
in non-small-cell lung cancer: A meta-analysis of randomized trials.
Oncoimmunology. 2018;7(12):e1396403.
21. Luchini C, Bibeau F, Ligtenberg MJL, Singh N, Nottegar A, Bosse T, et al.
ESMO recommendations on microsatellite instability testing for immu‑
notherapy in cancer, and its relationship with PD-1/PD-L1 expression
and tumour mutational burden: a systematic review-based approach.
Ann Oncol. 2019;30(8):1232–43.
22. Johnson DB, Frampton GM, Rioth MJ, Yusko E, Xu Y, Guo X, et al.
Targeted next generation sequencing identifies markers of response to
PD-1 blockade. Cancer Immunol Res. 2016;4(11):959–67.
23. Rosenberg JE, Hoffman-Censits J, Powles T, Van Der Heijden MS, Balar
AV, Necchi A, et al. Atezolizumab in patients with locally advanced and
metastatic urothelial carcinoma who have progressed following treat‑
ment with platinum-based chemotherapy: a single-arm, multicentre,
phase 2 trial. Lancet. 2016;387(10031):1909–20.

Sankar et al. Biomarker Research

(2022) 10:32

24. Le DT, Uram JN, Wang H, Bartlett BR, Kemberling H, Eyring AD, et al.
PD-1 Blockade in tumors with mismatch-repair deficiency. N Engl J
Med. 2015;372(26):2509–20.
25. Zhu J, Zhang T, Li J, Lin J, Liang W, Huang W, et al. Association between
tumor mutation burden (TMB) and outcomes of cancer patients
treated with PD-1/ PD-L1 inhibitions: A meta-analysis. Front Pharmacol.
2019;10:673.
26 Yan L, Zhang W. Precision medicine becomes reality-tumor typeagnostic therapy. Cancer commun (London, England). 2018;38:6 NLM
(Medline).
27. André T, Shiu K-K, Kim TW, Jensen BV, Jensen LH, Punt C, et al. Pembroli‑
zumab in microsatellite-instability–high advanced colorectal cancer. N
Engl J Med. 2020;383(23):2207–18.
28. Bristol Myers Squibb - Bristol-Myers Squibb Receives FDA Approval for
Opdivo (nivolumab) in MSI-H or dMMR Metastatic Colorectal Cancer
That Has Progressed Following Treatment with a Fluoropyrimidine,
Oxaliplatin, and Irinotecan. [cited 28 Jan 2021]. Available from: https://
news.bms.com/news/details/2017/Bristol-Myers-Squibb-Receives-FDA-
Approval-for-Opdivo-nivolumab-in-MSI-H-or-dMMR-Metastatic-Color
ectal-Cancer-That-Has-Progressed-Following-Treatment-with-a-Fluor
opyrimidine-Oxaliplatin-and-Irinotecan/default.aspx
29. Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa
K, et al. Association of tumour mutational burden with outcomes in
patients with advanced solid tumours treated with pembrolizumab:
prospective biomarker analysis of the multicohort, open-label, phase 2
KEYNOTE-158 study. Lancet Oncol. 2020;21(10):1353–65.
30. Tumeh PC, Harview CL, Yearley JH, Shintaku IP, Taylor EJM, Robert L,
