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Checkpoint inhibitor (CPI) based immunotherapy (i.e., anit-CTLA-4/PD-1/PD-L1

antibodies) can effectively prolong overall survival of patients across several cancer

types at the advanced stage. However, only part of patients experience objective

responses from such treatments, illustrating large individual differences in terms of

both efficacy and adverse drug reactions. Through the observation on a series

of CPI based clinical trials in independent patient cohorts, associations of multiple

clinical and molecular characteristics with CPI response rate have been determined,

including microenvironment, genomic alterations of the cancer cells, and even gut

microbiota. A broad interest has been drawn to the question whether and how these

prognostic factors can be used as biomarkers for optimal usage of CPIs in precision

immunotherapy. Therefore, we reviewed the candidate prognostic factors identified by

multiple trials and the experimental investigations, especially those reported in the recent

2 years, and described the possibilities and problems of them in routine clinical usage

of cancer treatment as biomarkers.
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INTRODUCTION

Existence of immune checkpoints is essential for modulating duration and magnitude of T cell
responses and maintaining self-tolerance (Pardoll, 2012), while suppression of antitumor immune
responses facilitates harmful tumor growth. With a constantly deepening understanding of the
immune system and its role on cancer development, the field of cancer immunotherapy has
been explored with great enthusiasm, aimed at harnessing immune system to induce or restore
antitumor activities (Topalian et al., 2011). Among complicated pathways of immune system,
interactions of cytotoxic-T-lymphocyte-associated protein 4 (CTLA-4) with CD80/CD86, and
programmed cell death 1 (PD-1) with programmed cell death ligand 1 (PD-L1) has been considered
to act as “brakes” on the immune system (Linsley et al., 1991; Freeman et al., 2000; Schildberg
et al., 2016). CTLA-4 has a much stronger affinity with CD80/86 than CD28, thus inhibiting
crucial CD28/CD80 and CD28/CD86 based T cell activation (Manson et al., 2016), while PD-
1/PD-L1 interaction induces imbalanced activation of signaling pathways which results in altered
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T-cell metabolism and subsequent abnormal differentiation,
leading to reduced T effector cells and increased T regulatory
cells (Tregs) as well as T exhausted cells (Boussiotis, 2016).
Therefore, CTLA-4 and PD-1/PD-L1 have been considered as the
“star” candidate targets to immune-checkpoint blockade (ICB)
based immunotherapy. Unprecedented success of anti-CTLA-4
and anti-PD-1/PD-L1 ICBs have been achieved in various tumor
types that were previously sentenced to gloomy prognosis under
traditional treatments (Thomas and Hassan, 2012; Gogas et al.,
2013; Lee et al., 2015; Restifo et al., 2016), significantly prolonging
overall survival with acceptable toxicity in patients with advanced
melanoma (Hodi et al., 2010; Wolchok et al., 2013; D’Angelo
et al., 2017), non-small-cell lung cancer (NSCLC) (Gettinger
et al., 2015, 2016; Hellmann et al., 2017), and other tumor types
(Hamanishi et al., 2015; Morris et al., 2017; Overman et al., 2017).

Until recently, six CPIs have been approved by the U.S. Food
and Drug Administration (FDA), and all of them are monoclonal
antibodies against the targets, including one for CTLA-4
(i.e., Ipilimumab), two for PD-1 (i.e., Pembrolizumab and
Nivolumab), and three for PD-L1 (i.e., Avelumab, Atezolizumab,
and Durvalumab) (Table 1). Ipilimumab was firstly approved
for advanced melanoma in 2011 (Ma et al., 2016), which
symbolizes the remarkable clinical success of anti-CTLA-4 and
thus elicits further investigations into PD-1/PD-L1 pathway.
Pembrolizumab was the first inhibitor for PD-1, which was
approved as the second-line treatment for unresectable or
metastatic melanoma, followed by Nivolumab (for unresectable
metastatic melanoma, advanced metastatic NSCLC and
advanced metastatic renal cell carcinoma), Atezolizumab (for
urothelial carcinoma following platinum-based chemotherapy),
Avelumab (for metastatic Merkel-cell carcinoma, and
Durvalumab for urothelial carcinoma following platinum-
based chemotherapy) (Manson et al., 2016; Pitt et al., 2016).
Afterward, indications of these CPIs have been largely expanded
after clinical trials, and exhibits remarkable disease responses
in a wide range of histological types of carcinomas, such as
hematologic malignancies, head and neck cancer, and bladder
cancer (Armand et al., 2013; Postow et al., 2015a; Table 1).
Recently, Nivolumab has been successfully used as a neoadjuvant
therapy before surgery in patients with early untreated NSCLC,
and preoperative usage of Nivolumab can induce augmentation
of neoantigen-specific T cells (Forde et al., 2018). Noteworthily,
though sharing almost similar mechanisms, anti-PD-L1 therapy
may render distinct effect from anti-PD-1. The subtle difference
lies in that the PD-L1 antibody does not block the interaction
between PD-1 and PD-L2, while PD-1 blockade cannot block
the interaction of PD-L1 with CD80, which is expressed on
T cells and deliver inhibitory signals of antitumor activities
(Butte et al., 2007). Actually, a meta-analysis has shown that
anti-PD-1 achieves higher overall survival and response rate
than anti-PD-L1 in NSCLC, which reveals anti-PD-1 as a better
choice for patients with NSCLC (You et al., 2018). Moreover,
accumulated evidence has indicated that combined usage of
anti-PD and anti-CTLA-4 antibodies can synergetically improve
clinical outcome compared with either agent alone (Larkin et al.,
2015; Hodi et al., 2016; Hellmann et al., 2017; Wolchok et al.,
2017), probably due to their different function mechanisms.

Although great success has been achieved with CPI based
immunotherapy, large individual differences were noticed in
terms of treatment outcomes (Gibney et al., 2016; Manson
et al., 2016; Pitt et al., 2016; Topalian et al., 2016; Zou et al.,
2016; Nishino et al., 2017), which varied among different cancer
types. For instance, the response rate for patients treated with
Ipilimumab is only 10–15% in metastatic melanoma (Hodi
et al., 2010), and rarely exceeds 40% for PD-1 blockade therapy,
even a large proportion of partial responders were included
(Brahmer et al., 2012; Hamid et al., 2013), indicating that the
majority of patients treated with PD-1/PD-L1 blockade fail
to respond sufficiently. In addition, PD-1/PD-L1 blockade can
induce immune-related adverse drug reaction events (ADR)
deriving from non-specific immunologic activation, which are
reported to be much less than those induced by anti-CTLA-4,
though (Larkin et al., 2015; Robert et al., 2015). The toxicities
observed in CPI treatment include the most frequent fatigue
and possibly fatal inflammatory pneumonitis, and high grade
adverse events may lead to forced abortion of the treatment
(Zou et al., 2016). Worse still, some patients even demonstrate
disease hyperprogression following treatment, which is defined as
<2 months of time-to-treatment failure (TTF),>50% increase in
tumor burden compared with preimmunotherapy imaging, and
>2-fold increase in progression pace (Champiat et al., 2017; Kato
et al., 2017). In this case, effective biomarkers for the indication of
treatment outcomes are largely required. Indeed, some biomarker
candidates have been put into practice, and recommended to be
determined before CPI treatments.

In precision medicine era, understanding the mechanisms,
by which patients lack response/produce resistance to CPI
treatments or suffer from severe ADR, is of utmost importance
for selecting the patients specifically suitable for the treatment.
In this review, we will focus on current knowledge of
factors that influence the sensitivity and resistance to CPI-
based immunotherapy (e.g., clinical characteristics, genomic
alterations, tumor microenvironment (TME), host immune
functions, and gut microbiota), and highlight the potential
biomarkers for CPI treatments, especially the new evidences
reported lately (Table 2 and Figure 1).

CLINICALLY RELEVANT FACTORS

Age, Gender, and Diet
Aging is commonly correlated with limited and dysfunctional
immune activities characterized by reduced lymphocyte
proliferation and increased exhausted T cells, resulting in
susceptibility to various diseases and increased cancer incidence
(Fulop et al., 2010; Lee et al., 2016). In vivo studies have shown
upregulation of PD-1 expression on T cells of aged animals,
indicating the potentially critical role of PD-1 blockades in
the old (Mirza et al., 2010; Lim et al., 2015). Consistent with
the decreased activity of immune system in elders, current
evidence exhibited that ICB therapy can significantly benefit
all age of patients with NSCLC with the exception of patients
≥75 years (Landre et al., 2016; Nishijima et al., 2016; Ferrara
et al., 2017). In another hand, anti-PD-1/PD-L1 is found
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TABLE 1 | FDA-approved immune checkpoint inhibitors in cancer treatment.

Target Antibody Trade name Company Indication (approval date)

CTLA-4 Ipilimumab YERVOY Bristol-Myers

Squibb (BMS)

Unresectable or metastatic melanoma (2011)

PD-1 Pembrolizumab KEYTRUDA Merck Sharp &

Dohme (MSD)

Unresectable or metastatic melanoma (approved for patients with

disease progression after ipilimumab and, if BRAF V600 mutation

positive in 2014, and expanded to initial treatment in 2015)

Metastatic NSCLC whose tumors express PD-L1 as determined by

an FDA-approved test and who have disease progression on or

after platinum-containing chemotherapy (2015)

Nivolumab OPDIVO Bristol-Myers

Squibb (BMS)

Metastatic melanoma (2014, approved for BRAF V600 wild-type

tumor in 2015)

Squamous NSCLC with progression or after platinum-based drugs

(2015, and expanded to non-squamous NSCLC later in 2015)

Advanced metastatic renal cell carcinoma after angiogenic therapy

(2015)

Classical Hodgkin lymphoma that has relapsed or progressed after

autologous hematopoietic stem cell transplantation and

post-transplantation brentuximab vedotin (2016)

Locally advanced or metastatic urothelial carcinoma which have

progression during or following platinum-containing chemotherapy

or have progression within 12 months of neoadjuvant or adjuvant

treatment with platinum-containing chemotherapy (2017)

PD-L1 Atezolizumab TECENTRIQ Roche and

Genentech

Locally advanced or metastatic urothelial carcinoma after failure of

cisplatin-based chemotherapy (2016), but the confirmatory trial

failed

Metastatic NSCLC whose disease progressed during or following

platinum-containing chemotherapy (2016)

Avelumab BAVENCIO Merck and Pfizer Metastatic Merkel-cell carcinoma (2017)

TABLE 2 | Factors related to the efficacy of ICBs.

Classification Biomarkers Influence

Clinical-relevant factors Age The elderly patients lack response to ICBs.

Gender Male patients respond better to ICBs.

Diet Obesity and improved FA catabolism improve anti-PD therapy.

Viral infection MCV and EBV infected patients respond better to anti-PD therapy.

Tumor autonomous mechanisms Tumor mutational/neoantigen load High mutational/neoantigen loads improve efficacy of ICBs

PD-L1 expression High PD-L1 expression improves anti-PD therapy

Tumor microenvironment Cells Increased TILs improve response to ICBs, while Tregs and MDSCs

impair the efficacy.

Immunoregulatory pathways Inhibition of TH1 chemokines, CD28/B7, IFN and activation of

TGFβ, TIM3 lead to resistance to PD blockades.

Host-related factors Peripheral blood markers Increased eosinophils, lymphocytes, monocytes and low LDH levels

improve response to PD blockades.

MHC class I Impaired MHC class I molecules lead to resistance to anti-PD

therapy

TCR repertoire Less diverse T cell repertoire improves response to anti-PD

The gut microbiota Bacteroides species facilitate anti-CTLA, more diversified bacteria,

such as Bifidobacterium, Akkermansia muciniphila,

Ruminococcaceae bacteria, facilitate anti-PD.

to be capable of inducing hyperprogressive disease during
the treatment, which is more frequent in elderly patients
(Champiat et al., 2017). Therefore, the age at diagnosis may
influence the efficacy and side ADR rate of CPI treatments,
although more confirmation investigations with larger samples
and less heterogeneity are warranted to settle this debated
topic.

Substantial sex-dependent diversities in innate and adaptive
immunity have been noticed for a long time, resulting in different
susceptibility and immune functions in response to infections
and autoimmune diseases between males and females (Fischer
et al., 2015; Klein and Flanagan, 2016). Interestingly, accumulated
evidence has highlighted that gender plays a considerable role
in response to CPIs. A systematic review on the relationship
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FIGURE 1 | Factors associated with response to anti-PD-1/PD-L1 therapy.

between efficacy and sex of patients indicates that the efficacy of
CPI based treatments is sex-dependent, with significantly greater
benefit in male patients in all studied cancer types (Conforti et al.,
2018). Likewise, another study shows that more improvement of
survival resulting from CPI treatment is observed in males than
females, and the survival of patients treated with anti-CTLA-4
is more influenced by sex compared with those receiving anti-
PD-1 (Wu et al., 2018). Though the current conclusions are not
confirmed and clinical trials including more female patients are
needed, the gender of patients should be taken into consideration
in CPI based treatments.

Healthy diet including sufficient nutrient intake is of great
significance for maintaining powerful immune defense against
invading pathogens, especially for patients combating tumor
progression. It is well reported that unbalanced diet may lead
to impaired immunity and accelerate disease development, and
obesity is associated with chronic inflammation and cancer
development (Fang et al., 2017; Quail et al., 2017). Paradoxically,
a meta-analysis of patients with metastatic melanoma indicates
that obesity is correlated with improved benefit of anti-
PD therapy compared with normal body-mass index (BMI)

(McQuade et al., 2018). Interestingly, this association is only
observed in males without any clear mechanisms clarified.
Moreover, dysregulated metabolism may contribute to the
exhaustion of lymphocyte infiltration within the TME. For
example, it has been recently discovered that CD8 + T cells
enhance peroxisome proliferator-activated receptor (PPAR)-α
signaling and catabolism of fatty acids when simultaneously
subjected to hypoglycemia and hypoxia. Promoting fatty acid
catabolism obviously improves the capacity of tumor infiltrating
lymphocytes (TILs) to delay tumor growth and synergizes with
PD-1 blockade to efficiently boost the efficacy of melanoma
immunotherapy (Zhang Y. et al., 2017). Through influencing
multiple immune components and functions, diet and metabolic
factors might be related to clinical effect of PD-1 blockade,
though direct evidence is currently lacked.

Viral Infections
Disorders of the immune system and failure in tumor eradication
can result from viral infections, which may also impact the
ICB treatment response. For instance, a clinical observation
regarding advanced Merkel-cell carcinoma exerts significantly
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high level of clinical response, providing a novel perspective
that virus-positive status may contribute to success of anti-
PD-1 therapy (Nghiem et al., 2016). Theoretically, oncogenic
viruses may serve as strong tumor-specific antigens, and cancer
cells should escape from the immune monitoring through
inducing immune inhibition. In fact, overexpression of PD-L1 is
commonly observed in Merkel-cell carcinoma cells (Wong et al.,
2015). Similarly, Epstein-Barr virus (EBV)-positive gastric cancer
has been recently reported to have low mutation burden but
high expression of immune checkpoint pathways and abundant
lymphocytic infiltration, thus demonstrating meaningful clinical
response to PD-1/PD-L1 inhibitors (Janjigian et al., 2017; Panda
et al., 2017). It has been further discovered that part of
CD8 + TILs can recognize tumor unrelated epitopes, such as
those from EBV, human cytomegalovirus and influenza virus,
which may explain the mechanism by which virus-positivity
facilitates host immunity. Moreover, these CD8 + TILs lack the
expression of CD39, suggesting that measuring CD39 expression
could be an effective approach to select the patients with high
possibility of virus infection (Simoni et al., 2018). Although
more virus related ICB treatment trials with larger sample size
are warranted, current evidence implies oncogenic viruses may
be considered as a potential biomarker for predicting effect of
anti-PD therapies.

