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Predictive Biomarkers for Immune
Checkpoint Blockade

Yanna Lei, Xiaoying Li?, Qian Huang, Xiufeng Zheng and Ming Liu*

Department of Abdominal Oncology, West China Hospital, Sichuan University, Chengdu, China

Over the past decade, immune checkpoint blockade (ICB) therapy has revolutionized the
outlook for oncology with significant and sustained improvement in the overall patient
survival. Unlike traditional cancer therapies, which target the cancer cells directly, ICB
acts on the immune system to enhance anti-tumoral immunity. However, the response
rate is still far from satisfactory and most patients are refractory to such treatment.
Unfortunately, the mechanisms underlying such heterogeneous responses between
patients to ICB therapy remain unclear. In addition, escalating costs of cancer care
and unnecessary immune-related adverse events also are pertinent considerations with
applications of ICB. Given these issues, identifying explicit predictive biomarkers for
patient selection is an urgent unmet need to increase the efficacy of ICB therapy. The
markers can be classified as tumor related and non-tumor-related biomarkers. Although
substantial efforts have been put into investigating various biomarkers, none of them
has been found to be sufficient for effectively stratifying patients who may benefit from
immunotherapy. The present write up is an attempt to review the various emerging
clinically relevant biomarkers affecting the efficacy of immune checkpoint inhibitors, as
well as the limitations associated with their clinical application.
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INTRODUCTION

For years, conventional oncological treatments such as surgery, chemotherapy, radiotherapy, as
well as targeted therapy remained the cornerstones for cancer treatment. However, the advent of
immunotherapy, especially immune checkpoint blockade (ICB) therapy, has significantly changed
the therapeutic landscape of several cancer types (1). The checkpoint molecules including cytotoxic
T lymphocyte-associated protein 4 (CTLA-4) and programmed death 1 (PD-1), together with
programmed death-ligand 1 (PD-L1) have been successfully targeted and antibodies affecting these
molecules have been approved by the US Food and Drug Administration for therapy against
several cancer types. In addition, the clinical trials of immune checkpoint inhibitors have showed
remarkable anti-tumor activities. These encouraging results can drive the development of more
immune checkpoint blockage molecules.

The immune system serves as the last line of defense against the formation and progression
of tumors. The cancer immunity cycle, first put forward by Chen and Mellman, refers to a series
of stepwise events that can be initiated and then expanded iteratively for an anticancer immune
response to destroy the cancer cells (2). This cycle can be divided into three major steps: release
of cancer antigens and their presentation to T cells, then T cells get activated and reach the tumor
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sites, and the Kkilling of cancerous cells by cytotoxic T
lymphocytes (CTLs) resulting in significant antigen release. The
activation of T cells relies on two distinct signals. The first
one is the binding of T cell receptor (TCR) to complexes
of antigenic peptides with major histocompatibility complex
(MHC). The second one is generated from the modulation of
co-stimulatory or co-inhibitory molecules that could facilitate the
tumor escape from immune surveillance (3). These molecules are
also called immune checkpoints. ICB can disrupt the potential
effects of immune checkpoints and cause an optimum activation
of cytotoxic T cells to effectively kill cancer cells. Despite
its success in various malignancies, only a small population
of cancer patients have actually benefited from ICB. For
example, Ipilimumab, the first CTLA-4 antibody approved by
FDA could improve overall survival in patients with advanced
melanoma in 2011 (4), was reported to be effective in <11%
patients. Melanoma is one of the tumors that has exhibited a
favorable response rate to immunotherapy. According to the
results of KEYNOTE-006 phase III study, the overall response
rate of Pembrolizumab, the first PD-1 inhibitor approved for
refractory, advanced melanoma, was about 42% (5). Although
ICB demonstrated significant anti-tumor effects, the objective
response rates of monotherapy were far from satisfactory in the
clinical trials. Moreover, the antibody drugs have substantially
increased socioeconomic burdens and produced immune-
related adverse events. Thus, identifying various biomarkers
to distinguish patients that might respond to immunotherapy
would significantly decrease treatment cost, avoid undesirable
immunotoxicities and promote the development of precision
medicine. Despite significant efforts to identify such biomarkers,
the predictive role of different biomarkers remains unclear. It has
been perceived that monitoring the change of any index, which
may have value in selecting patients, will be challenging. The lack
of uniform standard detection methods and analysis methods
can hamper the application of these biomarkers. Additionally,
a single biomarker may not be suitable to accurately predict the
selection of the patient for immunotherapy.

This review summarizes recent data on the various
biomarkers for predicting response of cancer patients to
ICB therapy, and its relevance to various cancer biomarkers,
tumor microenvironment-related biomarkers, circulating
prognostic biomarkers as well as host-related biomarkers.

TUMOR-RELATED BIOMARKERS FOR ICB

The Expression of PD-L1

PD-L1, one of the ligands of PD-1, has been reported to be
expressed not only on tumor cells but also on other host immune
cells such as dendritic cells, macrophages and T cells (6). Tumor
cells can effectively escape from the immune surveillance through
exploiting PD-1/PD-L1 signaling pathway. PD-L1 can act as
an important target of ICB. The expression levels of PD-L1
were the most common immune-based biomarker found to be
affected in current clinical practice (7-9). For instance, patients
overexpressing PD-L1 are more likely to show a better prognosis
and benefit from ICB (8, 10, 11). It may display predictive value
in some certain tumor types (in Table 1, different tumor types

have been indicated that have gained FDA approval and had a
companion diagnostic PD-L1 testing in last 3 years). For example,
PD-L1 level in advanced non-small-cell lung cancer (NSCLC)
patients is considered as an essential predictor of patient response
to pembrolizumab. According to the results of KEYNOTE-
024 phase III clinical trial, if NSCLC patients bear PD-L1
expression upon at least 50% of cancer cells, pembrolizumab,
rather than chemotherapy, is to be used as the first-line treatment
(12). In metastatic triple-negative breast cancer patients with
PD-L1-positive (expression of PD-L1 on the tumor-infiltrating
immune cells >1% of tumor area), combination therapy with
atezolizumab plus nab-paclitaxel led to a significantly longer
progression free survival than placebo plus nab-paclitaxel (13).