et al. PD-1 blockade induces responses by inhibiting adaptive immune
resistance. Nature. 2014;515(7528):568–71.
31. Abida W, Cheng ML, Armenia J, Middha S, Autio KA, Vargas HA, et al.
Analysis of the prevalence of microsatellite instability in prostate
cancer and response to immune checkpoint blockade. JAMA Oncol.
2019;5(4):471–8.
32. Ott PA, Hu Z, Keskin DB, Shukla SA, Sun J, Bozym DJ, et al. An immu‑
nogenic personal neoantigen vaccine for patients with melanoma.
Nature. 2017;547(7662):217–21.
33. Mlecnik B, Bindea G, Angell HK, Maby P, Angelova M, Tougeron D,
et al. Integrative analyses of colorectal cancer show immunoscore is
a stronger predictor of patient survival than microsatellite instability.
Immunity. 2016;44(3):698–711.
34. Daud AI, Loo K, Pauli ML, Sanchez-Rodriguez R, Sandoval PM, Taravati K,
et al. Tumor immune profiling predicts response to anti-PD-1 therapy in
human melanoma. J Clin Invest. 2016;126(9):3447–52.
35. McKean WB, Moser JC, Rimm D, Hu-Lieskovan S. Biomarkers in precision
cancer immunotherapy: promise and challenges. Am Soc Clin Oncol
Educ B. 2020;40:e275–91.
36 Ikeda H, Old LJ, Schreiber RD. The roles of IFNγ in protection against
tumor development and cancer immunoediting. Cytokine Growth Fac‑
tor Rev. 2002;13:95–109.
37. Liang SC, Latchman YE, Buhlmann JE, Tomczak MF, Horwitz BH, Freeman
GJ, et al. Regulation of PD-1, PD-L1, and PD-L2 expression during nor‑
mal and autoimmune responses. Eur J Immunol. 2003;33(10):2706–16.
38. Spranger S, Spaapen RM, Zha Y, Williams J, Meng Y, Ha TT, et al. Up-reg‑
ulation of PD-L1, IDO, and Tregs in the melanoma tumor microenviron‑
ment is driven by CD8+ T cells. Sci Transl Med. 2013;5(200):200ra116.
39. Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR,
et al. IFN-γ-related mRNA profile predicts clinical response to PD-1
blockade. J Clin Invest. 2017;127(8):2930–40.
40. Fehrenbacher L, Spira A, Ballinger M, Kowanetz M, Vansteenkiste J,
Mazieres J, et al. Atezolizumab versus docetaxel for patients with
previously treated non-small-cell lung cancer (POPLAR): a multi‑
centre, open-label, phase 2 randomised controlled trial. Lancet.
2016;387(10030):1837–46.
41. Johnson DB, Bordeaux J, Kim JY, Vaupel C, Rimm DL, Ho TH, et al.
Quantitative spatial profiling of PD-1/PD-L1 interaction and HLA-DR/
IDO-1 predicts improved outcomes of anti-PD-1 therapies in metastatic
melanoma. Clin Cancer Res. 2018;24(21):5250–60.
42. Giraldo NA, Nguyen P, Engle EL, Kaunitz GJ, Cottrell TR, Berry S, et al.
Multidimensional, quantitative assessment of PD-1/PD-L1 expression in
patients with Merkel cell carcinoma and association with response to