TUMOR AUTONOMOUS MECHANISMS

Tumor Mutational Loads, Mismatch
Repair Deficiency, and Microsatellite
Instability
Tumor mutational burden (TMB), which is mostly determined
by next generation sequencing, has been broadly found to be
associated with the response to CPIs. Evidence from clinical trials
suggests the positive correlation between high tumor mutational
loads and improved clinical efficacy of ICB-based therapies
(including anti-PD-1, anti-PD-L1, and anti-CTLA-4) in NSCLC
and melanoma (Snyder et al., 2014; Rizvi et al., 2015; Van
Allen et al., 2015; Hugo et al., 2016; Forde et al., 2018), which
have the highest mutation burdens as well as response rates
(Lee et al., 2010; Berger et al., 2012; Topalian et al., 2012).
Actually, a pooled analysis across 27 tumor types or subtypes
illustrated a significantly strong positive correlation between
the TMB and the objective response rate to PD-1 inhibition
(Yarchoan et al., 2017), indicating the biomarker potential of
TMB for PD-1 blockade efficacy. Besides, TMB also predicts
clinical efficacy in the combination of anti-PD-1 and anti-CTLA-
4 (Hellmann et al., 2018). Loss-of-function of alterations in
genes involved in DNA repair can largely induce high TMB,
and lack of the ability to repair DNA errors is closely related
to microsatellite instability (MSI). Therefore, remarkable clinical
benefit from ICB therapy are significantly enriched in patients
with MSI status (Le et al., 2015) or specific alterations in
DNA repair genes, such as BRCA2, POLD1, POLE, and MSH2
(Rizvi et al., 2015; Hugo et al., 2016). Due to the stronger
practicality, clinical examination of MSI status, deficiency of
mismatch repair genes (through immunohistochemistry), or

Lynch Syndrome (inherited mutations in mismatch repair genes
with family history) can efficiently predict the good responders,
although some patients with negative signals of these potential
biomarkers may still get benefit from ICB treatments (Dudley
et al., 2016).

It is considered that better response of patients with high
TMB to ICB response is attributed to immunogenicity of
tumor cells, somatic mutations of which can be translated to
antigens and recognized as tags of “foreign” by the immune
system (Gibney et al., 2016). These tumor-specific antigens are
named as “neoantigens,” and thereby provide highly specific
targets for anti-tumor activities of the immune system (Hacohen
et al., 2013; van Rooij et al., 2013). The process of neoantigen
recognition is attenuated by expression of PD-L1 and some
other immunosuppressive ligands (Pages et al., 2005; Llosa
et al., 2015). Hence, blockade of immune checkpoints will
release inhibition of immune system and reinvigorate pre-
existing neoantigen recognition. Not surprisingly, neoantigen
burden is closely correlated to TMB, and can be also induced by
mismatch repair deficiency (Le et al., 2015). Quite a few patients
with advanced mismatch repair-deficient cancers demonstrate
significantly durable responses to PD-1 blockade with expanded
neoantigen-specific T cell clones (Le et al., 2017). Additionally,
neoantigens are mostly predicted by bioinformatic approaches
with computational algorithms, which is highly imperfect in
terms of low validation rate (e.g., 1–3 mutation-associated
neoantigens out of top 30–50 predicted candidates validated
by T cell responses) (Kvistborg et al., 2014; Tran et al., 2015),
while it is complicated and time-consuming to determinate
the functional neoantigens with a series of immunologic
experimental investigations, making it improper for neoantigens
as an effective clinical biomarkers so far.

Few but important exceptions rejecting the predictive role
of tumor mutational status exist in the aforementioned studies
(Rizvi et al., 2015; Hugo et al., 2016), consistent with a finding that
tumor infiltration is not weakened under the circumstance of low
mutational loads in gastrointestinal cancers (Tran et al., 2015),
indicating other equally considerable mechanisms contributing
to treatment resistance. Neoantigen intratumour heterogeneity
may play an important role, and patients with both high TMB
and low neoantigen intratumour heterogeneity (<1%) have
significantly longer progress-free survival and overall survival
compared to patients with high TMB alone (McGranahan et al.,
2016). Moreover, strong antigens may disobey the correlation
of neoantigen and TMB. For instance, Merkel cell polyomavirus
(MCV)-associatedMerkel-cell carcinomas have a 100 times lower
mutational load than ultraviolet-induced virus-negative Merkel-
cell carcinomas (Wong et al., 2015; Goh et al., 2016), but exhibit
better response to ICB therapy, which can be explained by its
presentation of strong viral antigens (Yarchoan et al., 2017).

PD-L1 Expression
Increased PD-1 ligands and their ligation to PD-1 on tumor-
specific CD8 + T cells is a pivotal strategy adopted by
tumors to contend with host immune responses. In certain
cancer types (e.g., melanoma, NSCLC, pancreatic cancer, breast
cancer, and gastrointestinal stromal tumors), PD-L1 expression
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is upregulated and associated with poor prognosis (Konishi et al.,
2004; Bertucci et al., 2015; Sabatier et al., 2015; Birnbaum et al.,
2016). Tumor PD-L1 upregulation reflects negative dynamic
immune activities in the TME (Taube et al., 2012; Spranger
et al., 2013) and is the premise of anti-PD-1/PD-L1 therapy.
So far, PD-L1 is one of the best-studied as well as widely used
biomarkers.

Studies on NSCLC have shown that patients with high
expression of PD-L1 on the surface of tumor cells have
significantly better clinical responses to PD-1/PD-L1 inhibitors
(Passiglia et al., 2016; Muller et al., 2017). Likewise, patients
treated with the anti-PD-1 antibody BMS-936558 (also known
as MDX-1106) respond differently according to their PD-L1
status (Brahmer et al., 2010; Topalian et al., 2012). In a meta-
analysis of patients treated with Nivolumab, Pembrolizumab
or MPDL3280A (an engineered anti-PD-L1 antibody), response
rates are significantly higher in PD-L1-positive tumors, and
the predictive role of PD-L1 on tumor cells is stronger
for Pembrolizumab and Nivolumab (Carbognin et al., 2015).
Samples from several cancer types demonstrate that response
to anti-PD-1 blockade is most closely correlated with the
expression of tumor cell PD-L1 in comparison with that of other
immunosuppressive molecules such as PD-1 and PD-L2 (Taube
et al., 2014). On the other hand, in addition to PD-L1 expressed
on tumor cells, PD-L1 expression on tumor infiltrating cells
also displays noteworthy connections with clinical outcome of
MPDL3280A (Herbst et al., 2014; Powles et al., 2014).

PD-L1 immunohistochemistry (IHC) has been approved
by FDA as a companion diagnostic to select patients with
NSCLC suitable for Pembrolizumab treatment. Nevertheless,
absence of PD-L1 does not necessarily imply poor response
to anti-PD-1/PD-L1 blockades. Some patients with low PD-
L1 expression still demonstrate impressive clinical effect. The
paradoxical predictive value of PD-L1 expression may partly
be explained by different standards of analyzing, including
different staining techniques or assessed range (tumor or both
tumor and cells in microenvironment). The different threshold
of PD-L1 expression is also important. A good example is
the clinical trials of Nivolumab vs. Pembrolizumab as first-line
treatment. Nivolumab was the firstly emerged anti-PD-1 CPI,
however, failed in clinical trials probably because of the low
setting of PD-L1 expression threshold at >1%. On the contrary,
Pembrolizumab was later developed and precisely applied to
the patients with PD-L1 expression >50% in clinical trials,
which made it successfully become the first-line treatment for
NSCLC. Besides, dynamic and inducible characteristic of PD-L1
expression also contributes to the contradictory results. PD-L1
can be up-regulated by IFNγ, hence patients with low baseline
PD-L1 level may gradually become strong PD-L1 positive under
an inflammatory circumstance as the treatment proceeds, and
the response to anti-PD blockade also changes as PD-L1 is
upregulated (Manson et al., 2016; Zou et al., 2016). Therefore,
the application of PD-L1 expression assessment is endowed with
useful but not definitive predictive value.

In another hand, further efforts are still needed to refine
the clinical use of PD-L1 expression as biomarkers, especially
detected by immunohistochemistry. Firstly, PD-L1 expression

may be checked inmultiple sites of tumor at multiple time points,
because PD-L1 expresses dynamically and thus can be influenced
by different mechanisms; secondly, standardized determination
of PD-L1 expression is largely needed to exclude the possible
variation induced by different PD-L1 antibodies (Gibney et al.,
2016).

Gene Mutations and Genomic
Alterations in Tumor
Cancer cell genetic alterations in pivotal signaling pathways
might be responsible for suppressed T cell activities and
deficient antitumor immunity, consequently impacting response
to anti-PD therapies (Table 3). Tumor-intrinsic activation of
WNT/β-catenin signaling pathway results in subdued CCL4
expression and subsequent precluded dendritic cell (DC)
recruitment and DC-mediated T-cell activities, thus leading to
resistance to anti-PD-L1 and anti-CTLA-4 therapies (Spranger
et al., 2015). Loss of phosphatase and tensin homolog (PTEN)
as well as activation of PI3K-AKT pathway in tumor cells brings
about increased immunosuppressive cytokines and attenuated
T-cell infiltration and activity, thereby promoting resistance
to PD-1 inhibitor therapy (Peng et al., 2016). Similarly,
EGFR pathway activation has been found to be correlated
with development of immunosuppressive microenvironment
represented by upregulation of PD-1, PD-L1, CTLA-4, and
multiple tumor-promoting inflammatory cytokines (Akbay et al.,
2013). Patients with EGFRmutation even receive less benefit from
ICB therapy compared to chemotherapy (Borghaei et al., 2015;
Rittmeyer et al., 2017). Clinical data of patients with NSCLC
shows that mutations in EGFR are associated with low overall
response rate to PD-1/PD-L1 inhibitors due to decreased PD-L1
expression and CD8 + TILs. However, T790M-negative EGFR-
mutant patients are more likely to benefit from anti-PD-L1 after
previous treatment (Gainor et al., 2016; Haratani et al., 2017). In
addition to poor outcome, patients with EGFR alterations tend to
be hyperprogressors with significantly increased tumor growth
rate after receiving PD-1/PD-L1 inhibitors (Kato et al., 2017).
In the other hand, recent evidence indicates that inhibitors of
the receptor tyrosine kinase c-MET impair reactive mobilization
and recruitment of neutrophils into tumors and draining lymph
nodes, and thus increase effector T cell infiltration, suggesting
c-MET pathway inhibition may improve responses to checkpoint
immunotherapies including anti-PD (Glodde et al., 2017).

Relapse specific mutations were investigated and identified in
four patients with required resistance to PD-1 blockade therapy
in melanoma, including loss of function of JAK1, JAK2, and
B2M, which induces either lack of response to interferon gamma
(IFNγ), or loss of surface expression of major histocompatibility
complex I (MHC I) (Zaretsky et al., 2016). Afterward, multiple
clinical reports and subsequent experiments have confirmed that
B2M alterations in tumor cells (i.e., mutations, deletions, and
down-regulation) can largely induce acquired CPI resistance
(Gettinger et al., 2017; Janjigian et al., 2017; Grasso et al.,
2018). Importantly, high frequency of initial B2Mmutations were
found in patient-derived xenografts for lung cancer, suggesting
patients with this gene mutation may experience primary
resistance to CPIs (Pereira et al., 2017). With CRISPR screening,
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TABLE 3 | Alterations of genes associated with effect of anti-PD therapy.

Gene Change of the response caused by mutations Mechanism

BRCA2 Better Mismatch repair deficiency (Hugo et al., 2016)

POLD1, POLE, MSH2 Better Mismatch repair deficiency (Rizvi et al., 2015)

PTEN Worse Increased immunosuppressive cytokines and attenuated T-cell infiltration and

activity (Peng et al., 2016)

EGFR Worse Decreased PD-L1 expression and CD8 + TILs (Gainor et al., 2016; Haratani

et al., 2017)

JAK1, JAK2 Worse Insensitivity to IFNγ and its antiproliferative effects on cancer cells (Zaretsky

et al., 2016)

CALR, PDIA3, TAP1 Worse Impaired HLA-1 complex (Pereira et al., 2017)

B2M Worse Impaired MHC type I and HLA-1 molecules (Zaretsky et al., 2016; Janjigian

et al., 2017; Pereira et al., 2017)

PBRM1 Better Activation of JAK-STAT signaling pathway and elevated sensitivity to IFNγ

(Miao et al., 2018; Pan et al., 2018)

ARID2, BRD7 Better Enhanced sensitivity to T-cell-mediated cytotoxicity (Miao et al., 2018)

MDM2/MDM4, DNMT3A Worse Inhibition of p53 tumor suppressor (Kato et al., 2017)

TERT, NF1, NOTCH1 Better Unclear (Kato et al., 2017)

APLNR Worse Attenuated IFNγ responses in tumors (Patel et al., 2017)

multiple genes were also identified to be essential for cancer
immunotherapy, includingAPLNR, which can interact with JAK1
(Patel et al., 2017). Therefore, alterations of these genes may also
induce primary or acquired resistance. Clinically, it will be helpful
to predict the poor responders and relapse risk by examining the
alterations status of these resistance-related genes, which can be
further considered as biomarkers.

Despite of point mutations, somatic copy number alterations
(SCNAs) and structure variations (SVs) are also key hallmarks
and driver events of tumorigenesis. Interestingly, most of the
gene expression signatures exhibit down-regulation in high level
of SCNAs tumors (also named aneuploidy tumors), including
CD8 + T cell receptors and IFNγ pathways. Consistently,
SCNA level is negatively related to the CPI treatment outcomes.
Although paradoxically, SCNAs levels are positively correlated
with the number of TMBs in 8 out of 12 tumor types, especially
with passenger mutations. Combination of aneuploidy and TMB
can increase the prediction efficiency to separate good and poor
responders, indicating the potential of SCNAs as independent
biomarkers (Davoli et al., 2017).

TUMOR MICROENVIRONMENT

Cells Contributing to Tumor Immunity
The TME includes not only tumor cells, but also extracellular
matrix, stromal cells and immune cells, which closely interact
with tumor itself. As the main force in anticancer immunity, the
presence of TILs has been commonly considered as a favorable
predictor for prognosis of cancers (Ruffini et al., 2009; Reissfelder
et al., 2015; Brambilla et al., 2016). High baseline level of pre-
existing CD8 + T cells as well as increase in tumor infiltrating
CD8 + T cells during treatment has been found to be associated
with better response of patients treated with anti-PD-1 therapy
(Tumeh et al., 2014; Daud et al., 2016). In turn, anti-PD blockades
also increase the number and restore the function of effector T

cells during the treatment (Wei et al., 2017; Zhou et al., 2017).
Interestingly, TMB and PD-L1 overexpression is correlated to
presence of TILs (Herbst et al., 2014; Nishino et al., 2017).
Also, DNA repair gene mutation is companied by prominent
lymphocyte infiltrates, especially activated cytotoxic T cells.