However, the imperfect nature of PD-L1 as a biomarker has
been reported in some studies and a subset of patients with
high PD-L1 expression do not benefit from ICB. For example,
in patients with advanced HCC (Hepatocellular Carcinoma), the
predictive value of PD-L1 expression on tumor cells did not
directly correlate with the patient response to anti-PD1 therapy
according to the data from CheckMate 040 clinical trial (14). In
this trial, the response rate of the patients with PD-L1 expression
on at least 1% of cancer cells was 26% and on <1% of cancer cells
was 19%. The study CheckMate-032 also revealed that PD-L1
status could not serve as an effective biomarker in patients with
urothelial cancer (15). Davis et al. evaluated the predictive role of
PD-L1 based in pivotal clinical trials which led to FDA approval
of immune checkpoint inhibitors between 2011 and 2019 (16).
They concluded that PD-L1 was predictive in only 28.9% of cases
and only 20% of those reported displayed companion PD-L1
diagnostic testing. They also pointed out different types of tissues
that were tested (fresh vs. archival), PD-L1 expression cutoffs
as well as type of cells test for the PD-L1 expression that could
explain the heterogeneity in PD-L1 predictiveness. In certain
cancer patients, although high PD-L1 expression was detected,
tumor-infiltrating T cells were found to be relatively scarce,
which may explain patients’ lack of response to ICB (17). These
findings indicated that PD-L1 status should not be considered as
the sole predictive biomarker to determine whether ICB can be
used clinically.

Additionally, PD-L1 expression on the immune cells can
possibly predict an increased response to anti-PD1/PD-L1
treatment in metastatic bladder cancer and breast cancer (18).
Furthermore, Kleinovink et al. reported previously that PD-
L1 blockade was still effective against PD-L1 knockout tumors
in mice and PD-L1 expression on immune cells was not
substantially altered by the lack of PD-L1 expression on the
cancer cells. They demonstrated that PD-L1 expression on tumor
cells was not a prerequisite for the effectiveness of anti-PD-L1
therapy. Instead, its expression on immune cells may be more
predictive of possible therapeutic effects of ICB (19). However,
these results were based on the findings for only certain cancer
types and need more evidence-based research.

The application of PD-L1 expression as a predictive
marker can be also affected by other issues. For example,
intratumoral heterogeneity may have a significant impact on
the data interpretation of the results gained from analysis of
a single-region of a tumor sample (20). Moreover, there is
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TABLE 1 | A brief update on various approvals granted by FDA for immune checkpoint inhibitors linked to PD-L1 detection in the past 3 years.

Trial Tumor type  Drug Year of Line of PD-L1 threshold Companion Number Endpoint Results
approval therapy diagnostic of
patients
KEYNOTE-355 TNBC Pembrolizumab + chemotherapy 2020 1st CPS® > 10 IHC 22C3 566 PFS, OS Median PFS: 9.7 vs. 5.6 m
VS
Placebo + chemotherapy
IMpower110 adult Atezolizumab 2020 1st TC>50%o0rIC>10% SP142 277 oS Median OS: 20.2 vs 13.1m
patients with VS Median PFS:
NSCLC Platinum-based chemotherapy 8.1vs.5.0m
CHECKMATE- NSCLC Nivolumab+ ipilimumab 2020 1st TC>1% IHC 28-8 396 0s Median OS: 17.1 vs. 14.9m
227 (Part 'S}
1a) Platinum-doublet chemotherapy
KEYNOTE-181 ESCC? Pembrolizumab 2019 2nd CPS >10 IHC 22C3 85 oS Median OS:
VS 10.3vs. 6.7 m
Chemotherapy
KEYNOTE-180 Pembrolizumab 3rd 121 ORR, ORR: 20%
response
duration
KEYNOTE-042 NSCLC Pembrolizumab 2019 1st TPSY > 1% IHC 22C3 637 0os Median OS:
V.S TPS > 1%:
Carboplatin-containing 16.7 vs. 12.1m
chemotherapy TPS > 20%:
17.7 vs. 13.0m
TPS > 50%:
20vs. 12.2m
IMpassion130 TNBC Atezolizumab + nab-paclitaxel 2019 1st IC>1% SP142 451 PFS, OS Median OS:
VS 7.4vs. 48m
Placebo + nab-paclitaxel
KEYNOTE-048 HNSCC Pembrolizumab 2019 CPS > 1 IHC 22C3 301 0s Median OS:
subgroups VS CPS >1:
Cetuximab plus chemotherapy 12.3vs. 10.3m
CPS > 20: 14.9vs. 10.7m
KEYNOTE-158 Cervical Pembrolizumab 2018 2nd CPS > 1 IHC22C3 98 ORR ORR:14.3%"
cancer
KEYNOTE-059 Gastric/GEJ Pembrolizumab 2017 3rd CPS > 1 IHC 22C3 259 ORR Overall ORR: 11.6%
PD-L1+:15.5%
PD-L1-:6.4%
NCT01693562 Urothelial Durvalumab 2017 2nd TCorlIC> 25% SP263 191 ORR Overall ORR: 17.8%
carcinoma PD-L1+:27.6%

PD-L1-:56.1%

aEfficacy of pembrolizumab was investigated in two clinical trials, KEYNOTE-181 and KEYNOTE-180.

PORR was 14.3% with a median follow-up time of 11.7 months in 77 patients with PD-L 1-positive tumors. No responses were observed in patients whose tumors did not have PD-L1 expression.

CTPS is calculated as the ratio between the number of PD-L 1+ tumor cells and the total number of tumor cells.
9CPS is calculated as the ratio between the number of all PD-L1+ cells and the total number of cells.

TNBC, triple-negative breast cancer; CPS, combined positive score; NSCLC, non-small cell lung cancer; GEJ, gastroesophageal junction; IC, immune cells; TC, tumor cells; TPS, tumor proportion score; HNSCC, head and neck

squamous cell carcinoma; ESCC, squamous cell carcinoma of the esophagus.
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no established universal standard available about the cut-off
points for PD-L1 expression (21). PD-L1 expression is currently
quantified by immunohistochemistry, but the PD-L1 staining
can be heterogeneous given the availability of multiple staining
antibodies and interpretation protocols. SP142 (Ventana Medical
Systems), SP263 (Ventana Medical Systems), and IHC 22C3
(Dako North America, Inc.) are the common antibodies that have
been used in clinical practice. These drawbacks may explain why
a fraction of PD-L1-positive tumors do not effectively respond to
ICB, whereas PD-L1-negative tumors can respond.