Page 11 of 13

43

44
45.

46
47.

48.
49.

50.

51.

52.

53.
54.
55.

56.
57.
58.
59.
60.

61.

pembrolizumab 11 Medical and Health Sciences 1107 Immunology. J
Immunother Cancer. 2018;6(1):99.
Lu S, Stein JE, Rimm DL, Wang DW, Bell JM, Johnson DB, et al. Compari‑
son of biomarker modalities for predicting response to PD-1/PD-L1
checkpoint blockade: a systematic review and meta-analysis. JAMA
Oncol Am Med Assoc. 2019;5:1195–204.
Hicklin DJ, Marincola FM, Ferrone S. HLA class I antigen downregulation
in human cancers: T-cell immunotherapy revives an old story. Mol Med
Today. 1999;5:178–86.
Rodig SJ, Gusenleitner D, Jackson DG, Gjini E, Giobbie-Hurder A, Jin
C, et al. MHC proteins confer differential sensitivity to CTLA-4 and
PD-1 blockade in untreated metastatic melanoma. Sci Transl Med.
2018;10(450):eaar3342.
Costantini S, Budillon A. New prognostic and predictive markers in
cancer progression. Int J Mol Sci. 2020;21:1–4 MDPI AG.
Chaput N, Lepage P, Coutzac C, Soularue E, Le Roux K, Monot C,
et al. Baseline gut microbiota predicts clinical response and colitis in
metastatic melanoma patients treated with ipilimumab. Ann Oncol.
2017;28(6):1368–79.
Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillère R, et al.
Gut microbiome influences efficacy of PD-1-based immunotherapy
against epithelial tumors. Science (80- ). 2018;359(6371):91–7.
Brandt LJ, Aroniadis OC, Mellow M, Kanatzar A, Kelly C, Park T, et al.
Long-term follow-up of colonoscopic fecal microbiota transplant
for recurrent clostridium difficile infection. Am J Gastroenterol.
2012;107(7):1079–87.
Spencer CN, Gopalakrishnan V, McQuade J, Andrews MC, Helmink B,
Khan MAW, et al. Abstract 2838: The gut microbiome (GM) and immu‑
notherapy response are influenced by host lifestyle factors. In: Cancer
Research. American Association for Cancer Research (AACR). Abstract
presented at AACR 2019 conference March 29-April 3, Atlanta,
GA. 2019. p. 2838.
Kamphorst AO, Pillai RN, Yang S, Nasti TH, Akondy RS, Wieland A,
et al. Proliferation of PD-1+ CD8 T cells in peripheral blood after PD1-targeted therapy in lung cancer patients. Proc Natl Acad Sci U S A.
2017;114(19):4993–8.
Kim KH, Cho J, Ku BM, Koh J, Sun JM, Lee SH, et al. The first-week
proliferative response of peripheral blood PD-1þCD8þ T cells predicts
the response to Anti-PD-1 therapy in solid tumors. Clin Cancer Res.
2019;25(7):2144–54.
Gros A, Tran E, Parkhurst MR, Ilyas S, Pasetto A, Groh EM, et al. Recogni‑
tion of human gastrointestinal cancer neoantigens by circulating
PD-1+ lymphocytes. J Clin Invest. 2019;129(11):4992–5004.
Peng S, Zaretsky JM, Ng AHC, Chour W, Bethune MT, Choi J, et al. sensi‑
tive detection and analysis of neoantigen-specific T cell populations
from tumors and blood. Cell Rep. 2019;28(10):2728-2738.e7.
Yuan J, Adamow M, Ginsberg BA, Rasalan TS, Ritter E, Gallardo HF, et al.
Integrated NY-ESO-1 antibody and CD8 + T-cell responses correlate
with clinical benefit in advanced melanoma patients treated with
ipilimumab. Proc Natl Acad Sci U S A. 2011;108(40):16723–8.
Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al.
Mutational landscape determines sensitivity to PD-1 blockade in nonsmall cell lung cancer. Science (80- ). 2015;348(6230):124–8.
Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A,
et al. Genetic basis for clinical response to CTLA-4 blockade in Mela‑
noma. N Engl J Med. 2014;371(23):2189–99.
Cafri G, Gartner JJ, Zaks T, Hopson K, Levin N, Paria BC, et al. mRNA
vaccine–induced neoantigen-specific T cell immunity in patients with
gastrointestinal cancer. J Clin Invest. 2020;130(11):5976–88.
Miao L, Zhang Y, Huang L. mRNA vaccine for cancer immunotherapy.
Mol Cancer. 2021;20(1):41.
Papachristofilou A, Hipp MM, Klinkhardt U, Früh M, Sebastian M, Weiss
C, et al. Phase Ib evaluation of a self-adjuvanted protamine formulated
mRNA-based active cancer immunotherapy, BI1361849 (CV9202), com‑
bined with local radiation treatment in patients with stage IV non-small
cell lung cancer. J Immunother Cancer. 2019;7(1):38.
Rittig SM, Haentschel M, Weimer KJ, Heine A, Müller MR, Brugger W,
et al. Long-term survival correlates with immunological responses in
renal cell carcinoma patients treated with mRNA-based immunother‑
apy. Oncoimmunology. 2015;5(5):e1108511.