Nonetheless, a recent study on gastric adenocarcinoma
indicates that increasing CD8+T cells are surprisingly correlated
with impaired survival as well as higher PD-L1 expression,
which marks an adaptive immune resistant microenvironment
(Thompson et al., 2017). In some clinical studies, increased TIL
density after the second dose of CPI instead of the baseline
of TIL status was significantly associated with clinical CPI
activities (Hamid et al., 2011; Tumeh et al., 2014). Moreover,
an approach to systematically assessing intra- and peri-tumoral
T cell infiltration, namely immunoscore, has been considered
as a stronger predictor of prognosis as well as response to
ICB therapies due to its integrated evaluation of immune
features (Mlecnik et al., 2016; Voong et al., 2017). Both
Tregs and myeloid derived suppressor cells (MDSCs) contribute
to T cell dysfunction and TME immunosuppression, thus
presenting profound impact on resistance to PD blockades
(Kalathil et al., 2013). The comparison of anti-PD-1 sensitive
and resistant patients reveals that Tregs partly preclude the
efficacy of anti-PD-1 (Ngiow et al., 2015), and that depletion of
Tregs can potentiate checkpoint inhibitors (Taylor et al., 2017).
Nevertheless, it is reported that apoptotic Tregs sustain and even
amplify their immunosuppressive function via the adenosine
and A2A pathways under oxidative stress, which highlights
oxidative pathway as a metabolic checkpoint controlling Tregs
and thus affecting the effect of anti-PD (Maj et al., 2017).
Moreover, it has been newly discovered that a canonical
nuclear factor κB (NF-κB) subunit c-Rel plays an essential role
in Treg function, and chemical inhibition of c-Rel impairs
Treg-mediated immunosuppression and potentiates the effect
of anti-PD-1 therapy (Grinberg-Bleyer et al., 2017). MDSCs
proliferate during cancer, inflammation and infection, and
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perform the immunosuppressive function through restraining
T-cell response. Reducing the number of MDSCs has been
proved to be capable of enhancing antitumor effect of anti-PD-
1 blockade (Orillion et al., 2017). Indoleamine-2, 3-dioxygenase
(IDO) is a rate-limiting enzyme that controls tryptophan
catabolism in tumor cells and MDSCs within the TME, which
is recognized as an important microenvironmental factor that
impairs cytotoxic T cell responses and survival (Schafer et al.,
2016). The microsatellite instable subset of colorectal cancer,
distinguished by high expression of IDO, poorly responds to
anti-PD-1 therapy (Xiao and Freeman, 2015). On the contrary,
IDO-knockout mice treated with anti-CTLA-4 or anti-PD-
1/PD-L1 demonstrate significant tumor growth regression and
prolonged survival, and combination treatment of IDO inhibitors
and CTLA-4 blockade has achieved remarkable tumor rejection
(Holmgaard et al., 2013). Importantly, combination of anti-
PD-1 CPI and IDO inhibitor (e.g., epacadostat) can increase
the objective response rate and prolong the overall survival in
clinical trial phase I/II, however, surprisingly failed in phase III
recently in 2018, with no benefit but increased ADR rate, possibly
requiring a biomarker to distinguish the precious responders.

Immunoregulatory Pathways Within TME
In addition to alterations in signaling pathways in tumor itself, a
series of pathways within TME also regulate immune activities
and thus impact on effect of anti-PD therapies. Epigenetic
silencing of T helper 1 (TH1)-type chemokines, CXCL9 and
CXCL10, precludes effector T cells from trafficking to the TME
and directly interacting with tumor cells. And it has been proved
that epigenetic modulators can restore T cell activities and
increase T cell infiltration, thus strengthening the therapeutic
efficacy of PD-L1 blockade (Peng et al., 2015). Moreover, the lack
of response to PD-1 blockade has also been found related to a
signature of TGFβ signaling, which renders T cell exclusion and
blocked acquisition of TH1-effector phenotype. And inhibition
of TGFβ signaling provokes antitumor activities and promotes
tumor susceptibility to anti-PD therapies in colorectal cancer
as well as urothelial cancer (Mariathasan et al., 2018; Tauriello
et al., 2018). CD28/B7 costimulatory pathway is commonly
known to be required for T cell proliferation and activation. It
is newly discovered that PD-1/PD-L1 interaction suppresses T
cell function primarily by CD28 inactivation, and the rescue of
exhausted CD8 + T cells by PD blockades is strongly dependent
on CD28 expression, which elucidates the important role of
CD28/B7 costimulatory pathway as a response indicator for
anti-PD therapies (Hui et al., 2017; Kamphorst et al., 2017).
Interestingly, contrary to that elevated PD-L1 expression benefits
the response to anti-PD therapy, upregulation of alternative
immune checkpoints, notably T-cell immunoglobulin mucin-
3 (TIM-3), is related to adaptive resistance. And subsequent
addition of TIM-3 blocking antibody can significantly reverse the
treatment failure of PD-1 blockade (Koyama et al., 2016).

Particularly, another important pathway is IFN signaling,
including IFN type I and II. IFNγ, produced primarily by Th1
cells, NKT cells and NK cells (Farrar and Schreiber, 1993; Boehm
et al., 1997), is abundantly generated and activated when ICBs
enhance T cell responses (Liakou et al., 2008; Peng et al., 2012).

As a pleiotropic and critical cytokine in host immune activities
and tumor rejection (Dighe et al., 1994; Kaplan et al., 1998), IFNγ

exerts its effects through a complex and orderly signaling pathway
(Ikeda et al., 2002). Loss or deficiency of IFNγ signaling pathway
may render disorders of host immune behavior and consequent
insensitivity to immunotherapy (Kaplan et al., 1998; Dunn et al.,
2005). In a study on metastatic melanoma described above, loss-
of-function mutations in genes involved in IFNγ pathway (e.g.,
JAK1 and JAK2) are found associated with relapse of patients who
have shown initial response to anti-PD-1 therapy. And in vitro
truncating mutations of JAK1 and JAK2 results in insensitivity
to IFNγ and its antiproliferative effects on cancer cells (Zaretsky
et al., 2016). IFNγ functions as an important inducer of PD-
L1 on the surface of tumor cells (Taube et al., 2012), and
patients who have a better response to PD-L1 blockade also
have increased IFNγ and IFNγ-inducible chemokines (Herbst
et al., 2014; Powles et al., 2014). These researches shed light on
the vital role of defective IFNγ pathway in the clinical effect
or prognosis of anti-PD therapies. Distinct from IFNγ, type I
IFN within innate immune system is critical for T cell priming
and tumor elimination through signaling on DCs and lack of
type I IFN will result in limited useful T cells for reactivating of
antitumor activities (Diamond et al., 2011; Fuertes et al., 2011).
This is in consistence with the effect of type I IFN induced by
radiotherapy (Lim et al., 2014). Moreover, radiation-induced type
I IFN has been proved to increase expression of MHC class I and
antigen recognition (Burnette et al., 2011; Deng et al., 2014b).
Peritumoral injection of immunostimulatory RNA into immune-
cell-poor melanomas has been observed to initiate a cytotoxic
inflammatory response and tumor inhibition mediated by type
I IFN. More importantly, the activation of type I IFN upregulates
the expression of both PD-1 and PD-L1 and consequently leads to
prolonged survival when PD-1 blockade is combined (Bald et al.,
2014).

HOST-RELATED FACTORS

Peripheral Blood Markers
Great interest has also been aroused in exploring biomarkers
within serum or plasma due to the convenience of sample
acquirement. In terms of immune cells, relatively high eosinophil
count and lymphocyte count indicate favorable overall survival
in patients with melanoma treated with Pembrolizumab (Weide
et al., 2016). A pretreatment neutrophil-to-lymphocyte ratio
(NLR) < 5 has been reported to be associated with improved
survival of patients with NSCLC treated with Nivolumab (Bagley
et al., 2017). The baseline frequency of CD14 + CD16-HLA-
DRhi monocytes has also been found to strongly predict
the response to anti-PD-1 of patients with melanoma (Krieg
et al., 2018). Moreover, low lactate dehydrogenase (LDH) is
related to the prognosis of patients receiving anti-PD-1 therapy.
Studies on patients with melanoma reveal that patients with
an elevated baseline LDH have a significantly shorter overall
survival compared to patients with normal LDH, and the extent
of increase in LDH during treatment is also correlated with
the outcome of anti-PD-1 (Diem et al., 2016; Weide et al.,

Frontiers in Pharmacology | www.frontiersin.org 8 September 2018 | Volume 9 | Article 1050

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

2016). Notably, a peripheral blood profiling reveals that clinical
failure of anti-PD-1 therapy does not only result from insufficient
host immune activation, but also depends on the ratio between
circulating Ki-67-positive cytotoxic T cells and pretreatment
tumor burden. Patients with higher ratio are more likely to
exhibit improved response rate and survival (Huang et al.,
2017), indicating that decreasing tumor burden by previously
appropriate topical treatment may facilitate the effect of anti-PD
therapy.

MHC Class I and T-Cell Receptor (TCR)
MHC class I presenting antigen to cytotoxic T cells is an
essential prerequisite for immune recognition and elimination
of transformed cells (Aptsiauri et al., 2007). Downregulation of
MHC class I has been acknowledged as a common mechanism
of tumor immune escape and a potential determinant of
clinical success of many immunotherapies (Haworth et al.,
2015). Therefore, impaired MHC class I molecules have also
been proposed as a candidate mechanism of resistance to anti-
PD therapies, which has been reported to mainly result from
deficiency in β2-microglobulin (B2M), a critical component of
human MHC class I molecules (also named as HLA in human)
required for CD8 + T cell recognition (Restifo et al., 1996;
Wang et al., 2016; Zaretsky et al., 2016; Patel et al., 2017).
Likewise, a study on lung cancer confirms that the loss of
B2M is correlated with disrupted HLA-1 antigen processing and
presentation, which leads to acquired resistance to PD-1 blockade
(Gettinger et al., 2017). Another study also shows that factors
which impair HLA-1 complex, including not only inactivation of
B2M but also mutations at genes involved in maturation of HLA-
1 complex (e.g.,CALR, PDIA3, andTAP1), can affect the response
to anti-PD-1/PD-L1 therapies (Pereira et al., 2017). In addition,
the diversity of HLA-1 genotype also contributes to the outcome
of anti-PD. It has been recently found that patients with maximal
heterozygosity at HLA-I loci (A, B, and C) demonstrate improved
overall survival compared to those who are homozygous for at
least one HLA locus. Moreover, patients with HLA-B44 supertype
have extended survival whereas HLA-B62 or somatic loss of
heterozygosity in HLA-1 is related to poor outcome in melanoma
cohorts (Chowell et al., 2017). Interestingly, loss of heterozygosity
in HLA is revealed to be associated with a high neoantigen
burden, upregulation of cytolytic activities and PD-L1 positivity,
indicating the significance of combining multiple biomarkers to
predict the response to PD-1/PD-L1 therapy (McGranahan et al.,
2017).

Additionally, the variety of TCR repertoire is also related to
clinical response. A more clonal and less diverse T cell repertoire
is found in responding patients treated with anti-PD-1 (Tumeh
et al., 2014), which is opposite to anti-CTLA-4 blockade (Postow
et al., 2015b).

Immune-Related Genetic Signatures
Mutations or altered expression of certain genes involved in
host immune activities may reduce lymphocyte infiltration
within tumors or compromise T cell functions (Table 3). As
abovementioned, loss-of-function mutations in B2M gene lead
to impaired MHC I molecules, and have been reported to

be associated with acquired resistance to anti-PD therapies in
melanoma, lung cancers and esophagogastric cancers (Zaretsky
et al., 2016; Gettinger et al., 2017; Janjigian et al., 2017;
Pereira et al., 2017). Particularly, in patients with KRAS-mutant
lung adenocarcinoma, STK11/LKB1 alterations are significantly
associated with PD-L1 negativity and promote resistance to PD-
1 inhibitors (Skoulidis et al., 2018). Furthermore, a study using
a genome-scale CRISPR–Cas9 library profiles essential genes
whose loss impairs the activity of CD8 + T cells, leading to
resistance or non-responsiveness of cancer cells to T-cell-based
immunotherapies. Notably, most of these genes play crucial
roles in antigen presentation or IFNγ signaling (Patel et al.,
2017). Interestingly, studies adopting the same approach newly
discover that the loss-of-function mutations in PBRM1, which
encodes a subunit of a SWI/SNF chromatin remodeling complex
(the PBAF subtype), might improve the responsiveness to ICBs
due to activation of JAK-STAT signaling pathway and elevated
sensitivity to IFNγ in renal cell carcinoma (RCC) and melanoma,
respectively. Apart from PBRM1, mutations of additional two
genes which also encode components of the PBAF form of the
SWI/SNF chromatin remodeling complex, ARID2 and BRD7,
are also found associated with the benefit of ICBs (Miao et al.,
2018; Pan et al., 2018). Analysis of genomic alterations associated
with accelerated tumor growth has found that MDM2/MDM4
amplification is correlated with poor clinical outcome and even
hyperprogression of patients after receiving anti-PD therapies.
Besides, abnormalities of EGFR and DNMT3A also indicate a
worse outcome, while alterations of TERT, PTEN, NF1, and
NOTCH1 appear to be related to better effect of anti-PD (Kato
et al., 2017). A transcriptional signature, including up-expression
of genes implicated in regulation of mesenchymal transition,
cell adhesion, extracellular matrix remodeling, angiogenesis and
wound healing, is indicated to be related to innate anti-PD-
1 resistance (Hugo et al., 2016). Similarly, overexpression of
genes involved with extracellular matrix (e.g., LAMA3) and
neutrophil function (e.g., CXCR2) is related to progressing
metastatic melanoma treated with PD-1 blockade (Ascierto et al.,
2017). Changes in certain immune-related genes might lead to
variations in the entire immune functions, hence genetically
evaluation of the host immune status should be considered as a
potential biomarker impacting on PD blockade immunotherapy.

THE GUT MICROBIOTA

The intestinal microbiota contain a dominant part of
innumerable bacteria in human bodies and are closely linked to
host health through absorbing nutrients, degrading xenobiotics,
regulating epithelial homeostasis and defending against potential
pathogens (Eberl, 2010). Disorders in gut microbiota have
been considered to participate in the development of not only
colorectal cancer but also extraintestinal cancers (Brennan
and Garrett, 2016; Loo et al., 2017). Previous studies have
revealed the influence of gut microbiota on clinical efficacy
of cancer chemotherapy (Iida et al., 2013; Viaud et al., 2013).
Also, later investigations have found correlations between
gut microbiome community and clinical response to ICBs.
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It is firstly found that effects of CTLA-4 blockade depend on
distinct Bacteroides species, B. thetaiotaomicron or B. fragilis
(Vetizou et al., 2015). Similarly, the anticancer immunity in
mice models induced by anti-PD-L1 is reported to be associated
with Bifidobacterium, which might improve effect through

augmenting dendritic cell functions and subsequently enhancing
CD8 + T cell priming and accumulation in the TME. And oral
administration of Bifidobacterium alone generates equal effect on
tumor eliminating as anti-PD-L1 does, indicating its potentially

important role in strengthening immune functions (Sivan et al.,
2015).