Moreover, as overexpression of PD-L1 in HCC tumors
generally indicated a poor prognosis and vascular formation (22),
the predictive value of PD-L1 expression is controversial and
PD-L1 expression as a biomarker may have limited applications.

Tumor Mutational Burden
The efficacy of ICB therapy is determined predominantly by
T cells. It has been reported that the signatures of T cell
dysfunction and exclusion correlated with the clinical response
to ICB (23, 24). T cell activation may be triggered by their
recognition of tumor-related antigens that can be affected by
tumor mutation burden (TMB). TMB is referred to the total
number of non-synonymous mutations observed per megabase
(25). Notably, not all the mutations can induce the production
of neoantigens. Chan et al. explained the mechanism that only
a minority of antigenic peptides derived from mutations can be
loaded to major histocompatibility complex (MHC) molecules
and ultimately recognized by T cells (26). The results suggested
that the occurrence of more somatic mutations can lead to an
increased neoantigen production and trigger a stronger immune
response to eradicate tumor (27, 28), and thus TMB may be
predictive of responsiveness to ICB therapy (29). Indeed, in
several retrospective studies, the response rates to ICB for cancers
with high mutational loads, such as NSCLC (30), melanoma (27),
small-cell lung cancer (31), and urothelial cancer (32, 33), were
found to be >15%. In general, patients with higher TMB are more
likely to demonstrate an improved objective response rate and
benefit from ICB. However, as tumor grows in size, they may
acquire neoantigen intratumor heterogeneity (ITH) which can
ultimately impact anti-tumor immunity and PD-L1 expression.
Wolf et al. demonstrated intra-tumor heterogeneity can diminish
immune response in melanoma and emphasized the importance
of clonal mutations in immune surveillance (34). Patients bearing
low neoantigen ITH and high clonal neoantigen burden can
display high PD-L1 expression and significantly benefit from
PD-1 blockade, with extended progression-free survival (35).
However, for some tumor types, TMB does not directly
correlate with ICB efficacy. For example, Merkel-cell carcinoma
(36) and renal cell carcinoma (37) show intermediate levels of
TMB but still have a high response rate to ICB therapy. Merkel-
cell carcinoma (MCC) is a rare neuroendocrine malignancy
of the skin. The Merkel Cell Polyomavirus (MCPyV), as well
as ultraviolet light radiation are the common etiological agent
responsible for this malignancy. The UV mutational signature
has been reported to be positively correlated with TMB-high
classification. The MCPyV genomic DNA sequences were not

found in any TMB-high cases but were identified in 63% of TMB-
low cases. However, no significant difference in the response
rate was observed between TMB-high/UV driven group and
TMB-low/MCPyV-positive group (38). This discrepancy may be
explained by the superior quality of neoantigens generated by
intermediate levels of TMB (26). TMB also may not display
a predictive value in NSCLC patients who were administered
chemotherapy plus ICB or chemotherapy alone as the first-
line treatment (39). In this study, although chemotherapy
could increase TMB, the mutations were not observed to
be immunogenic to trigger anti-tumor immune responses.
Similarly, high TMB caused by radiation or cytotoxic drug
exposure has been found not to directly correlate with an efficient
anti-tumor response (35).

Taken together, TMB acting as an exclusive biomarker
to differentiate responders from non-responders may not be
sufficiently robust. However, there is no definitive threshold
to define high or low TMB (40). Hence, standardization of
TMB calculation is essential before practicing the clinical
implementation of TMB. Although next-generation sequencing
(NGS) techniques have made TMB assessment more accessible,
the associated high-cost and time-consuming nature of this
technique have significantly restricted its utility. Several trials that
accessed TMB values were retrospective studies that primarily
examined the relationship between TMB values and progression-
free survival (PFS) or objective response rate (ORR) rather
than overall survival (OS) only (41). Thus, several steps must
be implemented carefully before TMB can serve as a possibly
reliable biomarker and establish suitable TMB cutoffs is the most
critical step.

Microsatellite Instability and Mismatch

Repair Deficiency

Mismatch repair pathways identify and repair mismatched bases
during DNA replication and gene recombination. However,
defective DNA mismatch repair (MMR) may cause uncorrected
DNA replication and produce numerous aberrant neoantigens. It
has been reported that MMR tumors may carry about 10 to 100
times more mutations than mismatch repair-proficient tumors
(42). Also, cancers with MMR are more likely to be influenced
by the repetitive DNA sequences’ mutations and thus lead to
a high level of microsatellite instability (MSI-H) (43). MSI was
the first biomarker approved by the FDA to predict an optimal
clinical response to anti-PD1 blockage regardless of tumor site or
histology (44).

In 2017, pembrolizumab gained accelerated approval by the
FDA to treat unresectable solid tumors with MSI-H or MMR-D
(45). This approval was based on the results from 149 patients
with MSI-H or MMR-D solid tumors who were enrolled in five
clinical trials. In these trials, 90 patients had colorectal cancer
and 59 patients had other types of cancers. The response rate
was similar in colorectal cancer and non-colorectal cancer. The
overall response rate was 39.6 and 78% of the response sustaining
longer than 6 months. Based on the results of CheckMate
142, nivolumab was approved by the FDA for mCRC patients
with MSI-H or MMR-D who had disease progression after
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chemotherapy (46). The results from the Phase Il KEYNOTE-158
study (47) and arm Z1D—A sub-protocol of the NCI-MATCH
(EAY131) study (48) also revealed that the PD-1 blockade has
a promising activity for MSI-H/dMMR cancer regardless of the
tumor type.

Interestingly, a favorable response of patients with MSI-H
or MMR-D to ICB may be attributed to a positive correlation
reported between MSI-H/MMR-D and PD-L1 expression.
However, Mandal et al. found that although PD-L1 expression
in MMR-D/MSI-H tumor was significantly higher than that in
tumor with mismatch repair proficient, still half of the patients
with MMR-D failed to respond effectively to the ICB therapy
(49). They reported that MSI intensity, a parameter that could
precisely quantify genomic MSI level, and mutational load,
especially insertion-deletion mutational load, could explain that
why a subset of patients with MMR-D did not respond to ICB. In
addition, alterations in tumor antigen presenting machinery and
tumor-extrinsic factors such as inadequate T-cell activation may
also have an impact on the response to ICB (50).