Sankar et al. Biomarker Research

(2022) 10:32

62. Okuma Y, Wakui H, Utsumi H, Sagawa Y, Hosomi Y, Kuwano K, et al.
Soluble programmed cell death ligand 1 as a novel biomarker for
nivolumab therapy for non–small-cell lung cancer. Clin Lung Cancer.
2018;19(5):410-417.e1.
63 Zhu X, Lang J. Soluble PD-1 and PD-L1: Predictive and prognostic sig‑
nificance in cancer. Oncotarget. 2017;8:97671–82 Impact Journals LLC.
64. Zhou J, Mahoney KM, Giobbie-Hurder A, Zhao F, Lee S, Liao X, et al.
Soluble PD-L1 as a biomarker in malignant melanoma treated with
checkpoint blockade. Cancer Immunol Res. 2017;5(6):480–92.
65. Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, et al. Exosomal
PD-L1 contributes to immunosuppression and is associated with antiPD-1 response. Nature. 2018;560(7718):382–6.
66. Khan M, Zhao Z, Arooj S, Fu Y, Liao G. Soluble PD-1: predictive, prognos‑
tic, and therapeutic value for cancer immunotherapy. Front Immunol.
2020;19:11.
67. Moding EJ, Liu Y, Nabet BY, Chabon JJ, Chaudhuri AA, Hui AB, et al.
Circulating tumor DNA dynamics predict benefit from consolidation
immunotherapy in locally advanced non-small-cell lung cancer. Nat
Cancer. 2020;1(2):176–83.
68. Reinert T, Henriksen TV, Christensen E, Sharma S, Salari R, Sethi H, et al.
Analysis of plasma cell-free DNA by ultradeep sequencing in patients
with stages I to III colorectal cancer. JAMA Oncol. 2019;5(8):1124–31.
69. Hsu C-H, Lu S, Abbas A, Guan Y, Zhu AX, Aleshin A, et al. Longitudinal
and personalized detection of circulating tumor DNA (ctDNA) for
monitoring efficacy of atezolizumab plus bevacizumab in patients
with unresectable hepatocellular carcinoma (HCC). J Clin Oncol.
2020;38(15_suppl):3531–3531.
70. Goldberg SB, Narayan A, Kole AJ, Decker RH, Teysir J, Carriero NJ, et al.
Early assessment of lung cancer immunotherapy response via circulat‑
ing tumor DNA. Clin Cancer Res. 2018;24(8):1872–80.
71. Christensen E, Birkenkamp-Demtröder K, Sethi H, Shchegrova S, Salari R,
Nordentoft I, et al. Early detection of metastatic relapse and monitoring
of therapeutic efficacy by ultra-deep sequencing of plasma cell-free
DNA in patients with urothelial bladder carcinoma. J Clin Oncol.
2019;37(18):1547–57.
72. Bratman SV, Yang SYC, Iafolla MAJ, Liu Z, Hansen AR, Bedard PL, et al.
Personalized circulating tumor DNA analysis as a predictive biomarker
in solid tumor patients treated with pembrolizumab. Nat Cancer.
2020;1(9):873–81.
73. Survival According Circulating Tumour DNA Status in the Study. [cited
11 Jan 2021]. Available from: https://www.esmo.org/oncology-news/
survival-according-circulating-tumour-dna-status-in-the-study-of-adjuv
ant-atezolizumab-for-high-risk-muscle-invasive-urothelial-cancer
74. Azzi G, Krinshpun S, Tin A, Malashevich A, Malhotra M, Billings P, et al. 25
Line of therapy adjustment in a patient with advanced triple-negative
breast cancer (TNBC) by using personalized ctDNA test for treatment
response monitoring. J Immunother Cancer. 2020;8(Suppl 3):A24–A24.
75. Sanmamed MF, Perez-Gracia JL, Schalper KA, Fusco JP, Gonzalez A,
Rodriguez-Ruiz ME, et al. Changes in serum interleukin-8 (IL-8) levels
reflect and predict response to anti-PD-1 treatment in melanoma and
non-small-cell lung cancer patients. Ann Oncol. 2017;28(8):1988–95.
76. Lim JU, Yoon HK. Potential predictive value of change in inflamma‑
tory cytokines levels subsequent to initiation of immune checkpoint
inhibitor in patients with advanced non-small cell lung cancer, vol. 138.
Cytokine: Academic Press; 2021.
77. Ho WJ, Yarchoan M, Hopkins A, Mehra R, Grossman S, Kang H. Associa‑
tion between pretreatment lymphocyte count and response to PD1
inhibitors in head and neck squamous cell carcinomas. J Immunother
Cancer. 2018;6(1):84.
78. Valero C, Lee M, Hoen D, Weiss K, Kelly DW, Adusumilli PS, et al. Pre‑
treatment neutrophil-to-lymphocyte ratio and mutational burden as
biomarkers of tumor response to immune checkpoint inhibitors. Nat
Commun. 2021;12(1):729.
79. Bryant AK, Sankar K, Strohbehn GW, Zhao L, Elliott D, Qin A, et al.
Prognostic and predictive value of neutrophil-to-lymphocyte ratio with
adjuvant immunotherapy in stage III non-small-cell lung cancer. Lung
Cancer. 2021;163:35–41.
80. Masucci G V, Cesano A, Hawtin R, Janetzki S, Zhang J, Kirsch I, et al. Vali‑
dation of biomarkers to predict response to immunotherapy in cancer:
Volume I - pre-analytical and analytical validation. J Immuno Therapy
Cancer. BioMed Central Ltd.; 2016;4.