Recently, the predictive value of gut microbiota has been

verified in human bodies. Routy et al. find that abnormal
intestinal microbiota composition caused by antibiotics can

lead to primary resistance to ICBs, and transplantation of
fecal microbiota from patients who respond to ICBs into
germ-free of non-responders can restore or enhance the
responsiveness. Correlation has also been revealed between
better clinical response to anti-PD-1 blockade and relative
abundance of Akkermansia muciniphila, which increases the
recruitment of CCR9 + CXCR3 + CD4 + T lymphocytes
into tumor beds in a IL-12-dependant manner (Routy et al.,
2017). A study on patients with melanoma unveils significantly
different gut microbiota constitution between responders and
non-responders treated with anti-PD-1 therapy. The gut
microbiome of responding patients shows higher diversity
and amplitude in Ruminococcaceae bacteria, while relatively
less diverse bacteria and plenty of Bacteroidales are found in
poorly responding patients. It is additionally found enrichment
of anabolic pathways as well as enhanced systemic and
anti-tumor immunity in responders (Gopalakrishnan et al.,
2017). Similarly, another study on patients with melanoma

also reveals a correlation between response to anti-PD-
1 and abundance in more diversified bacteria, including
Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus
faecium (Matson et al., 2018). Moreover, a study of the
effect of pretreatment gut microbiota and metabolites on
response in patients treated with different ICBs provides
more diversified results. In terms of different regimens, the
responders for all therapy types are enriched for Bacteroides
caccae, the microbiota of the responders for Ipilimumab
plus Nivolumab are rich in Faecalibacterium prausnitzii,
Bacteroides thetaiotaomicron, and Holdemania filiformis, and
that of the responders for Pembrolizumab contain abundant
Dorea formicogenerans. High levels of anacardic acid are
also found in ICB responders (Frankel et al., 2017). The
findings above indicate that it is plausible to modulate gut
microbiota to strengthen clinical effect of anti-PD therapy,
yet more preclinical analyses of certain bacteria species and
metabolites as well as confirmatory clinical studies are warranted.
Moreover, gut microbiota is largely varied in terms of multiple
factors, including ethnicity, living environment, diet habit, and
etc, thus very difficult to guide the clinical practice as a
biomarker.

COMBINATION THERAPIES WITH
PD-1/PD-L1 BLOCKADE

Hitherto, the remarkable outcomes of anti-PD therapies are
merely observed in quite limited patients with certain types of
cancers, while more patients fail to respond, exhibit resistance
or relapse following treatment. Based on currently known
mechanisms impacting clinical effect of anti-PD immunotherapy,

TABLE 4 | Effective therapeutic combinations with PD-1/PD-L1 blockade.

Target Rationale Combined therapy

T cells Promoting effector T-cell trafficking into TME Epigenetic reprogramming drugs

TNF family Enforcing T-cell function Utomilumab, a human IgG2 mAb agonist of the T-cell

costimulatory receptor 4-1BB/CD137

Immunosuppressive networks Depletion of Tregs Anti-CTLA-4 antibody, ipilimumab

Anti-CCR4 antibody, mogamulizumab

CD73-specific antibody

Inhibition of B7 family members (B7-H3, PD-L1) B7-H3 blockade CDK4/6 inhibitors

Blockade of other immune checkpoint inhibitors Tim-3, LAG3 and TIGIT blockades

Triggering innate immune system to achieve tumor

destruction

Radiation therapy and chemotherapy

Cancer cells Inhibiting oxygen consumption in tumor cells Metformin

Tumor specific antigens Increasing T cell infiltration Oncolytic viral therapy

Inflammatory mediators Decreasing MDSCs COX2 inhibitors

Tumor stromal fibroblasts Reducing CXCL12 produced by fibroblasts, which

mediates immunosuppressive effect in pancreatic cancer.

CXCL12 receptor chemokine receptor 4 (CXCR4) inhibitor,

AMD3100

Blocking TGFβ signaling TGFβ blockade

BRAF signaling pathway Increasing the cross-presentation of antigens from dead

tumor cells

BRAF inhibitors

MDSC-secreted factors Inhibition of angiogenic factor VEGF VEGF-specific antibody, bevacizumab

Inhibition of cytokine receptor CSF1R, resulting in CD8 T

cell infiltration into tumors

CSF1R inhibitors
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combination therapies are required and being explored in order
to improve response rate and expand benefited populations.

Adequate proliferation, smooth migration into tumors and
complete function performing of effective T cells are fundamental
requirements for the immune system to restrain tumor
progression. Accordingly, epigenetic reprogramming drugs to
facilitate T cell trafficking (Tan et al., 2007; McCabe et al., 2012),
and targeting TNF family signaling pathways to strengthen T cell
functions (Tolcher et al., 2017) have been developed and proved
to be effective in combination with anti-PD therapy. In addition
to positive roles of T cells which help combat tumor cells,
the negative roles of immunosuppressive components which
support tumor progression, including Tregs, MDSCs, some
B7 family members, are unneglectable. Tregs express CTLA-
4, which explains improved clinical success of combination of
anti-CTLA-4 and anti-PD as abovementioned (Larkin et al.,
2015; Hodi et al., 2016; Hellmann et al., 2017; Wolchok et al.,
2017). Prostaglandin E2 (PGE2) and its key synthesizing enzyme
cyclooxygenase 2 (COX2) can induce and recruit MDSCs in
TME, and inhibition of COX2 has synergized anti-PD therapy
in pre-clinical models (Li et al., 2016). Inhibitors targeting
other immune checkpoints such as Tim-3, LAG3 and TIGIT
have also been explored their synergetic effect aligned with PD
therapy (Sakuishi et al., 2010; Li et al., 2012; Chauvin et al.,
2015). PD-L1 expression is also a primary biomarker impacting
on PD pathway blockade. Lately, it has been discovered that
CDK4/6 inhibition elevate PD-L1 expression by restraining
its degradation mediated by cyclin D-CDK4 and the SPOP
ligase, and the combination of CDK4/6 inhibitors and anti-
PD-1 therapy enhances tumor regression and dramatically
improves overall survival of murine tumor models (Zhang J.
et al., 2017). In terms of the field of vaccination, PD pathway
blockade has been noticed to increase the antitumor effect of
conventional vaccines, which can stimulate T cell activities and
induce immune responses against tumor cells (Duraiswamy et al.,
2013; Karyampudi et al., 2014). Another vaccination approach
is oncolytic viral therapy. Locally injected oncolytic viruses have
been proved to enhance systemic antitumor immunity through
multiple mechanisms, thus improving the strength of anti-PD
immunotherapy and elevating response rate of patients with
advanced melanoma, brain tumors and breast cancer (Ribas
et al., 2017; Bourgeois-Daigneault et al., 2018; Samson et al.,
2018). Based on the significant role of metabolic fitness in
immune activities, it has been reported that metformin, a broadly
prescribed type II diabetes treatment, reverses the resistance
to PD-1 blockade which results from hypoxic environments
produced by tumors (Scharping et al., 2017). Conventional
therapies targeting tumor cells, including radiotherapy and
chemotherapy, also exert enhanced antitumor activities together
with anti-PD therapy through multiple interacting mechanisms
(Deng et al., 2014a; Shalapour et al., 2015; Sharabi et al., 2015;
Twyman-Saint Victor et al., 2015; Shaverdian et al., 2017).
However, more clinical evidence is needed to further determine
appropriate doses, timing and other parameters in combination
treatment. In addition, other potential combinatorial regimens
have been considered and the confirmation trials are ongoing,
such as tumor stromal fibroblast inhibitors and antibodies

targeting innate immune signaling pathway and oncogenic
signals (Mahoney et al., 2015; Sharma and Allison, 2015;
Zou et al., 2016; Table 4).

CONCLUSION

PD-1/PD-L1 pathway blockades have elicited outstanding clinical
effect with relatively tolerable toxicities only in a minority
of populations. In order to select patients most suitable to
receive the possibly effective but costly therapy, the underlying
prognostic factors leading to heterogeneous responses of different
individuals with various cancer types have been gradually
explored. In this review, a series of tumor-autonomous,
tumor microenvironmental and host-related mechanisms were
introduced, which need to be considered in terms of reducing
ADR. With more and more prognostic factors gradually
excavated, how to select most suitable biomarkers for certain
cohorts is of great significance. Especially, the selection becomes
more difficult when biomarkers predicting opposite response
to anti-PD therapy present in one individual. For example,
attenuated immune functions in elderly patients may result in
poor clinical response of anti-PD with insufficient effector T
cells, and on the other hand, the mutational burden accumulates
with aging, which makes the outcome of anti-PD in elderly
patients elusive. Unlike the traditional target therapy, which
directly inhibit the abnormal signal in tumor itself (e.g.,
proliferation), CPI immunotherapy is more complicated and can
be influenced by many factors. It has to be noted that some
prognostic factors interact with each other instead of impacting
the response of treatments independently. As aforementioned,
virus infections and HLA heterozygosity are both associated
with PD-L1 positivity or overexpression (Wong et al., 2015),
while oppositely, genomic alterations are significantly related to
PD-L1 negativity (Skoulidis et al., 2018). Loss of heterozygosity
in HLA is additionally associated with a high neoantigen
burden and upregulation of cytolytic activities (McGranahan
et al., 2017). Besides, expression of the whole PD-1/PD-L axis,
including PD-1, PD-L1, and PD-L2, has been reported to be
connected with cytolytic activities and mutational load (Danilova
et al., 2016). Above evidence indicates that it is necessary to
exclude the impact of interactions between biomarkers and
explore the independent roles of these candidates in larger
patient cohorts with detailed information for all candidate
biomarker, which will benefit the joint application of multiple
biomarkers. Generally, sufficient infiltration and potent function
of effector T cells in TME indicate an active pre-existing
antitumor immunity and are the most elementary mechanism,
through which most of other factors essentially impact on
response of the therapy. Patients with abundant intratumoral
infiltrate, elevated PD-L1 expression level and high mutational
load have been most commonly reported to benefit from anti-
PD therapies. Among all the influential factors, some were
newly discovered and thus need to be verified and further
explored, and some have been frequently reported but lack
standard of measurement or practical application. Notably,
there are contradictory findings in certain biomarkers. In terms
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of gut microbiota, some studies indicate a positive correlation
between responses and Bacteroides species (Vetizou et al., 2015;
Frankel et al., 2017), whereas the study of Gopalakrishnan et al.
provides with an opposite finding that plenty of Bacteroidales
are related to poor response to anti-PD-1 (Gopalakrishnan
et al., 2017). The contradiction may be attributed to diversities
in ethnics, region, diet, and limited sample sizes. Besides, the
study of responding patients with RCC and NSCLC revealed
different composition of beneficial gut microbiota from that of
studies of melanoma (Routy et al., 2017), which emphasizes the
role of different bacteria species in different cancer types, and
indicates that all the biomarkers require validations in more
cancer types. Based on currently known rationales, plenty of
other therapies have been explored in combination with anti-
PD therapies to improve benefit of previously poorly responsive
populations. Although failed in some studies, precision designs
with specific markers could provide insight on the combination
therapy.

In conclusion, it is essential to comprehensively assess the
patient’s status, especially with respect to the paradoxes, for
instance, mutation loads and immunity in old patients and
differences of beneficial bacteria in the above researches, etc.
Besides, the differences in population and regions of patients

should be taken into account. Finally, to adopt appropriate
therapies, such as combination therapies, benefits the most
for patients. Therefore, it is imperative to take comprehensive
factors related to TME, host immunity, clinical factors and gut
microbiome and so on into consideration when patients are
given ICB therapies, which may shed new light on personalized
precision therapy.

AUTHOR CONTRIBUTIONS

XY and SZ wrote the manuscript. YD and PW drew the figure.
QH and HX contributed to the conception of the study.

FUNDING

This studywas supported byNational Key ResearchDevelopment
Program [No. 2016YFC0905000 (2016YFC0905002)], and the
National Natural Science Foundation of China (Nos. 81522028,
81400120, and 81673452). HX are supported by the grant from
“The Recruitment Program of Global Young Experts” (known as
“the Thousand Young Talents Plan”).

REFERENCES

Akbay, E. A., Koyama, S., Carretero, J., Altabef, A., Tchaicha, J. H., Christensen,

C. L., et al. (2013). Activation of the PD-1 pathway contributes to immune

escape in EGFR-driven lung tumors. Cancer Discov. 3, 1355–1363. doi: 10.1158/

2159-8290.CD-13-0310

Aptsiauri, N., Cabrera, T., Garcia-Lora, A., Lopez-Nevot, M. A., Ruiz-Cabello, F.,

and Garrido, F. (2007). MHC class I antigens and immune surveillance in

transformed cells. Int. Rev. Cytol. 256, 139–189. doi: 10.1016/S0074-7696(07)

56005-5

Armand, P., Nagler, A., Weller, E. A., Devine, S. M., Avigan, D. E., Chen, Y. B.,

et al. (2013). Disabling immune tolerance by programmed death-1 blockade

with pidilizumab after autologous hematopoietic stem-cell transplantation for

diffuse large B-cell lymphoma: results of an international phase II trial. J. Clin.

Oncol. 31, 4199–4206. doi: 10.1200/JCO.2012.48.3685

Ascierto, M. L., Makohon-Moore, A., Lipson, E. J., Taube, J. M., McMiller, T. L.,

Berger, A. E., et al. (2017). Transcriptional mechanisms of resistance to anti-

PD-1 therapy. Clin. Cancer Res. 23, 3168–3180. doi: 10.1158/1078-0432.CCR-

17-0270

Bagley, S. J., Kothari, S., Aggarwal, C., Bauml, J. M., Alley, E. W., Evans, T. L., et al.

(2017). Pretreatment neutrophil-to-lymphocyte ratio as a marker of outcomes

in nivolumab-treated patients with advanced non-small-cell lung cancer. Lung.

Cancer 106, 1–7. doi: 10.1016/j.lungcan.2017.01.013

Bald, T., Landsberg, J., Lopez-Ramos, D., Renn, M., Glodde, N., Jansen, P.,

et al. (2014). Immune cell-poor melanomas benefit from PD-1 blockade after

targeted type I IFN activation. Cancer Discov. 4, 674–687. doi: 10.1158/2159-

8290.CD-13-0458

Berger, M. F., Hodis, E., Heffernan, T. P., Deribe, Y. L., Lawrence, M. S.,

Protopopov, A., et al. (2012). Melanoma genome sequencing reveals

frequent PREX2 mutations. Nature 485, 502–506. doi: 10.1038/nature

11071

Bertucci, F., Finetti, P., Mamessier, E., Pantaleo, M. A., Astolfi, A., Ostrowski, J.,

et al. (2015). PDL1 expression is an independent prognostic factor in

localized GIST. Oncoimmunology 4:e1002729. doi: 10.1080/2162402X.2014.100

2729

Birnbaum, D. J., Finetti, P., Lopresti, A., Gilabert, M., Poizat, F., Turrini, O., et al.