Despite encouraging findings indicating that MSI status could
serve as a potential marker to stratify responders from the
non-responders, a number of ICB sensitive patients cannot be
unambiguously distinguished based on MSI level. As reported
with other biomarkers, MSI status also has its limitations and
other biomarkers should be used in conjunction to identify the
sensitive patients.

Gene Expression Profiling

Gene expression profiling (GEP) of tumor cells could also
serve as a predictive biomarker to monitor the efficacy of ICB.
Hence, exploring the possible links between genomic subtypes
and clinical prognosis can contribute to accurately predict the
subset of patients that may respond to ICB treatment (51).
Additionally, immune gene signatures such as IFN-y signaling
and T-cell-inflamed gene expression signature are related to
immunotherapy response in several cancers (21). For instance,
IFN-y signaling plays a vital role in immune surveillance. CD8*
T cells can inhibit tumor cell proliferation and enhance the
immune response by secreting IFN-y. However, IFN-y could
also upregulate PD-L1 expression on the tumor cells, which can
efficiently protect tumor cells from immune surveillance (52).
Furthermore, constant exposure to IFN-y may protect tumor
cells from being eliminated by the immune system. This is
primarily because tumor cells without optimal IFN-y signaling
activation might display an enhanced survival advantage (53).
Ayers et al. revealed that the IFN-y-related gene profile obtained
from baseline tumor tissues was related to an overall better
response and PFS in the patients with melanoma, head and neck
cancer, and gastric cancer who were treated with pembrolizumab
(54). In NSCLC, patients with effector T cell-associated and
interferon-y-associated gene signatures displayed an improved
overall survival, upon treatment with atezolizumab. In addition,
PD-L1 expression also can directly correlate with effector T
cell-associated and interferon-y-associated gene signatures (55).
Moreover, in gastric cancer, T-cell-inflamed gene expression
can correlate with clinical benefit in pembrolizumab-treated
patients and thus T-cell-inflamed gene expression has an

enormous potential to serve as a potential biomarker for patient
selection (56).

Liu et al. demonstrated that the genomic and transcriptomic
features could also predict the response to anti-PD-1 therapy in
melanoma (24). They revealed that MHC-II expression, tumor
heterogeneity, purity and ploidy correlated with ICB response.
A low expression of MHC-II and high LDH was associated with
increased resistance to ipilimumab (an anti-CTLA4 antibody).
However, patients with lymph node metastasis were more
likely to benefit from ipilimumab. They also suggested that the
melanoma subtype may confound the association between TMB
and response to PD-1 blockade. When stratified by melanoma
subtype, the TMB may not serve as a good predictor of patient
response. They also developed predictive models integrating
clinical, genomic and transcriptomic characteristics and these
models could accurately separate patients by PFS and OS.
Notably, previous treatment of anti-CTLA-4 antibody may also
affect the predictors of response to anti-PD1 therapy.

Several mutations have also been associated with the efficacy
of ICB. Gainor et al. demonstrated that NSCLC patients
with epidermal growth factor receptor (EGFR) or anaplastic
lymphoma kinase (ALK) mutation exhibit a lower response rate
to ICB treatment (57). However, NSCLC patients with TP53 or
KRAS mutations, especially co-occurring TP53/KRAS mutations,
show a favorable clinical benefit to anti-PD-1 treatment (58).
The study also revealed that it was TP53 mutation but not KRAS
mutations that could significantly enhance PD-L1 expression.
TP53 mutation can enhance CD8* T cell infiltration and activate
effector T cells as well as IFN-y-associated gene signatures.
Tumors with TP53 and KRAS mutations may display a higher
mutation burden.

KRAS is one of the most common oncogenic drivers in lung
adenocarcinoma (LUAC) and a great molecular diversity as well
as phenotypic heterogeneity has been found in KRAS-mutant
LUACs which could be interpreted by the co-occurring genetic
events (59). STK11/LKB1 (KL), TP53 (KP), and CDKN2A/B
inactivation coupled with low expression of the NKX2-1 (TTF1)
transcription factor (KC) co-mutations can define distinct
subgroups of KRAS-mutant LUAC. KL tumors that correlated
with cold tumor immune microenvironment. STK11/LKB1 has
been associated with PD-L1 expression, immune escape and
innate resistance to PD-1 blockade in KRAS-mutant LUAC (60).
In contrast, KP tumors were found to demonstrate higher levels
of somatic mutations, infiltration of immune cells, immune
checkpoint effector molecules including PD-L1, PD-1 as well as
CTLA-4 and longer relapse-free survival. Hence, KP tumors were
more likely to respond to PD-1 axis blockade. PD-1 expression
levels on TILs also holds enormous predictive potential in the
non-small-cell lung cancer patients who were treated with anti-
PD-1 therapy (61). The transcriptional profile of TIL can vary
widely due to the different expression levels of PD-1. CD8+ T
lymphocytes with higher PD-1 expression (PD-1T TILs) have
increased expression of genes involved in the cell cycle regulation
and proliferation. Higher expression of the proliferation marker
Ki67 was also found in PD-1T TIL. PD-1T TIL can lose the
classical CD8+ effector functions but may develop a novel
effector function and thus could help in accurately predicting
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the efficacy of PD-1 blockade. PD-1T TILs can constitutively
secrete CXCL13 which could recruit other immune cell subsets
to the tumor environment. Patients with tumors harboring
more than 1% of PD-1T cells have displayed improved OS than
<1% of PD-17 cells.

Polybromo-1 (PBRM1) status also has been reported to
be associated with the efficacy of ICB in clear cell renal cell
carcinoma (ccRCC) (62). The PBRM1 loss could impair the IFNy
signaling pathway in murine RCC cell lines and thus correlated
with a less immunogenic tumor environment as well as resistance
to ICB. In addition, the IMmotion150 dataset was also analyzed
and it was found that patients with PBRM1 mutations had a
significantly lower response rate to anti-PD-L1 therapy. Beta-
2 microglobulin (B2M) mutations can also have an impact on
the response to ICB in melanoma (63). B2M is a component of
the MHC-I molecule and can stabilize the progress of antigens
presentation. The results showed that B2M aberrations including
point mutations, deletions or a loss of heterozygosity (LOH)
were also closely associated with tumor evasion of CD8+ T-
cell responses, disease progression and resistance to ICB. The
LOH was a more common form of B2M alterations found in
the non-responders.