Page 12 of 13

81. Gubin MM, Zhang X, Schuster H, Caron E, Ward JP, Noguchi T, et al.
Checkpoint blockade cancer immunotherapy targets tumour-specific
mutant antigens. Nature. 2014;515(7528):577–81.
82. Marincola FM, Jaffee EM, Hickljn DJ, Ferrone S. Escape of human solid
tumors from t-cell recognition: molecular mechanisms and functional
significance. Adv Immunol. 2000;74(74):181–273.
83. Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W, HuLieskovan S, et al. Mutations associated with acquired resistance to
PD-1 blockade in Melanoma. N Engl J Med. 2016;375(9):819–29.
84. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaus‑
tion. Nat Rev Immunol. 2015;15(8):486–99. Nature Publishing Group.
85 Dunn GP, Old LJ, Schreiber RD. The three Es of cancer immunoediting.
Annu Rev Immunol. 2004;22:329–60.
86 Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: Integrat‑
ing immunity’s roles in cancer suppression and promotion. Science.
2011;331:1565–70.
87. Anagnostou V, Smith KN, Forde PM, Niknafs N, Bhattacharya R,
White J, et al. Evolution of neoantigen landscape during immune
checkpoint blockade in non-small cell lung cancer. Cancer Discov.
2017;7(3):264–76.
88. Van Rooij N, Van Buuren MM, Philips D, Velds A, Toebes M, Heem‑
skerk B, et al. Tumor exome analysis reveals neoantigen-specific
T-cell reactivity in an ipilimumab-responsive melanoma. J Clin Oncol.
2013;31(32):e439–42.
89 Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and
immune tolerance. Cell. 2008;133:775–87.
90 Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms
to therapy. Immunity. 2014;41:49–61 Cell Press.
91. Corrales L, Glickman LH, Dubensky TW, Gajewski TF. Direct Activation of
STING in the Tumor Microenvironment Leads to Potent and Systemic
Tumor Regression and Immunity. Cell Rep. 2015;11(7):1018–30.
92. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A, Cell Press. Primary,
adaptive, and acquired resistance to cancer immunotherapy. Cell.
2017;168:707–23 Cell Press.
93. Zappasodi R, Sirard C, Li Y, Budhu S, Abu-Akeel M, Liu C, et al. Rational
design of anti-GITR-based combination immunotherapy. Nat Med.
2019;25(5):759–66.
94 Aspeslagh S, Postel-Vinay S, Rusakiewicz S, Soria JC, Zitvogel L, Mara‑
belle A. Rationale for anti-OX40 cancer immunotherapy. Eur J Cancer.
2016;52:50–66 Elsevier Ltd.
95. Quaratino S, Sainson R, Thotakura A, Henderson SJ, Pryke K, Newton
A, et al. A first-in-human study of KY1044, a fully human anti-ICOS
IgG1 antibody as monotherapy and in combination with atezoli‑
zumab in patients with selected advanced malignancies. J Clin Oncol.
2019;37(15):TPS2644–TPS2644.
96. Rizvi H, Sanchez-Vega F, La K, Chatila W, Jonsson P, Halpenny D, et al.
Molecular determinants of response to anti-programmed cell death
(PD)-1 and anti-programmed death-ligand 1 (PD-L1) blockade in
patients with non-small-cell lung cancer profiled with targeted nextgeneration sequencing. J Clin Oncol. 2018;36(7):633–41.
97. Yu Y, Zeng D, Ou Q, Liu S, Li A, Chen Y, et al. 2019. Association of Survival
and Immune-Related Biomarkers with Immunotherapy in Patients with
Non-Small Cell Lung Cancer: A Meta-analysis and Individual PatientLevel Analysis. JAMA Netw Open. 2019;2(7):e196879. American Medical
Association.
98. Althammer S, Tan TH, Spitzmüller A, Rognoni L, Wiestler T, Herz T, et al.
Automated image analysis of NSCLC biopsies to predict response to
anti-PD-L1 therapy. J Immunother Cancer. 2019;7(1):121.
99. Cristescu R, Mogg R, Ayers M, Albright A, Murphy E, Yearley J, et al.
Pan-tumor genomic biomarkers for PD-1 checkpoint blockade-based
immunotherapy. Science. 2018;362(6411):eaar3593.
100 Jaitin DA, Kenigsberg E, Keren-Shaul H, Elefant N, Paul F, Zaretsky I, et al.
Massively parallel single-cell RNA-seq for marker-free decomposition of
tissues into cell types. Science (80- ). 2014;343(6172):776–9.
101. Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al.
Highly parallel genome-wide expression profiling of individual cells
using nanoliter droplets. Cell. 2015;161(5):1202–14.
102. Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres A, Li V, et al. Drop‑
let barcoding for single-cell transcriptomics applied to embryonic stem
cells. Cell. 2015;161(5):1187–201.