(2016). Prognostic value of PDL1 expression in pancreatic cancer.Oncotarget 7,

71198–71210. doi: 10.18632/oncotarget.11685

Boehm, U., Klamp, T., Groot, M., and Howard, J. C. (1997). Cellular responses

to interferon-gamma. Annu. Rev. Immunol. 15, 749–795. doi: 10.1146/annurev.

immunol.15.1.749

Borghaei, H., Paz-Ares, L., Horn, L., Spigel, D. R., Steins, M., Ready, N. E., et al.

(2015). Nivolumab versus docetaxel in advanced nonsquamous non-small-cell

lung cancer. N. Engl. J. Med. 373, 1627–1639. doi: 10.1056/NEJMoa1507643

Bourgeois-Daigneault, M. C., Roy, D. G., Aitken, A. S., El Sayes, N., Martin, N. T.,

Varette, O., et al. (2018). Neoadjuvant oncolytic virotherapy before surgery

sensitizes triple-negative breast cancer to immune checkpoint therapy. Sci.

Transl. Med. 10:eaao1641. doi: 10.1126/scitranslmed.aao1641

Boussiotis, V. A. (2016).Molecular and biochemical aspects of the PD-1 checkpoint

pathway. N. Engl. J. Med. 375, 1767–1778. doi: 10.1056/NEJMra1514296

Brahmer, J. R., Drake, C. G., Wollner, I., Powderly, J. D., Picus, J., Sharfman, W. H.,

et al. (2010). Phase I study of single-agent anti-programmed death-1 (MDX-

1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics,

and immunologic correlates. J. Clin. Oncol. 28, 3167–3175. doi: 10.1200/JCO.

2009.26.7609

Brahmer, J. R., Tykodi, S. S., Chow, L. Q., Hwu,W. J., Topalian, S. L., Hwu, P., et al.

(2012). Safety and activity of anti-PD-L1 antibody in patients with advanced

cancer. N. Engl. J. Med. 366, 2455–2465. doi: 10.1056/NEJMoa1200694

Brambilla, E., Le Teuff, G., Marguet, S., Lantuejoul, S., Dunant, A., Graziano, S.,

et al. (2016). Prognostic effect of tumor lymphocytic infiltration in resectable

non-small-cell lung cancer. J. Clin. Oncol. 34, 1223–1230. doi: 10.1200/JCO.

2015.63.0970

Brennan, C. A., and Garrett, W. S. (2016). Gut microbiota, inflammation, and

colorectal cancer. Annu. Rev. Microbiol. 70, 395–411. doi: 10.1146/annurev-

micro-102215-095513

Burnette, B. C., Liang, H., Lee, Y., Chlewicki, L., Khodarev, N. N., Weichselbaum,

R. R., et al. (2011). The efficacy of radiotherapy relies upon induction of

type I interferon-dependent innate and adaptive immunity. Cancer Res. 71,

2488–2496. doi: 10.1158/0008-5472.CAN-10-2820

Butte, M. J., Keir, M. E., Phamduy, T. B., Sharpe, A. H., and Freeman, G. J. (2007).

Programmed death-1 ligand 1 interacts specifically with the B7-1 costimulatory

molecule to inhibit T cell responses. Immunity 27, 111–122. doi: 10.1016/j.

immuni.2007.05.016

Carbognin, L., Pilotto, S., Milella, M., Vaccaro, V., Brunelli, M., Calio, A., et al.

(2015). Differential activity of nivolumab, pembrolizumab and MPDL3280A

according to the tumor expression of programmed death-ligand-1 (PD-L1):

Frontiers in Pharmacology | www.frontiersin.org 12 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1158/2159-8290.CD-13-0310
https://doi.org/10.1158/2159-8290.CD-13-0310
https://doi.org/10.1016/S0074-7696(07)56005-5
https://doi.org/10.1016/S0074-7696(07)56005-5
https://doi.org/10.1200/JCO.2012.48.3685
https://doi.org/10.1158/1078-0432.CCR-17-0270
https://doi.org/10.1158/1078-0432.CCR-17-0270
https://doi.org/10.1016/j.lungcan.2017.01.013
https://doi.org/10.1158/2159-8290.CD-13-0458
https://doi.org/10.1158/2159-8290.CD-13-0458
https://doi.org/10.1038/nature11071
https://doi.org/10.1038/nature11071
https://doi.org/10.1080/2162402X.2014.1002729
https://doi.org/10.1080/2162402X.2014.1002729
https://doi.org/10.18632/oncotarget.11685
https://doi.org/10.1146/annurev.immunol.15.1.749
https://doi.org/10.1146/annurev.immunol.15.1.749
https://doi.org/10.1056/NEJMoa1507643
https://doi.org/10.1126/scitranslmed.aao1641
https://doi.org/10.1056/NEJMra1514296
https://doi.org/10.1200/JCO.2009.26.7609
https://doi.org/10.1200/JCO.2009.26.7609
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1200/JCO.2015.63.0970
https://doi.org/10.1200/JCO.2015.63.0970
https://doi.org/10.1146/annurev-micro-102215-095513
https://doi.org/10.1146/annurev-micro-102215-095513
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://doi.org/10.1016/j.immuni.2007.05.016
https://doi.org/10.1016/j.immuni.2007.05.016
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

sensitivity analysis of trials in melanoma, lung and genitourinary cancers. PLoS

One 10:e0130142. doi: 10.1371/journal.pone.0130142

Champiat, S., Dercle, L., Ammari, S., Massard, C., Hollebecque, A., Postel-Vinay, S.,

et al. (2017). Hyperprogressive disease is a new pattern of progression in

cancer patients treated by anti-PD-1/PD-L1. Clin. Cancer Res. 23, 1920–1928.

doi: 10.1158/1078-0432.CCR-16-1741

Chauvin, J. M., Pagliano, O., Fourcade, J., Sun, Z., Wang, H., Sander, C., et al.

(2015). TIGIT and PD-1 impair tumor antigen-specific CD8+ T cells in

melanoma patients. J. Clin. Invest. 125, 2046–2058. doi: 10.1172/JCI80445

Chowell, D., Morris, L. G. T., Grigg, C. M., Weber, J. K., Samstein, R. M.,

Makarov, V., et al. (2017). Patient HLA class I genotype influences cancer

response to checkpoint blockade immunotherapy. Science 359, 582–587.

doi: 10.1126/science.aao4572

Conforti, F., Pala, L., Bagnardi, V., De Pas, T., Martinetti, M., Viale, G., et al. (2018).

Cancer immunotherapy efficacy and patients’ sex: a systematic review and

meta-analysis. Lancet Oncol. 19, 737–746. doi: 10.1016/S1470-2045(18)30261-4

D’Angelo, S. P., Larkin, J., Sosman, J. A., Lebbe, C., Brady, B., Neyns, B.,

et al. (2017). Efficacy and safety of nivolumab alone or in combination with

ipilimumab in patients with mucosal melanoma: a pooled analysis. J. Clin.

Oncol. 35, 226–235. doi: 10.1200/JCO.2016.67.9258

Danilova, L., Wang, H., Sunshine, J., Kaunitz, G. J., Cottrell, T. R., Xu, H.,

et al. (2016). Association of PD-1/PD-L axis expression with cytolytic activity,

mutational load, and prognosis in melanoma and other solid tumors. Proc. Natl.

Acad. Sci. U.S.A. 113, E7769–E7777. doi: 10.1073/pnas.1607836113

Daud, A. I., Loo, K., Pauli, M. L., Sanchez-Rodriguez, R., Sandoval, P. M.,

Taravati, K., et al. (2016). Tumor immune profiling predicts response to anti-

PD-1 therapy in humanmelanoma. J. Clin. Invest. 126, 3447–3452. doi: 10.1172/

JCI87324

Davoli, T., Uno, H., Wooten, E. C., and Elledge, S. J. (2017). Tumor aneuploidy

correlates with markers of immune evasion and with reduced response to

immunotherapy. Science 355:eaaf8399. doi: 10.1126/science.aaf8399

Deng, L., Liang, H., Burnette, B., Beckett, M., Darga, T., Weichselbaum, R. R.,

et al. (2014a). Irradiation and anti-PD-L1 treatment synergistically promote

antitumor immunity in mice. J. Clin. Invest. 124, 687–695. doi: 10.1172/

JCI67313

Deng, L., Liang, H., Xu, M., Yang, X., Burnette, B., Arina, A., et al. (2014b).

STING-dependent cytosolic DNA sensing promotes radiation-induced type I

interferon-dependent antitumor immunity in immunogenic tumors. Immunity

41, 843–852. doi: 10.1016/j.immuni.2014.10.019

Diamond, M. S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G. P.,

Archambault, J. M., et al. (2011). Type I interferon is selectively required by

dendritic cells for immune rejection of tumors. J. Exp. Med. 208, 1989–2003.

doi: 10.1084/jem.20101158

Diem, S., Kasenda, B., Spain, L., Martin-Liberal, J., Marconcini, R., Gore, M., et al.

(2016). Serum lactate dehydrogenase as an early marker for outcome in patients

treated with anti-PD-1 therapy in metastatic melanoma. Br. J. Cancer 114,

256–261. doi: 10.1038/bjc.2015.467

Dighe, A. S., Richards, E., Old, L. J., and Schreiber, R. D. (1994). Enhanced

in vivo growth and resistance to rejection of tumor cells expressing dominant

negative IFN gamma receptors. Immunity 1, 447–456. doi: 10.1016/1074-

7613(94)90087-6

Dudley, J. C., Lin, M. T., Le, D. T., and Eshleman, J. R. (2016). Microsatellite

instability as a biomarker for PD-1 blockade. Clin. Cancer Res. 22, 813–820.

doi: 10.1158/1078-0432.CCR-15-1678

Dunn, G. P., Sheehan, K. C., Old, L. J., and Schreiber, R. D. (2005). IFN

unresponsiveness in LNCaP cells due to the lack of JAK1 gene expression.

Cancer Res. 65, 3447–3453. doi: 10.1158/0008-5472.CAN-04-4316

Duraiswamy, J., Freeman, G. J., and Coukos, G. (2013). Therapeutic PD-1 pathway

blockade augments with other modalities of immunotherapy T-cell function

to prevent immune decline in ovarian cancer. Cancer Res. 73, 6900–6912. doi:

10.1158/0008-5472.CAN-13-1550

Eberl, G. (2010). A new vision of immunity: homeostasis of the superorganism.

Mucosal Immunol. 3, 450–460. doi: 10.1038/mi.2010.20

Fang, S., Wang, Y., Dang, Y., Gagel, A., Ross, M. I., Gershenwald, J. E., et al. (2017).

Association between body mass index, C-reactive protein levels, and melanoma

patient outcomes. J. Invest. Dermatol. 137, 1792–1795. doi: 10.1016/j.jid.2017.

04.007

Farrar, M. A., and Schreiber, R. D. (1993). The molecular cell biology of interferon-

gamma and its receptor. Annu. Rev. Immunol. 11, 571–611. doi: 10.1146/

annurev.iy.11.040193.003035

Ferrara, R., Mezquita, L., Auclin, E., Chaput, N., and Besse, B. (2017).

Immunosenescence and immunecheckpoint inhibitors in non-small cell lung

cancer patients: does age really matter? Cancer Treat. Rev. 60, 60–68.

doi: 10.1016/j.ctrv.2017.08.003

Fischer, J., Jung, N., Robinson, N., and Lehmann, C. (2015). Sex differences in

immune responses to infectious diseases. Infection 43, 399–403. doi: 10.1007/

s15010-015-0791-9

Forde, P. M., Chaft, J. E., Smith, K. N., Anagnostou, V., Cottrell, T. R., Hellmann,

M. D., et al. (2018). Neoadjuvant PD-1 blockade in resectable lung cancer.

N. Engl. J. Med. 378, 1976–1986. doi: 10.1056/NEJMoa1716078

Frankel, A. E., Coughlin, L. A., Kim, J., Froehlich, T. W., Xie, Y., Frenkel, E. P.,

et al. (2017). Metagenomic shotgun sequencing and unbiased metabolomic

profiling identify specific human gut microbiota and metabolites associated

with immune checkpoint therapy efficacy in melanoma patients. Neoplasia 19,

848–855. doi: 10.1016/j.neo.2017.08.004

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T., Nishimura, H.,

et al. (2000). Engagement of the PD-1 immunoinhibitory receptor by a novel

B7 family member leads to negative regulation of lymphocyte activation. J. Exp.

Med. 192, 1027–1034. doi: 10.1084/jem.192.7.1027

Fuertes, M. B., Kacha, A. K., Kline, J., Woo, S. R., Kranz, D. M., Murphy, K. M.,

et al. (2011). Host type I IFN signals are required for antitumor CD8 + T cell

responses through CD8{alpha} + dendritic cells. J. Exp. Med. 208, 2005–2016.

doi: 10.1084/jem.20101159

Fulop, T., Kotb, R., Fortin, C. F., Pawelec, G., de Angelis, F., and Larbi, A.

(2010). Potential role of immunosenescence in cancer development.

Ann. N. Y. Acad. Sci. 1197, 158–165. doi: 10.1111/j.1749-6632.2009.

05370.x

Gainor, J. F., Shaw, A. T., Sequist, L. V., Fu, X., Azzoli, C. G., Piotrowska, Z.,

et al. (2016). EGFR mutations and ALK rearrangements are associated with

low response rates to PD-1 pathway blockade in non-small cell lung cancer: a

retrospective analysis.Clin. Cancer Res. 22, 4585–4593. doi: 10.1158/1078-0432.

CCR-15-3101

Gettinger, S., Choi, J., Hastings, K., Truini, A., Datar, I., Sowell, R., et al.

(2017). Impaired HLA class I antigen processing and presentation as a

mechanism of acquired resistance to immune checkpoint inhibitors in

lung cancer. Cancer Discov. 7, 1420–1435. doi: 10.1158/2159-8290.CD-

17-0593

Gettinger, S., Rizvi, N. A., Chow, L. Q., Borghaei, H., Brahmer, J., Ready, N.,

et al. (2016). Nivolumab monotherapy for first-line treatment of advanced non-

small-cell lung cancer. J. Clin. Oncol. 34, 2980–2987. doi: 10.1200/JCO.2016.66.

9929

Gettinger, S. N., Horn, L., Gandhi, L., Spigel, D. R., Antonia, S. J., Rizvi, N. A., et al.

(2015). Overall survival and long-term safety of nivolumab (anti-programmed

death 1 antibody, BMS-936558, ONO-4538) in patients with previously

treated advanced non-small-cell lung cancer. J. Clin. Oncol. 33, 2004–2012.

doi: 10.1200/JCO.2014.58.3708

Gibney, G. T., Weiner, L. M., and Atkins, M. B. (2016). Predictive biomarkers

for checkpoint inhibitor-based immunotherapy. Lancet Oncol. 17, e542–e551.

doi: 10.1016/S1470-2045(16)30406-5

Glodde, N., Bald, T., van den Boorn-Konijnenberg, D., Nakamura, K., O’Donnell,

J. S., Szczepanski, S., et al. (2017). Reactive neutrophil responses dependent on

the receptor tyrosine kinase c-MET limit cancer immunotherapy. Immunity 47,

789–802e789. doi: 10.1016/j.immuni.2017.09.012

Gogas, H., Polyzos, A., and Kirkwood, J. (2013). Immunotherapy for advanced

melanoma: fulfilling the promise. Cancer Treat. Rev. 39, 879–885. doi: 10.1016/

j.ctrv.2013.04.006

Goh, G., Walradt, T., Markarov, V., Blom, A., Riaz, N., Doumani, R., et al. (2016).