Furthermore, CTNNBI status might have a potential to
predict patients’ response to anti-PD-1 therapy. CTNNBI is
one of the frequently mutated genes in HCC and has been
related to alcohol intake (64, 65). It has also been found
to be associated with tumor classifications as well as tumor
characteristics. In general, HCC with CTNNBI mutations
show microtrabecular or pseudoglandular histological patterns,
cholestatic tendencies, and T cell exclusion (65). Harding et al.
implemented prospective NGS in the patients and found that
CTNNBI1-mutated HCC was associated with innate resistance
to immune checkpoint inhibitors (66). Galarreta et al. created
a novel genetically engineered mouse model and reported that
CTNNBI-encoded B-catenin activation could promote immune
escape and resistance to anti-PD-1 therapy (64). The mechanism
was related to a defective recruitment of dendritic cells, which
could in turn can impair CD8" T cell infiltration. They
also showed that overexpression of chemokine (C-C motif)
ligand 5 (CCL5) could restore the immune surveillance in f-
catenin-driven tumors. Furthermore, a recent study revealed
that CTNNB1 mutation could be directly correlated with higher
TMB and poor survival rate. They found that the natural killer
(NK) cells positively infiltrated the CTNNB1 mutation group
and they speculated that the possible reason may be due to
the CD96, a novel immune checkpoint receptor in NK cells
(67). Furthermore, liver cancer with LRP1B or TP53 mutations
have been correlated with high TMB and patients with any
of these two gene mutations were more likely to respond to
immunotherapy although LRP1B or TP53 mutations generally
serve as poor prognostic factors (68). Recently, a notion of
mutation risk score has been developed, which may help in
directing personalized immunotherapy for HCC patients. More
importantly, the predictive value of mutation risk score was
found to be higher than TMB. The correlation between survival
and mutation status of TP53, TERT, CTNNB1, BRD4, as well as
MLL in patients that received immunotherapy was determined.

A multivariate Cox regression analysis was used to analyze these
genes. The mutation risk score was calculated as described: risk
score = TP53 x 0.0233 4+ TERT x 0.3014 + CTNNBI x 2.0907
+ BRD4 x 1.9596 + MLL x 1.0637. Patients were divided into
low-risk score and high-risk score groups. PES, as well as OS
in patients with high-risk score, was reported to be significantly
longer than in the patients with low-risk score (69).

The state of CD8+ T cells may also have a desired impact on
the response to ICB (70). According to the genes expressed, the
CD8+ T cells can be divided into two different states: CD8_G
and CD8_B. CD8_G cells have an increased expression of genes
related to memory, activation as well as cell survival (such as
TCF7) and decreased expression of co-inhibitory molecules that
are more likely to be enriched in responders. However, the
CD8_B cells can display a higher expression of genes linked to
cell exhaustion (e.g., CD38, LAG3, ENTPD1) and are also found
to be enriched in non-responders. This study also identified that
usually more responders have a higher ratio of TCF74+-CD8+ T
cells than the non-responders. Thus, staining of the TCF7 protein
in CD8+ T cells could be a potential biomarker for predicting the
efficacy of PD-1 inhibitors. For instance, ENTPD1 (CD39) can
serve as a marker of the exhausted CD8+ T cells and effectively
separate all TIM3+ from TIM3 cells.

In addition to exploring possible changes in genomics,
identifying intracellular programs of malignant cells is equally
important (71). Researchers have identified a novel malignant cell
program using single-cell RNA sequencing in melanoma. The
program expressed by tumor cells was found to be associated
with T cell exclusion and immune evasion. Multiple immune
resistance mechanisms were found to be co-regulated in this
program and the program could also predict clinical responses
to anti-PD-1 therapy in melanoma patients.

Taken together, these findings demonstrate that GEP can act
as a promising biomarker for selecting patients who may benefit
from ICB. However, appropriate genetic testing is essential as
it could provide comprehensive guide for choosing appropriate
ICB treatment. Additional studies are still needed to confirm the
exact predictive value of GEP.

NON-TUMOR-RELATED BIOMARKERS
FOR ICB

Tumor Microenvironment-Related

Biomarkers

Tumor fate depends on the interplay between tumor and
tumor microenvironment. Immune cells, fibroblasts, and
cells that comprise the blood vessels constitute the tumor
microenvironment that emerges during tumor progression (72).
The cancer-immunity cycle remains the theoretical basis behind
the advent of tumor immunotherapy. T cell infiltration is one of
the key steps in this cycle and plays a vital role in the response of
patients to immunotherapy. Several studies have demonstrated
that some tumors may display a low level of T cell infiltration
into the tumor sites. On the contrary, other tumors may have
a large number of T cell infiltration but those T cells can be
dysfunctional (23).
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CD8*' T cells were found to significantly correlate with a
better outcome in cancers and could predict the efficacy of
ICB (73, 74). Tumeh et al. studied a cohort of samples from
metastatic melanoma patients and found that those with a higher
CD8*' T cell density at the invasive margin before treatment
were more likely to respond to pembrolizumab therapy and
could also correlate to a radiographic reduction of tumor size.
Additional studies also showed that an increased TILs numbers
could correlate with response to chemotherapy (75). CD8% TILs
can regulate the expression of PD-1/PD-L1 immune inhibitory
axis. A higher proportion of PD-1M8"CD8* T cells were found
in patients who responded better to anti-PD-1/PD-L1 therapy
(76). This observation was consistent with another study that
classified tumors into 4 subtypes based on PD-L1 expression
and presence of TILs: Type 1 (PD-L1-, TIL-), Type 2(PD-L1+,
TIL+), Type 3 (PD-L1-, TIL+), and Type 4(PD-L1+, TIL-), and
it was proposed that T2 tumors were more likely to respond to
ICB (77). Furthermore, TCR diversity could serve as an optimal
predictive parameter to anti-PD1 therapy. A more restricted
TCR response could be associated with an accumulation of
tumor antigen-specific T cells and a better clinical response to
pembrolizumab (73). On the other hand, the Tumor Immune
Dysfunction and Exclusion (TIDE) can facilitate tumor immune
evasion through integrating the expression signatures of T cell
dysfunction and T cell exclusion could accurately predict ICB
response in melanoma. The predictive value of TIDE has been
reported to be presumably greater than other biomarkers such as
PD-L1 expression (23).