Sankar et al. Biomarker Research

103
104.
105.

106.
107.

108.

(2022) 10:32

Page 13 of 13

Papalexi E, Satija R, Nature Publishing Group. Single-cell RNA
sequencing to explore immune cell heterogeneity. Nat Rev Immunol.
2018;18:35–45.
Sade-Feldman M, Yizhak K, Bjorgaard SL, Ray JP, de Boer CG, Jenkins
RW, et al. Defining T cell states associated with response to checkpoint
immunotherapy in Melanoma. Cell. 2018;175(4):998-1013.e20.
Dominguez CX, Müller S, Keerthivasan S, Koeppen H, Hung J, Gierke
S, et al. Single-cell RNA sequencing reveals stromal evolution into
LRRC15+ myofibroblasts as a determinant of patient response to
cancer immunotherapy. Cancer Discov. 2020;10(2):232–53.
Hayes DF. Defining clinical utility of tumor biomarker tests: a clinician’s
viewpoint. J Clin Oncol. 2021;39(3):238–48.
Dancey JE, Dobbin KK, Groshen S, Jessup JM, Hruszkewycz AH,
Koehler M, et al. Guidelines for the development and incorporation of
biomarker studies in early clinical trials of novel agents. Clin Cancer Res.
2010;16:1745–55.
Federal Register :: Enrichment Strategies for Clinical Trials To Support
Demonstration of Effectiveness of Human Drugs and Biological Prod‑
ucts; Guidance for Industry; Availability. [cited 1 Feb 2021]. Available
from: https://www.federalregister.gov/documents/2019/03/15/2019-
04815/enrichment-strategies-for-clinical-trials-to-support-demonstrat
ion-of-effectiveness-of-human-drugs

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