Mutational landscape of MCPyV-positive and MCPyV-negative Merkel cell

carcinomas with implications for immunotherapy. Oncotarget 7, 3403–3415.

doi: 10.18632/oncotarget.6494

Gopalakrishnan, V., Spencer, C. N., Nezi, L., Reuben, A., Andrews, M. C.,

Karpinets, T. V., et al. (2017). Gut microbiome modulates response to anti-

PD-1 immunotherapy in melanoma patients. Science 359, 97–103. doi: 10.1126/

science.aan4236

Frontiers in Pharmacology | www.frontiersin.org 13 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1371/journal.pone.0130142
https://doi.org/10.1158/1078-0432.CCR-16-1741
https://doi.org/10.1172/JCI80445
https://doi.org/10.1126/science.aao4572
https://doi.org/10.1016/S1470-2045(18)30261-4
https://doi.org/10.1200/JCO.2016.67.9258
https://doi.org/10.1073/pnas.1607836113
https://doi.org/10.1172/JCI87324
https://doi.org/10.1172/JCI87324
https://doi.org/10.1126/science.aaf8399
https://doi.org/10.1172/JCI67313
https://doi.org/10.1172/JCI67313
https://doi.org/10.1016/j.immuni.2014.10.019
https://doi.org/10.1084/jem.20101158
https://doi.org/10.1038/bjc.2015.467
https://doi.org/10.1016/1074-7613(94)90087-6
https://doi.org/10.1016/1074-7613(94)90087-6
https://doi.org/10.1158/1078-0432.CCR-15-1678
https://doi.org/10.1158/0008-5472.CAN-04-4316
https://doi.org/10.1158/0008-5472.CAN-13-1550
https://doi.org/10.1158/0008-5472.CAN-13-1550
https://doi.org/10.1038/mi.2010.20
https://doi.org/10.1016/j.jid.2017.04.007
https://doi.org/10.1016/j.jid.2017.04.007
https://doi.org/10.1146/annurev.iy.11.040193.003035
https://doi.org/10.1146/annurev.iy.11.040193.003035
https://doi.org/10.1016/j.ctrv.2017.08.003
https://doi.org/10.1007/s15010-015-0791-9
https://doi.org/10.1007/s15010-015-0791-9
https://doi.org/10.1056/NEJMoa1716078
https://doi.org/10.1016/j.neo.2017.08.004
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1084/jem.20101159
https://doi.org/10.1111/j.1749-6632.2009.05370.x
https://doi.org/10.1111/j.1749-6632.2009.05370.x
https://doi.org/10.1158/1078-0432.CCR-15-3101
https://doi.org/10.1158/1078-0432.CCR-15-3101
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1158/2159-8290.CD-17-0593
https://doi.org/10.1200/JCO.2016.66.9929
https://doi.org/10.1200/JCO.2016.66.9929
https://doi.org/10.1200/JCO.2014.58.3708
https://doi.org/10.1016/S1470-2045(16)30406-5
https://doi.org/10.1016/j.immuni.2017.09.012
https://doi.org/10.1016/j.ctrv.2013.04.006
https://doi.org/10.1016/j.ctrv.2013.04.006
https://doi.org/10.18632/oncotarget.6494
https://doi.org/10.1126/science.aan4236
https://doi.org/10.1126/science.aan4236
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

Grasso, C. S., Giannakis, M., Wells, D. K., Hamada, T., Mu, X. J., Quist, M., et al.

(2018). Genetic mechanisms of immune evasion in colorectal cancer. Cancer

Discov. 8, 730–749. doi: 10.1158/2159-8290.CD-17-1327

Grinberg-Bleyer, Y., Oh, H., Desrichard, A., Bhatt, D. M., Caron, R., Chan,

T. A., et al. (2017). NF-kappaB c-Rel is crucial for the regulatory T cell

immune checkpoint in cancer.Cell 170, 1096–1108.e13. doi: 10.1016/j.cell.2017.

08.004

Hacohen, N., Fritsch, E. F., Carter, T. A., Lander, E. S., andWu, C. J. (2013). Getting

personal with neoantigen-based therapeutic cancer vaccines. Cancer Immunol.

Res. 1, 11–15. doi: 10.1158/2326-6066.CIR-13-0022

Hamanishi, J., Mandai, M., Ikeda, T., Minami, M., Kawaguchi, A., Murayama, T.,

et al. (2015). Safety and antitumor activity of anti-PD-1 antibody, nivolumab, in

patients with platinum-resistant ovarian cancer. J. Clin. Oncol. 33, 4015–4022.

doi: 10.1200/JCO.2015.62.3397

Hamid, O., Robert, C., Daud, A., Hodi, F. S., Hwu, W. J., Kefford, R., et al. (2013).

Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma.

N. Engl. J. Med. 369, 134–144. doi: 10.1056/NEJMoa1305133

Hamid, O., Schmidt, H., Nissan, A., Ridolfi, L., Aamdal, S., Hansson, J., et al.

(2011). A prospective phase II trial exploring the association between tumor

microenvironment biomarkers and clinical activity of ipilimumab in advanced

melanoma. J. Transl. Med. 9:204. doi: 10.1186/1479-5876-9-204

Haratani, K., Hayashi, H., Tanaka, T., Kaneda, H., Togashi, Y., Sakai, K., et al.

(2017). Tumor immune microenvironment and nivolumab efficacy in EGFR

mutation-positive non-small-cell lung cancer based on T790M status after

disease progression during EGFR-TKI treatment. Ann. Oncol. 28, 1532–1539.

doi: 10.1093/annonc/mdx183

Haworth, K. B., Leddon, J. L., Chen, C. Y., Horwitz, E. M., Mackall, C. L., and Cripe,

T. P. (2015). Going back to class I: MHC and immunotherapies for childhood

cancer. Pediatr. Blood Cancer 62, 571–576. doi: 10.1002/pbc.25359

Hellmann,M. D., Ciuleanu, T. E., Pluzanski, A., Lee, J. S., Otterson, G. A., Audigier-

Valette, C., et al. (2018). Nivolumab plus ipilimumab in lung cancer with a

high tumor mutational burden. N. Engl. J. Med. 378, 2093–2104. doi: 10.1056/

NEJMoa1801946

Hellmann, M. D., Rizvi, N. A., Goldman, J. W., Gettinger, S. N., Borghaei, H.,

Brahmer, J. R., et al. (2017). Nivolumab plus ipilimumab as first-line treatment

for advanced non-small-cell lung cancer (CheckMate 012): results of an open-

label, phase 1, multicohort study. Lancet Oncol. 18, 31–41. doi: 10.1016/S1470-

2045(16)30624-6

Herbst, R. S., Soria, J. C., Kowanetz, M., Fine, G. D., Hamid, O., Gordon,

M. S., et al. (2014). Predictive correlates of response to the anti-PD-L1

antibody MPDL3280A in cancer patients. Nature 515, 563–567. doi: 10.1038/

nature14011

Hodi, F. S., Chesney, J., Pavlick, A. C., Robert, C., Grossmann, K. F., McDermott,

D. F., et al. (2016). Combined nivolumab and ipilimumab versus ipilimumab

alone in patients with advanced melanoma: 2-year overall survival outcomes

in a multicentre, randomised, controlled, phase 2 trial. Lancet Oncol. 17,

1558–1568. doi: 10.1016/S1470-2045(16)30366-7

Hodi, F. S., O’Day, S. J., McDermott, D. F., Weber, R. W., Sosman, J. A.,

Haanen, J. B., et al. (2010). Improved survival with ipilimumab in patients

with metastatic melanoma. N. Engl. J. Med. 363, 711–723. doi: 10.1056/

NEJMoa1003466

Holmgaard, R. B., Zamarin, D., Munn, D. H., Wolchok, J. D., and Allison,

J. P. (2013). Indoleamine 2,3-dioxygenase is a critical resistance mechanism

in antitumor T cell immunotherapy targeting CTLA-4. J. Exp. Med. 210,

1389–1402. doi: 10.1084/jem.20130066

Huang, A. C., Postow, M. A., Orlowski, R. J., Mick, R., Bengsch, B., Manne, S., et al.

(2017). T-cell invigoration to tumour burden ratio associated with anti-PD-1

response. Nature 545, 60–65. doi: 10.1038/nature22079

Hugo, W., Zaretsky, J. M., Sun, L., Song, C., Moreno, B. H., Hu-Lieskovan, S., et al.

(2016). Genomic and transcriptomic features of response to anti-PD-1 therapy

in metastatic melanoma. Cell 165, 35–44. doi: 10.1016/j.cell.2016.02.065

Hui, E., Cheung, J., Zhu, J., Su, X., Taylor,M. J.,Wallweber, H. A., et al. (2017). T cell

costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition.

Science 355, 1428–1433. doi: 10.1126/science.aaf1292

Iida, N., Dzutsev, A., Stewart, C. A., Smith, L., Bouladoux, N., Weingarten, R. A.,

et al. (2013). Commensal bacteria control cancer response to therapy by

modulating the tumor microenvironment. Science 342, 967–970. doi: 10.1126/

science.1240527

Ikeda, H., Old, L. J., and Schreiber, R. D. (2002). The roles of IFN gamma in

protection against tumor development and cancer immunoediting. Cytokine

Growth Factor Rev. 13, 95–109. doi: 10.1016/S1359-6101(01)00038-7

Janjigian, Y. Y., Sanchez-Vega, F., Jonsson, P., Chatila, W. K., Hechtman, J. F.,

Ku, G. Y., et al. (2017). Genetic predictors of response to systemic therapy in

esophagogastric cancer. Cancer Discov. 8, 49–58. doi: 10.1158/2159-8290.CD-

17-0787

Kalathil, S., Lugade, A. A., Miller, A., Iyer, R., and Thanavala, Y. (2013). Higher

frequencies of GARP( + )CTLA-4( + )Foxp3( + ) T regulatory cells and

myeloid-derived suppressor cells in hepatocellular carcinoma patients are

associated with impaired T-cell functionality. Cancer Res. 73, 2435–2444.

doi: 10.1158/0008-5472.CAN-12-3381

Kamphorst, A. O., Wieland, A., Nasti, T., Yang, S., Zhang, R., Barber, D. L.,

et al. (2017). Rescue of exhausted CD8 T cells by PD-1-targeted therapies is

CD28-dependent. Science 355, 1423–1427. doi: 10.1126/science.aaf0683

Kaplan, D. H., Shankaran, V., Dighe, A. S., Stockert, E., Aguet, M., Old, L. J., et al.

(1998). Demonstration of an interferon gamma-dependent tumor surveillance

system in immunocompetent mice. Proc. Natl. Acad. Sci. U.S.A. 95, 7556–7561.

doi: 10.1073/pnas.95.13.7556

Karyampudi, L., Lamichhane, P., Scheid, A. D., Kalli, K. R., Shreeder, B., Krempski,

J. W., et al. (2014). Accumulation of memory precursor CD8 T cells in

regressing tumors following combination therapy with vaccine and anti-PD-1

antibody. Cancer Res. 74, 2974–2985. doi: 10.1158/0008-5472.CAN-13-2564

Kato, S., Goodman, A., Walavalkar, V., Barkauskas, D. A., Sharabi, A., and

Kurzrock, R. (2017). Hyperprogressors after immunotherapy: analysis of

genomic alterations associated with accelerated growth rate. Clin. Cancer Res.

23, 4242–4250. doi: 10.1158/1078-0432.CCR-16-3133

Klein, S. L., and Flanagan, K. L. (2016). Sex differences in immune responses. Nat.

Rev. Immunol. 16, 626–638. doi: 10.1038/nri.2016.90

Konishi, J., Yamazaki, K., Azuma, M., Kinoshita, I., Dosaka-Akita, H., and

Nishimura,M. (2004). B7-H1 expression on non-small cell lung cancer cells and

its relationship with tumor-infiltrating lymphocytes and their PD-1 expression.

Clin. Cancer Res. 10, 5094–5100. doi: 10.1158/1078-0432.CCR-04-0428

Koyama, S., Akbay, E. A., Li, Y. Y., Herter-Sprie, G. S., Buczkowski, K. A., Richards,

W. G., et al. (2016). Adaptive resistance to therapeutic PD-1 blockade is

associated with upregulation of alternative immune checkpoints.Nat. Commun.

7:10501. doi: 10.1038/ncomms10501

Krieg, C., Nowicka, M., Guglietta, S., Schindler, S., Hartmann, F. J., Weber,

L. M., et al. (2018). High-dimensional single-cell analysis predicts response to

anti-PD-1 immunotherapy. Nat. Med. 24, 144–153. doi: 10.1038/nm.4466

Kvistborg, P., Philips, D., Kelderman, S., Hageman, L., Ottensmeier, C., Joseph-

Pietras, D., et al. (2014). Anti-CTLA-4 therapy broadens the melanoma-reactive

CD8 + T cell response. Sci. Transl. Med. 6:254ra128. doi: 10.1126/scitranslmed.

3008918

Landre, T., Taleb, C., Nicolas, P., and Guetz, G. D. (2016). Is there a clinical

benefit of anti-PD-1 in patients older than 75 years with previously treated solid

tumour? J. Clin. Oncol. 34:3070.

Larkin, J., Chiarion-Sileni, V., Gonzalez, R., Grob, J. J., Cowey, C. L., Lao,

C. D., et al. (2015). Combined nivolumab and ipilimumab or monotherapy

in untreated melanoma. N. Engl. J. Med. 373, 23–34. doi: 10.1056/NEJMoa150

4030

Le, D. T., Durham, J. N., Smith, K. N., Wang, H., Bartlett, B. R., Aulakh, L. K., et al.

(2017). Mismatch repair deficiency predicts response of solid tumors to PD-1

blockade. Science 357, 409–413. doi: 10.1126/science.aan6733

Le, D. T., Uram, J. N., Wang, H., Bartlett, B. R., Kemberling, H., Eyring, A. D., et al.

(2015). PD-1 blockade in tumors with mismatch-repair deficiency. N. Engl. J.

Med. 372, 2509–2520. doi: 10.1056/NEJMoa1500596

Lee, J. H., Lee, J. H., Lim, Y. S., Yeon, J. E., Song, T. J., Yu, S. J., et al. (2015).