While Kaseb et al. showed that CD8' T cell infiltration in
HCC can be a predictive biomarker for ICB response (78),
another recent study revealed that CD8" T cell infiltration was
not enough for predicting the therapeutic efficacy of ICB in
HCC (79). Additionally, three different immune subtypes were
identified in HCC based on the clinical, molecular and genomic
characteristics. Among them, Type A had higher CD8" T cells,
but the prognosis was observed to be poor. This was because
Type A had more T cell dysfunctionalities, higher expression
of immune checkpoints such as PD-1, greater infiltration of
immunosuppressive cells, and displayed genomic alterations
such as mutations in TP53. All of these factors were found to
contribute to poor survival. In support of Liu’s finding, another
study reported that renal cancer patients had a high infiltration
of CD8" T cells, but these patients did not substantially benefit
from ICB therapy (80). However, previous studies have primarily
focused on the CD8™ T cells and ignored the role of CD4* T
cells. A recent study has shown that a specific CD4™" T cell subset
can correlate with the response to ICB in melanoma. This work
highlighted the necessity of exploring the relationship between
CD4™ T cell and anti-tumor immunity (81). Moreover, the status
of CD4™ T cell in peripheral blood was observed to be associated
with PD-1 blockade therapy in NSCLC (82).

Moreover, compared to T cells that essentially serve as a
positive prognostic factor in predicting ICB response, other
immune cells such as T regulatory cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and tumor-associated macrophages
(TAMs) can also contribute to the immunosuppressive
environment and can be linked to a poor clinical outcome

(83). Tregs act mainly by constraining T cell function in part
by facilitating the expression of CD8* T cell exhaustion-related
gene (84). The development and expansion of Tregs can be
regulated by indole 2,3-dioxygenase 1 (IDO1). IDO1 has been
shown to suppress T cell infiltration and promote tumor immune
evasion (85). MDSCs can exist in two major subtypes: monocytic
(M-MDSC) and polymorphonuclear (PMN-MDSC) that can
share phenotypic and morphological features with monocytes
and neutrophils, respectively. Interestingly, MDSCs not only
increase the expression of immunosuppressive molecules, but
can also cause T cell exhaustion (86). An accumulation of
M-MDSC:s in fibrotic livers induced by p38 mitogen activated
protein kinase (MAPK) signaling was reported to cause a
reduced TILs infiltration and aggressive HCC growth. Inhibition
of p38 MAPK could enhance the efficacy of anti-PD1 therapy
(87). TAMs are the most abundant immune cells in tumor
microenvironment and can be classified into 2 main phenotypes:
M1 and M2 TAMs (88, 89). M1 TAMs play a role in killing tumor
cells by secreting pro-inflammatory cytokines and expressing
nitric oxide synthase (iNOS). Conversely, M2TAMs secrete
IL-10, TGF-B, and IL-13 to suppress the immune reaction and
can stimulate angiogenesis (90). TAMs can also produce matrix
metalloproteinase 9 (MMP9). A higher expression of MMP9 was
found to be linked to a better response to ICB therapy but poor
overall survival (79).

Tumor immunoscore is a novel method to classify cancers that
primarily focuses on T cell infiltration into tumors and could
also predict an overall clinical outcome and risk of recurrence
in human malignancies (91). The immunoscore can be based on
the quantification of CD3™ and CD8™ T cells both at the tumor
center and at the invasive margins. The score, ranges from 0
when low infiltration of both types of the immune cells in both
the regions, to 4 when higher densities were found in both of
the regions. Immunoscore was initially used to determine the
prognosis of stage I/II/ III colorectal cancer patients but was
later applied to other cancers such as lung cancer, melanomas
and HCCs (92). A recent study emphasized the role of immune
cell infiltration rather than PD-L1 status in predicting patient
response to ICB therapy (93). This study revealed that patients
with a higher immunoscore were more likely to have a higher
OS and PFS, but the relationship between immunoscore in
metastases and clinical outcome was not observed. Immunoscore
could also effectively predict response to chemotherapy in
stage III colorectal cancer. Interestingly, patients with a higher
immunoscore were more likely to benefit from chemotherapy
in terms of recurrent risk (94). Moreover, in rectal cancer, a
higher immunoscore was observed to be directly correlated with
a greater down-staging after chemoradiotherapy (95).

Circulating Prognostic Biomarkers

In comparison to other biomarkers, the analysis of circulating
markers may be easy, relatively cheap and non-invasive. Immune
cell counts, lymphocytes phenotype and serum protein signature
such as IL-8 have been suggested to be associated with clinical
outcome of cancer patients who were primarily treated with
ICB (96-100). In addition, the serum tumor markers and
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circulating tumor DNA were also observed to be associated with
response (101-103).

Immune Cell Counts and Lymphocytes
Phenotype

Many studies have reported that immune cell count can
serve as a predictor in melanoma patients treated with
ipilimumab (104, 105). Patients with low absolute monocyte
and neutrophil count, greater relative-lymphocyte count, high
absolute eosinophils count and low neutrophil-to-lymphocyte
ratio exhibited a more favorable overall survival and better
prognosis (96, 104). Such a relationship between immune
cells and clinical outcome also can be found in melanoma
patients treated with pembrolizumab (106) or nivolumab and
ipilimumab (107). A recent study elucidated the differences
between responders and non-responders based on single-
cell mass cytometry combined with clustering and regression
analyses. It indicated that lower frequencies of CD4*T cells,
CD8* T cells and yd T cells but higher frequencies of NK T
(NKT) cells and CD19~HLA-DR" myeloid cells were present
in responder patients. More importantly, the work indicated
that the frequency of classical CD14*CD16~CD33"HLA~ DR
monocytes might serve as a potential predictive factor in
guiding PD-1 blockade immunotherapy (108). Peripheral CD8+
clonality has also shown significant promise as a predictor of
response to ICB (109).