Adjuvant immunotherapy with autologous cytokine-induced killer cells for

hepatocellular carcinoma. Gastroenterology 148, 1383–1391.e6. doi: 10.1053/j.

gastro.2015.02.055

Lee, K. A., Shin, K. S., Kim, G. Y., Song, Y. C., Bae, E. A., Kim, I. K.,

et al. (2016). Characterization of age-associated exhausted CD8( + ) T cells

defined by increased expression of Tim-3 and PD-1. Aging Cell 15, 291–300.

doi: 10.1111/acel.12435

Lee, W., Jiang, Z., Liu, J., Haverty, P. M., Guan, Y., Stinson, J., et al. (2010). The

mutation spectrum revealed by paired genome sequences from a lung cancer

patient. Nature 465, 473–477. doi: 10.1038/nature09004

Frontiers in Pharmacology | www.frontiersin.org 14 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1158/2159-8290.CD-17-1327
https://doi.org/10.1016/j.cell.2017.08.004
https://doi.org/10.1016/j.cell.2017.08.004
https://doi.org/10.1158/2326-6066.CIR-13-0022
https://doi.org/10.1200/JCO.2015.62.3397
https://doi.org/10.1056/NEJMoa1305133
https://doi.org/10.1186/1479-5876-9-204
https://doi.org/10.1093/annonc/mdx183
https://doi.org/10.1002/pbc.25359
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1016/S1470-2045(16)30624-6
https://doi.org/10.1038/nature14011
https://doi.org/10.1038/nature14011
https://doi.org/10.1016/S1470-2045(16)30366-7
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1084/jem.20130066
https://doi.org/10.1038/nature22079
https://doi.org/10.1016/j.cell.2016.02.065
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1126/science.1240527
https://doi.org/10.1126/science.1240527
https://doi.org/10.1016/S1359-6101(01)00038-7
https://doi.org/10.1158/2159-8290.CD-17-0787
https://doi.org/10.1158/2159-8290.CD-17-0787
https://doi.org/10.1158/0008-5472.CAN-12-3381
https://doi.org/10.1126/science.aaf0683
https://doi.org/10.1073/pnas.95.13.7556
https://doi.org/10.1158/0008-5472.CAN-13-2564
https://doi.org/10.1158/1078-0432.CCR-16-3133
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1158/1078-0432.CCR-04-0428
https://doi.org/10.1038/ncomms10501
https://doi.org/10.1038/nm.4466
https://doi.org/10.1126/scitranslmed.3008918
https://doi.org/10.1126/scitranslmed.3008918
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1056/NEJMoa1500596
https://doi.org/10.1053/j.gastro.2015.02.055
https://doi.org/10.1053/j.gastro.2015.02.055
https://doi.org/10.1111/acel.12435
https://doi.org/10.1038/nature09004
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

Li, H., Wu, K., Tao, K., Chen, L., Zheng, Q., Lu, X., et al. (2012). Tim-3/galectin-9

signaling pathway mediates T-cell dysfunction and predicts poor prognosis in

patients with hepatitis B virus-associated hepatocellular carcinoma. Hepatology

56, 1342–1351. doi: 10.1002/hep.25777

Li, Y., Fang, M., Zhang, J., Wang, J., Song, Y., Shi, J., et al. (2016). Hydrogel

dual delivered celecoxib and anti-PD-1 synergistically improve antitumor

immunity. Oncoimmunology 5:e1074374. doi: 10.1080/2162402X.2015.

1074374

Liakou, C. I., Kamat, A., Tang, D. N., Chen, H., Sun, J., Troncoso, P., et al. (2008).

CTLA-4 blockade increases IFNgamma-producing CD4 + ICOShi cells to shift

the ratio of effector to regulatory T cells in cancer patients. Proc. Natl. Acad. Sci.

U.S.A. 105, 14987–14992. doi: 10.1073/pnas.0806075105

Lim, J. Y., Gerber, S. A., Murphy, S. P., and Lord, E. M. (2014). Type I interferons

induced by radiation therapy mediate recruitment and effector function of

CD8( + ) T cells. Cancer Immunol. Immunother. 63, 259–271. doi: 10.1007/

s00262-013-1506-7

Lim, S. J., Kim, J. M., Lee, W. S., Kwon, W. S., Kim, T. S., Park, K. H., et al.

(2015). Abstract 4055: immune checkpoint protein expression is up-regulated

in tumor-bearing elderly mice. Cancer Res. 75(Suppl. 15):4055. doi: 10.1158/

1538-7445.AM2015-4055

Linsley, P. S., Brady, W., Urnes, M., Grosmaire, L. S., Damle, N. K., and Ledbetter,

J. A. (1991). CTLA-4 is a second receptor for the B cell activation antigen B7.

J. Exp. Med. 174, 561–569. doi: 10.1084/jem.174.3.561

Llosa, N. J., Cruise, M., Tam, A., Wicks, E. C., Hechenbleikner, E. M., Taube, J. M.,

et al. (2015). The vigorous immunemicroenvironment of microsatellite instable

colon cancer is balanced by multiple counter-inhibitory checkpoints. Cancer

Discov. 5, 43–51. doi: 10.1158/2159-8290.CD-14-0863

Loo, T. M., Kamachi, F., Watanabe, Y., Yoshimoto, S., Kanda, H., Arai, Y.,

et al. (2017). Gut microbiota promotes obesity-associated liver cancer through

PGE2-mediated suppression of antitumor immunity. Cancer Discov. 7,

522–538. doi: 10.1158/2159-8290.CD-16-0932

Ma, W., Gilligan, B. M., Yuan, J., and Li, T. (2016). Current status and perspectives

in translational biomarker research for PD-1/PD-L1 immune checkpoint

blockade therapy. J. Hematol. Oncol. 9:47. doi: 10.1186/s13045-016-0277-y

Mahoney, K. M., Rennert, P. D., and Freeman, G. J. (2015). Combination cancer

immunotherapy and new immunomodulatory targets. Nat. Rev. Drug Discov.

14, 561–584. doi: 10.1038/nrd4591

Maj, T.,Wang,W., Crespo, J., Zhang, H.,Wang,W.,Wei, S., et al. (2017). Oxidative

stress controls regulatory T cell apoptosis and suppressor activity and PD-L1-

blockade resistance in tumor. Nat. Immunol. 18, 1332–1341. doi: 10.1038/ni.

3868

Manson, G., Norwood, J., Marabelle, A., Kohrt, H., and Houot, R. (2016).

Biomarkers associated with checkpoint inhibitors. Ann. Oncol. 27, 1199–1206.

doi: 10.1093/annonc/mdw181

Mariathasan, S., Turley, S. J., Nickles, D., Castiglioni, A., Yuen, K., Wang, Y., et al.

(2018). TGFβ attenuates tumour response to PD-L1 blockade by contributing

to exclusion of T cells. Nature 554, 544–548. doi: 10.1038/nature25501

Matson, V., Fessler, J., Bao, R., Chongsuwat, T., Zha, Y., Alegre, M. L., et al. (2018).

The commensal microbiome is associated with anti-PD-1 efficacy in metastatic

melanoma patients. Science 359, 104–108. doi: 10.1126/science.aao3290

McCabe, M. T., Ott, H. M., Ganji, G., Korenchuk, S., Thompson, C., Van Aller,

G. S., et al. (2012). EZH2 inhibition as a therapeutic strategy for lymphoma with

EZH2-activating mutations. Nature 492, 108–112. doi: 10.1038/nature11606

McGranahan, N., Furness, A. J., Rosenthal, R., Ramskov, S., Lyngaa, R., Saini, S. K.,

et al. (2016). Clonal neoantigens elicit T cell immunoreactivity and sensitivity

to immune checkpoint blockade. Science 351, 1463–1469. doi: 10.1126/science.

aaf1490

McGranahan, N., Rosenthal, R., Hiley, C. T., Rowan, A. J., Watkins, T. B. K.,

Wilson, G. A., et al. (2017). Allele-specific HLA loss and immune escape in lung

cancer evolution. Cell 171, 1259–1271.e11. doi: 10.1016/j.cell.2017.10.001

McQuade, J. L., Daniel, C. R., Hess, K. R., Mak, C., Wang, D. Y., Rai, R. R.,

et al. (2018). Association of body-mass index and outcomes in patients

with metastatic melanoma treated with targeted therapy, immunotherapy, or

chemotherapy: a retrospective, multicohort analysis. Lancet Oncol. 19, 310–322.

doi: 10.1016/S1470-2045(18)30078-0

Miao, D., Margolis, C. A., Gao, W., Voss, M. H., Li, W., Martini, D. J., et al.

(2018). Genomic correlates of response to immune checkpoint therapies in

clear cell renal cell carcinoma. Science 359, 801–806. doi: 10.1126/science.

aan5951

Mirza, N., Duque, M. A., Dominguez, A. L., Schrum, A. G., Dong, H., and

Lustgarten, J. (2010). B7-H1 expression on old CD8 + T cells negatively

regulates the activation of immune responses in aged animals. J. Immunol. 184,

5466–5474. doi: 10.4049/jimmunol.0903561

Mlecnik, B., Bindea, G., Angell, H. K., Maby, P., Angelova, M., Tougeron, D.,

et al. (2016). Integrative analyses of colorectal cancer show immunoscore is a

stronger predictor of patient survival than microsatellite instability. Immunity

44, 698–711. doi: 10.1016/j.immuni.2016.02.025

Morris, V. K., Salem, M. E., Nimeiri, H., Iqbal, S., Singh, P., Ciombor, K., et al.

(2017). Nivolumab for previously treated unresectable metastatic anal cancer

(NCI9673): a multicentre, single-arm, phase 2 study. Lancet Oncol. 18, 446–453.

doi: 10.1016/S1470-2045(17)30104-3

Muller, M., Schouten, R. D., De Gooijer, C. J., and Baas, P. (2017). Pembrolizumab

for the treatment of non-small cell lung cancer. Expert Rev. Anticancer Ther. 17,

399–409. doi: 10.1080/14737140.2017.1311791

Nghiem, P. T., Bhatia, S., Lipson, E. J., Kudchadkar, R. R., Miller, N. J.,

Annamalai, L., et al. (2016). PD-1 blockade with pembrolizumab in advanced

merkel-cell carcinoma. N. Engl. J. Med. 374, 2542–2552. doi: 10.1056/

NEJMoa1603702

Ngiow, S. F., Young, A., Jacquelot, N., Yamazaki, T., Enot, D., Zitvogel, L., et al.

(2015). A threshold level of intratumor CD8 + T-cell PD1 expression dictates

therapeutic response to anti-PD1. Cancer Res. 75, 3800–3811. doi: 10.1158/

0008-5472.CAN-15-1082

Nishijima, T. F., Muss, H. B., Shachar, S. S., and Moschos, S. J. (2016). Comparison

of efficacy of immune checkpoint inhibitors (ICIs) between younger and older

patients: a systematic review and meta-analysis. Cancer Treat. Rev. 45, 30–37.

doi: 10.1016/j.ctrv.2016.02.006

Nishino, M., Ramaiya, N. H., Hatabu, H., and Hodi, F. S. (2017). Monitoring

immune-checkpoint blockade: response evaluation and biomarker

development. Nat. Rev. Clin. Oncol. 14, 655–668. doi: 10.1038/nrclinonc.

2017.88

Orillion, A., Hashimoto, A., Damayanti, N., Shen, L., Adelaiye-Ogala, R., Arisa, S.,

et al. (2017). Entinostat neutralizes myeloid-derived suppressor cells and

enhances the antitumor effect of PD-1 inhibition in murine models of lung and

renal cell carcinoma. Clin. Cancer Res. 23, 5187–5201. doi: 10.1158/1078-0432.

CCR-17-0741

Overman, M. J., McDermott, R., Leach, J. L., Lonardi, S., Lenz, H. J., Morse,

M. A., et al. (2017). Nivolumab in patients with metastatic DNA mismatch

repair-deficient or microsatellite instability-high colorectal cancer (CheckMate

142): an open-label, multicentre, phase 2 study. Lancet Oncol. 18, 1182–1191.

doi: 10.1016/S1470-2045(17)30422-9

Pages, F., Berger, A., Camus, M., Sanchez-Cabo, F., Costes, A., Molidor, R., et al.

(2005). Effector memory T cells, early metastasis, and survival in colorectal

cancer. N. Engl. J. Med. 353, 2654–2666. doi: 10.1056/NEJMoa051424

Pan, D., Kobayashi, A., Jiang, P., Ferrari de Andrade, L., Tay, R. E., Luoma, A., et al.

(2018). A major chromatin regulator determines resistance of tumor cells to T

cell-mediated killing. Science 359, 770–775. doi: 10.1126/science.aao1710

Panda, A., Mehnert, J. M., Hirshfield, K. M., Riedlinger, G., Damare, S.,

Saunders, T., et al. (2017). Immune activation and benefit from avelumab in

EBV-positive gastric cancer. J. Natl. Cancer Inst. 110, 316–320. doi: 10.1093/

jnci/djx213

Pardoll, D. M. (2012). The blockade of immune checkpoints in cancer

immunotherapy. Nat. Rev. Cancer 12, 252–264. doi: 10.1038/nrc3239

Passiglia, F., Bronte, G., Bazan, V., Natoli, C., Rizzo, S., Galvano, A., et al. (2016).

PD-L1 expression as predictive biomarker in patients with NSCLC: a pooled

analysis. Oncotarget 7, 19738–19747. doi: 10.18632/oncotarget.7582

Patel, S. J., Sanjana, N. E., Kishton, R. J., Eidizadeh, A., Vodnala, S. K., Cam, M.,

et al. (2017). Identification of essential genes for cancer immunotherapy.Nature

548, 537–542. doi: 10.1038/nature23477

Peng, D., Kryczek, I., Nagarsheth, N., Zhao, L., Wei, S., Wang, W., et al. (2015).

Epigenetic silencing of TH1-type chemokines shapes tumour immunity and

immunotherapy. Nature 527, 249–253. doi: 10.1038/nature15520

Peng, W., Chen, J. Q., Liu, C., Malu, S., Creasy, C., Tetzlaff, M. T., et al. (2016).

Loss of PTEN promotes resistance to t cell-mediated immunotherapy. Cancer

Discov. 6, 202–216. doi: 10.1158/2159-8290.CD-15-0283

Frontiers in Pharmacology | www.frontiersin.org 15 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1002/hep.25777
https://doi.org/10.1080/2162402X.2015.1074374
https://doi.org/10.1080/2162402X.2015.1074374
https://doi.org/10.1073/pnas.0806075105
https://doi.org/10.1007/s00262-013-1506-7
https://doi.org/10.1007/s00262-013-1506-7
https://doi.org/10.1158/1538-7445.AM2015-4055
https://doi.org/10.1158/1538-7445.AM2015-4055
https://doi.org/10.1084/jem.174.3.561
https://doi.org/10.1158/2159-8290.CD-14-0863
https://doi.org/10.1158/2159-8290.CD-16-0932
https://doi.org/10.1186/s13045-016-0277-y
https://doi.org/10.1038/nrd4591
https://doi.org/10.1038/ni.3868
https://doi.org/10.1038/ni.3868
https://doi.org/10.1093/annonc/mdw181
https://doi.org/10.1038/nature25501
https://doi.org/10.1126/science.aao3290
https://doi.org/10.1038/nature11606
https://doi.org/10.1126/science.aaf1490
https://doi.org/10.1126/science.aaf1490
https://doi.org/10.1016/j.cell.2017.10.001
https://doi.org/10.1016/S1470-2045(18)30078-0
https://doi.org/10.1126/science.aan5951
https://doi.org/10.1126/science.aan5951
https://doi.org/10.4049/jimmunol.0903561
https://doi.org/10.1016/j.immuni.2016.02.025
https://doi.org/10.1016/S1470-2045(17)30104-3
https://doi.org/10.1080/14737140.2017.1311791
https://doi.org/10.1056/NEJMoa1603702
https://doi.org/10.1056/NEJMoa1603702
https://doi.org/10.1158/0008-5472.CAN-15-1082
https://doi.org/10.1158/0008-5472.CAN-15-1082
https://doi.org/10.1016/j.ctrv.2016.02.006
https://doi.org/10.1038/nrclinonc.2017.88
https://doi.org/10.1038/nrclinonc.2017.88
https://doi.org/10.1158/1078-0432.CCR-17-0741
https://doi.org/10.1158/1078-0432.CCR-17-0741
https://doi.org/10.1016/S1470-2045(17)30422-9
https://doi.org/10.1056/NEJMoa051424
https://doi.org/10.1126/science.aao1710
https://doi.org/10.1093/jnci/djx213
https://doi.org/10.1093/jnci/djx213
https://doi.org/10.1038/nrc3239
https://doi.org/10.18632/oncotarget.7582
https://doi.org/10.1038/nature23477
https://doi.org/10.1038/nature15520
https://doi.org/10.1158/2159-8290.CD-15-0283
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

Peng, W., Liu, C., Xu, C., Lou, Y., Chen, J., Yang, Y., et al. (2012). PD-1 blockade

enhances T-cell migration to tumors by elevating IFN-gamma inducible

chemokines.Cancer Res. 72, 5209–5218. doi: 10.1158/0008-5472.CAN-12-1187

Pereira, C., Gimenez-Xavier, P., Pros, E., Pajares, M. J., Moro, M., Gomez, A.,

et al. (2017). Genomic profiling of patient-derived xenografts for lung cancer

identifies B2M inactivation impairing immunorecognition. Clin. Cancer Res.