The role of NK cells has been poorly explored in
immunotherapy. NK cells can show promise as predictive
biomarkers in immunotherapy and increased numbers of
CD69+ MIP-18+ NK cells were found in responders compared
to non-responders in melanoma (110). Henna Kasanen et al.
revealed that NKT cell frequency and NK cell immunophenotype
may also possess predictive value in patients treated with anti-
PD1 therapy (111). They demonstrated that a high frequency
of NKT cells was found in the responders and patients with the
highest NKT cells achieved a complete response to anti-PD1
therapy. Additionally, in NSCLC, the NK cell frequency and
MDSC subsets could also be used to evaluate the efficacy of PD-1
inhibitors (112).

Peripheral lymphocytes phenotyping has been recently
reported as a method to predict clinical responses in cancers
treated with ICB. Both the baseline levels of CD45RO™/CD8"
T cells (113) and CD8 effector-memory type 1 (EM1) T-cells
at baseline (114) can serve as potential biomarker candidates
for predicting the clinical outcome of ipilimumab treatment
in melanoma. The frequency of PD-14+CD56+ T-cells in
peripheral blood before immunotherapy may also play an
important role in predicting the clinical outcome after ICB
therapy in stage IV melanoma (98). A lower frequency of
PD-14CD56+ T-cells was reported to correlate with better
clinical response, longer PFS and OS. However, neither the
frequencies of CD4+ or CD8+ T-cells without CD56 expression,
nor PD-1+ fraction of the CD4 or CD8 subsets were directly
found to be associated with clinical benefit. Lower circulating
CD8+PD-14+-CD73+ lymphocytes were correlated with better
outcomes after nivolumab treatment in melanoma (115). In

addition, it was reported that CD39+CD8+ T cells can serve
as potential predictive and prognostic biomarkers in ICB-treated
NSCLC patients (116). Zappasodi et al. found that a subset of
CD4+Foxp3- T cells with high PD-1 expression (4PD1hi) can
inhibit T cell function and the decreased 4PD1hi frequencies may
correlate with favorable clinical outcome after PD-1 blockade
in NSCLC (117). The expression levels of LAG-3 and OX40
on peripheral T cells were also found to serve as predictive
biomarker for anti-PD-1 therapy in gastric cancer (118).

Serum Protein Signature
Hardy-Werbin conducted a study to evaluate whether cytokine
levels can act as a predictive biomarker of ipilimumab response
in small cell lung cancer (SCLC) patients (99). The results
showed that SCLC patients may have a lower level of serum
effector T helper 1 (Th1), Th2, and pro-inflammatory cytokines
as compared with healthy population and the baseline level
was associated with age, PS and stage. High levels of IL-
2 were found to be related to the sensitivity to ipilimumab,
while higher levels of IL-6 and TNFa were associated with
resistance to ipilimumab. Additionally, changes in IL-4 levels
during immunochemotherapy correlated with a better overall
survival. Patients in which IL-4 levels were increased by more
than 32% had a better overall survival. Recent studies have also
highlighted the predictive value of IL-6 level in NSCLC patients
treated with ICB. Kang and colleagues evaluated the relationship
between baseline serum level of IL-6 and the possible response
to immunotherapy. They demonstrated that the IL-6 level can
serve as a potential marker for predicting the clinical benefit of
ICI treatment, particularly in patients with no or lower PD-L1
expression. It was observed that patients with lower IL-6 level
had a longer median overall survival and a stable disease control
rate (119). Moreover, another research measured the change in 12
cytokine levels before and during anti-PD-1 therapy. A decrease
in IL-6 level was associated with improved outcome and patients
with higher C reactive protein (CRP) levels displayed a shorter
PES. The predictive role of IL-6 and CRP has also been proposed
in melanoma (120) and triple-negative breast cancer (121).
Additionally, various ongoing studies have also highlighted
the predictive role of IL-8 levels. IL-8 is a member of the CXC
chemokine family that can be secreted by malignant cells and
tumor stroma cells. The level of IL-8 is correlated with the tumor
burden in preclinical models and in patients with cancer (122).
Furthermore, the IL-8 levels also correlate with the response to
anti-PD-1 treatment in cancer. For instance, Sanmamed et al.
demonstrated that the serum IL-8 levels could predict the efficacy
of anti-PD-1 therapy in melanoma and NSCLC patients (123).
They revealed that early changes in serum IL-8 levels (2-4
weeks after treatment initiation) were significantly associated
with beneficial clinical effects of ICB therapy. Patients presenting
an early decrease in serum IL-8 levels were found to have longer
overall survival than patients with an early increase in levels
of this chemokine. IL-8 levels may also be helpful to identify
pseudoprogression, and serum IL-8 levels were indeed reported
to decrease significantly during pseudoprogression. However,
baseline serum IL-8 levels were not associated with the response
in this small-scale study. In a larger analysis, elevated baseline
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serum IL-8 levels correlated with poor outcome in cancer patients
treated with ICB therapy (124). This report also identified
23 pgml™! dose as a clinically relevant stratification cut-off.
In addition, it was found that the baseline serum IL-8 levels
might indicate unfavorable tumor microenvironment conditions.
Elevated tumor IL-8 level was also negatively associated with
tumor-infiltrating neutrophils and/or monocytes, tumor IFN-
y and T-cell infiltration-related transcript signatures which can
contribute to an immunosuppressive environment. However, the
level of IL-8 did not directly correlate with PD-L1 expression and
TMB. Another larger study also suggested that the serum IL-8
levels could serve as a potential biomarker to stratify patients
who may benefit from ICB therapy (125). This finding also
revealed that the expression of IL-8 was higher in myeloid clusters
than in lymphoid clusters through single-cell RNA sequencing.
Moreover, compared with responders, non-responders had a
high proportion of IL8-producing myeloid and lymphoid cells,
as well as displayed a higher expression of IL-8. Additionally,
it was found that the higher IL8 expression correlated with
decreased expression of the antigen-presentation machinery
which can lead to the reduced response to ICB therapy. Thus,
these results underline that the plasma IL-8 may act as a negative
prognostic biomarker, it could be considered as an important
therapeutic target.

The level of LDH (lactate dehydrogenase) can also serve
as a predictor for response to ICB. A study analyzed the
outcome of BRAF-mutant metastatic melanoma patients with
baseline serum LDH of >2xupper limit of normal, who were
initially treated with first-line targeted therapy followed by ICB
administration. It was found that the median overall survival was
significantly higher in patients with normalized LDH at the start
of ICB treatment. However, randomized trials are still needed
to assess the predictive value (126). The levels of serum acute
phase reactants including CRP, serum amyloid A and P, and
complement components could also contribute significantly to
the treatment stratification in melanoma patients (127). A higher
level has been often correlated with poor outcome in patients
treated with PD-1 antibodies.

Serum Tumor Markers

Early Alpha-Fetoprotein Response in HCC

AFP, a glycoprotein reported to be expressed by HCC cells, can
be found in approximately 70% of HCC patients (128). It not
only serves as the most widely used serum biomarker to detect
HCC but has also been observed to be associated with response
to anti-angiogenic therapy and ICB therapy. A study showed
that an early AFP response, with more than 20% reduction in
serum AFP level after receiving first 4 weeks of antiangiogenic
therapy, could be directly related to the objective response
in HCC patients (129). Such an early AFP response (>20%
reduction in AFP levels after first 4 weeks of ICB therapy) could
accurately predict the efficacy of ICB therapy. For instance, early
AFP responders who had pre-treatment AFP level of >20 ng/mL
showed significantly longer overall survival and progression-free
survival as compared to non-responders (102). In this study,
~50% of AFP non-responders exhibited progressive disease
during the first assessment and none of them achieved a complete

or partial response later. Interestingly, another study showed
that patients with early AFP > 10% reduction were more likely
to demonstrate a higher objective response rate and disease
control rate (130). However, such a relationship was not found
in patients with baseline AFP level < 10ng/ml. It was also
observed that better liver reserves (Child-Pugh class A or ALBI
grade 1) as well as early AFP response could also serve as
good predictors of survival. However, these results were obtained
from a small sample size and further validation studies are still
needed. Moreover, the levels of serum AFP are normal in 15-30%
advanced HCC.

Serum Tumor Markers in Lung Cancer

Kang et al. revealed a direct correlation between four tumor
markers (CEA, CA125, CYFRA21-1, and SCC-Ag) in advanced
NSCLC and the patient response to PD-1/PD-L1 inhibitors (103).
The patients in this study were divided into <2/4 biomarkers
improvement group and >2/4 biomarkers improvement group.
At least a 20% decrease from the baseline was considered as a
meaningful improvement after 6 weeks of treatment. They found
that the patients in >2/4 biomarkers improvement group had
significantly longer response rate, OS and PFS. Another study
has also shown that a reduction in serum levels of CYFRA21-1
or CEA can be associated with favorable clinical outcomes and
can be considered as a biomarker to predict the immunotherapy
efficacy, but neuron specific enolase (NSE) was not directly
related to the efficacy of nivolumab (131).

Circulating Tumor DNA

Circulating tumor DNA (ctDNA) generally refers to the fraction
of cell-free DNA in a patient’s blood originating from tumor
cells. ctDNA can act as an independent predictor of patient
response to ICB. Recent findings have also revealed that ctDNA
could also monitor tumor responsiveness to ICB. Lee et al.
revealed that melanoma patients with undetected ctDNA levels
at baseline or after 8 weeks of therapy had a higher response
rate to anti-PD1 therapy and displayed a longer overall survival.
On the contrary, an elevated ctDNA upon therapy correlated
with a poor prognosis (101). Goldberg and colleagues reported
that patients with a drop in ctDNA level are more likely to
benefit from ICB and have a superior OS in metastatic NSCLC.
Interestingly, a strong correlation has been found between the
levels of ctDNA and radiographic response (132), and the
efficacy of chemotherapy and target therapies (133). Moreover,
in patients with metastatic NSCLC, ctDNA has been approved as
a non-invasive alternative to tumor biopsy samples to facilitate
the detection of EGFR (epidermal growth factor receptor)-
activating mutations (134). However, ctDNA cannot act as an
accurate predictor in patients with predominant brain metastases
as the blood brain barrier can prevent ctDNA from entering
the circulation.

Overall, the level of ctDNA can be considered to have a
great potential for predicting the efficacy of ICB. However,
further prospective clinical trials are still required to validate the
exact relationship between ctDNA analysis and the efficacy of
immunotherapy treatment.
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Gut Microbiome

The human gut microbiome is a complicated ecosystem. The
composition and function of gut microbiome can be easily
influenced by external factors such as stress, lifestyle, and drugs
including antibiotics and non-antibiotic. Additionally, recent
studies have also highlighted an important role of the gut
microbiome in affecting the efficacy of immunotherapy.

Previously, the gut microbiome was reported to be correlated
with the efficacy of anti-CTLA-4 therapy in mice, as the
efficacy was reduced in germ-free mice or pathogen-free mice
administered with antibiotics before anti-CTLA-4 treatment
(135). Subsequently, another study revealed that the gut
microbiome can influence the efficacy of anti-PD1 therapy (136).
Though the underlying mechanisms remain unclear, it is possible
that microbial antigens could increase antigen presentation
ability and enhance T cell reactivity. Moreover, the gut microbes
can infiltrate tumor microenvironment and produce chemotactic
factors, which can facilitate the migration of immune cells to
tumor sites. These findings have instigated scientists worldwide
to explore the relationship between the gut microbiome and
clinical outcome of immunotherapy. The significance of dynamic
variation of the gut microbiome during immunotherapy has been
recently highlighted in case of HCC (137). Using metagenomic
sequencing, it was found that fecal samples from anti-PD-1
responders showed a higher taxa richness and greater gene
counts than the non-responder. In addition, the beta diversity
exhibited a striking difference at week 6. Compared to the
composition of the gut microbiome in healthy adults, microbial
composition of the responders did not significantly alter during
the treatment. However, remarkable changes were noticed in the
non-responders. In fact, proteobacteria was increased from week
3, and became predominant at week 12 in these patients. These
findings suggested that the composition and dynamic variation
of the gut microbiome could also serve as a useful monitoring
index to predict patient response to anti-PD1 therapy in HCC
patients. It could be inferred that modulating the gut ecosystem
may enhance ICB treatment efficacy. Gut microbiota biomarkers
may also have an enormous potential to serve as a non-invasive
tool for the early diagnosis of HCC (138).

However, there are no uniform standards related to the
methods of fecal sample collection, extraction and sequencing
of bacterial DNA. As a novel biomarker of ICB response,
the gut microbiota must be carefully validated in future
prospective studies.
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