23, 3203–3213. doi: 10.1158/1078-0432.CCR-16-1946

Pitt, J. M., Vetizou, M., Daillere, R., Roberti, M. P., Yamazaki, T., Routy, B.,

et al. (2016). Resistancemechanisms to immune-checkpoint blockade in cancer:

tumor-intrinsic and -extrinsic factors. Immunity 44, 1255–1269. doi: 10.1016/j.

immuni.2016.06.001

Postow, M. A., Callahan, M. K., and Wolchok, J. D. (2015a). Immune checkpoint

blockade in cancer therapy. J. Clin. Oncol. 33, 1974–1982. doi: 10.1200/JCO.

2014.59.4358

Postow, M. A., Manuel, M., Wong, P., Yuan, J., Dong, Z., Liu, C., et al.

(2015b). Peripheral T cell receptor diversity is associated with clinical outcomes

following ipilimumab treatment in metastatic melanoma. J. Immunother.

Cancer 3:23. doi: 10.1186/s40425-015-0070-4

Powles, T., Eder, J. P., Fine, G. D., Braiteh, F. S., Loriot, Y., Cruz, C., et al. (2014).

MPDL3280A (anti-PD-L1) treatment leads to clinical activity in metastatic

bladder cancer. Nature 515, 558–562. doi: 10.1038/nature13904

Quail, D. F., Olson, O. C., Bhardwaj, P., Walsh, L. A., Akkari, L., Quick, M. L.,

et al. (2017). Obesity alters the lung myeloid cell landscape to enhance breast

cancer metastasis through IL5 and GM-CSF. Nat. Cell Biol. 19, 974–987.

doi: 10.1038/ncb3578

Reissfelder, C., Stamova, S., Gossmann, C., Braun, M., Bonertz, A., Walliczek, U.,

et al. (2015). Tumor-specific cytotoxic T lymphocyte activity determines

colorectal cancer patient prognosis. J. Clin. Invest. 125, 739–751. doi: 10.1172/

JCI74894

Restifo, N. P., Marincola, F. M., Kawakami, Y., Taubenberger, J., Yannelli, J. R., and

Rosenberg, S. A. (1996). Loss of functional beta 2-microglobulin in metastatic

melanomas from five patients receiving immunotherapy. J. Natl. Cancer Inst.

88, 100–108. doi: 10.1093/jnci/88.2.100

Restifo, N. P., Smyth, M. J., and Snyder, A. (2016). Acquired resistance

to immunotherapy and future challenges. Nat. Rev. Cancer 16, 121–126.

doi: 10.1038/nrc.2016.2

Ribas, A., Dummer, R., Puzanov, I., VanderWalde, A., Andtbacka, R. H. I.,

Michielin, O., et al. (2017). Oncolytic virotherapy promotes intratumoral T cell

infiltration and improves anti-PD-1 immunotherapy. Cell 170, 1109–1119.e10.

doi: 10.1016/j.cell.2017.08.027

Rittmeyer, A., Barlesi, F.,Waterkamp, D., Park, K., Ciardiello, F., von Pawel, J., et al.

(2017). Atezolizumab versus docetaxel in patients with previously treated non-

small-cell lung cancer (OAK): a phase 3, open-label, multicentre randomised

controlled trial. Lancet 389, 255–265. doi: 10.1016/S0140-6736(16)32517-X

Rizvi, N. A., Hellmann, M. D., Snyder, A., Kvistborg, P., Makarov, V., Havel,

J. J., et al. (2015). Cancer immunology. Mutational landscape determines

sensitivity to PD-1 blockade in non-small cell lung cancer. Science 348, 124–128.

doi: 10.1126/science.aaa1348

Robert, C., Schachter, J., Long, G. V., Arance, A., Grob, J. J., Mortier, L., et al.

(2015). Pembrolizumab versus ipilimumab in advanced melanoma. N. Engl. J.

Med. 372, 2521–2532. doi: 10.1056/NEJMoa1503093

Routy, B., Le Chatelier, E., Derosa, L., Duong, C. P. M., Alou, M. T.,

Daillere, R., et al. (2017). Gut microbiome influences efficacy of PD-1-based

immunotherapy against epithelial tumors. Science 359, 91–97. doi: 10.1126/

science.aan3706

Ruffini, E., Asioli, S., Filosso, P. L., Lyberis, P., Bruna, M. C., Macri, L., et al. (2009).

Clinical significance of tumor-infiltrating lymphocytes in lung neoplasms. Ann.

Thorac. Surg. 87, 365–371; discussion 371–362. doi: 10.1016/j.athoracsur.2008.

10.067

Sabatier, R., Finetti, P., Mamessier, E., Adelaide, J., Chaffanet, M., Ali, H. R., et al.

(2015). Prognostic and predictive value of PDL1 expression in breast cancer.

Oncotarget 6, 5449–5464. doi: 10.18632/oncotarget.3216

Sakuishi, K., Apetoh, L., Sullivan, J. M., Blazar, B. R., Kuchroo, V. K., and Anderson,

A. C. (2010). Targeting Tim-3 and PD-1 pathways to reverse T cell exhaustion

and restore anti-tumor immunity. J. Exp. Med. 207, 2187–2194. doi: 10.1084/

jem.20100643

Samson, A., Scott, K. J., Taggart, D., West, E. J., Wilson, E., Nuovo, G. J., et al.

(2018). Intravenous delivery of oncolytic reovirus to brain tumor patients

immunologically primes for subsequent checkpoint blockade. Sci. Transl. Med.

10:eaam7577. doi: 10.1126/scitranslmed.aam7577

Schafer, C. C., Wang, Y., Hough, K. P., Sawant, A., Grant, S. C., Thannickal,

V. J., et al. (2016). Indoleamine 2,3-dioxygenase regulates anti-tumor immunity

in lung cancer by metabolic reprogramming of immune cells in the tumor

microenvironment. Oncotarget 7, 75407–75424. doi: 10.18632/oncotarget.

12249

Scharping, N. E., Menk, A. V., Whetstone, R. D., Zeng, X., and Delgoffe,

G. M. (2017). Efficacy of PD-1 blockade is potentiated by metformin-induced

reduction of tumor hypoxia. Cancer Immunol. Res. 5, 9–16. doi: 10.1158/2326-

6066.CIR-16-0103

Schildberg, F. A., Klein, S. R., Freeman, G. J., and Sharpe, A. H. (2016).

Coinhibitory pathways in the B7-CD28 ligand-receptor family. Immunity 44,

955–972. doi: 10.1016/j.immuni.2016.05.002

Shalapour, S., Font-Burgada, J., Di Caro, G., Zhong, Z., Sanchez-Lopez, E.,

Dhar, D., et al. (2015). Immunosuppressive plasma cells impede T-cell-

dependent immunogenic chemotherapy. Nature 521, 94–98. doi: 10.1038/

nature14395

Sharabi, A. B., Nirschl, C. J., Kochel, C. M., Nirschl, T. R., Francica, B. J.,

Velarde, E., et al. (2015). Stereotactic radiation therapy augments antigen-

specific PD-1-mediated antitumor immune responses via cross-presentation of

tumor antigen. Cancer Immunol. Res. 3, 345–355. doi: 10.1158/2326-6066.CIR-

14-0196

Sharma, P., and Allison, J. P. (2015). Immune checkpoint targeting in cancer

therapy: toward combination strategies with curative potential. Cell 161,

205–214. doi: 10.1016/j.cell.2015.03.030

Shaverdian, N., Lisberg, A. E., Bornazyan, K., Veruttipong, D., Goldman, J. W.,

Formenti, S. C., et al. (2017). Previous radiotherapy and the clinical activity

and toxicity of pembrolizumab in the treatment of non-small-cell lung cancer:

a secondary analysis of the KEYNOTE-001 phase 1 trial. Lancet Oncol. 18,

895–903. doi: 10.1016/S1470-2045(17)30380-7

Simoni, Y., Becht, E., Fehlings, M., Loh, C. Y., Koo, S. L., Teng, K. W. W., et al.

(2018). Bystander CD8( + ) T cells are abundant and phenotypically distinct

in human tumour infiltrates. Nature 557, 575–579. doi: 10.1038/s41586-018-

0130-2

Sivan, A., Corrales, L., Hubert, N., Williams, J. B., Aquino-Michaels, K., Earley,

Z.M., et al. (2015). Commensal Bifidobacterium promotes antitumor immunity

and facilitates anti-PD-L1 efficacy. Science 350, 1084–1089. doi: 10.1126/

science.aac4255

Skoulidis, F., Goldberg, M. E., Greenawalt, D. M., Hellmann, M. D., Awad,

M. M., Gainor, J. F., et al. (2018). STK11/LKB1 mutations and PD-1 inhibitor

resistance in KRAS-mutant lung adenocarcinoma. Cancer Discov. 8, 822–835.

doi: 10.1158/2159-8290.CD-18-0099

Snyder, A., Makarov, V., Merghoub, T., Yuan, J., Zaretsky, J. M., Desrichard, A.,

et al. (2014). Genetic basis for clinical response to CTLA-4 blockade in

melanoma. N. Engl. J. Med. 371, 2189–2199. doi: 10.1056/NEJMoa1406498

Spranger, S., Bao, R., and Gajewski, T. F. (2015). Melanoma-intrinsic beta-catenin

signalling prevents anti-tumour immunity. Nature 523, 231–235. doi: 10.1038/

nature14404

Spranger, S., Spaapen, R. M., Zha, Y., Williams, J., Meng, Y., Ha, T. T., et al.

(2013). Up-regulation of PD-L1, IDO, and T(regs) in the melanoma tumor

microenvironment is driven by CD8( + ) T cells. Sci. Transl. Med. 5:200ra116.

doi: 10.1126/scitranslmed.3006504

Tan, J., Yang, X., Zhuang, L., Jiang, X., Chen, W., Lee, P. L., et al. (2007).

Pharmacologic disruption of Polycomb-repressive complex 2-mediated gene

repression selectively induces apoptosis in cancer cells. Genes Dev. 21,

1050–1063. doi: 10.1101/gad.1524107

Taube, J. M., Anders, R. A., Young, G. D., Xu, H., Sharma, R., McMiller, T. L.,

et al. (2012). Colocalization of inflammatory response with B7-h1 expression

in human melanocytic lesions supports an adaptive resistance mechanism

of immune escape. Sci. Transl. Med. 4:127ra137. doi: 10.1126/scitranslmed.

3003689

Taube, J. M., Klein, A., Brahmer, J. R., Xu, H., Pan, X., Kim, J. H., et al. (2014).

Association of PD-1, PD-1 ligands, and other features of the tumor immune

microenvironment with response to anti-PD-1 therapy. Clin. Cancer Res. 20,

5064–5074. doi: 10.1158/1078-0432.CCR-13-3271

Tauriello, D. V. F., Palomo-Ponce, S., Stork, D., Berenguer-Llergo, A., Badia-

Ramentol, J., Iglesias, M., et al. (2018). TGFβ drives immune evasion

Frontiers in Pharmacology | www.frontiersin.org 16 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1158/0008-5472.CAN-12-1187
https://doi.org/10.1158/1078-0432.CCR-16-1946
https://doi.org/10.1016/j.immuni.2016.06.001
https://doi.org/10.1016/j.immuni.2016.06.001
https://doi.org/10.1200/JCO.2014.59.4358
https://doi.org/10.1200/JCO.2014.59.4358
https://doi.org/10.1186/s40425-015-0070-4
https://doi.org/10.1038/nature13904
https://doi.org/10.1038/ncb3578
https://doi.org/10.1172/JCI74894
https://doi.org/10.1172/JCI74894
https://doi.org/10.1093/jnci/88.2.100
https://doi.org/10.1038/nrc.2016.2
https://doi.org/10.1016/j.cell.2017.08.027
https://doi.org/10.1016/S0140-6736(16)32517-X
https://doi.org/10.1126/science.aaa1348
https://doi.org/10.1056/NEJMoa1503093
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1126/science.aan3706
https://doi.org/10.1016/j.athoracsur.2008.10.067
https://doi.org/10.1016/j.athoracsur.2008.10.067
https://doi.org/10.18632/oncotarget.3216
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1084/jem.20100643
https://doi.org/10.1126/scitranslmed.aam7577
https://doi.org/10.18632/oncotarget.12249
https://doi.org/10.18632/oncotarget.12249
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1158/2326-6066.CIR-16-0103
https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1038/nature14395
https://doi.org/10.1038/nature14395
https://doi.org/10.1158/2326-6066.CIR-14-0196
https://doi.org/10.1158/2326-6066.CIR-14-0196
https://doi.org/10.1016/j.cell.2015.03.030
https://doi.org/10.1016/S1470-2045(17)30380-7
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1126/science.aac4255
https://doi.org/10.1158/2159-8290.CD-18-0099
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1038/nature14404
https://doi.org/10.1038/nature14404
https://doi.org/10.1126/scitranslmed.3006504
https://doi.org/10.1101/gad.1524107
https://doi.org/10.1126/scitranslmed.3003689
https://doi.org/10.1126/scitranslmed.3003689
https://doi.org/10.1158/1078-0432.CCR-13-3271
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Yan et al. Prognostic Factors for CPIs

in genetically reconstituted colon cancer metastasis. Nature 554, 538–543.

doi: 10.1038/nature25492

Taylor, N. A., Vick, S. C., Iglesia, M. D., Brickey, W. J., Midkiff, B. R., McKinnon,

K. P., et al. (2017). Treg depletion potentiates checkpoint inhibition in claudin-

low breast cancer. J. Clin. Invest. 127, 3472–3483. doi: 10.1172/JCI90499

Thomas, A., and Hassan, R. (2012). Immunotherapies for non-small-cell lung

cancer and mesothelioma. Lancet Oncol. 13, e301–e310. doi: 10.1016/S1470-

2045(12)70126-2

Thompson, E. D., Zahurak, M., Murphy, A., Cornish, T., Cuka, N., Abdelfatah, E.,

et al. (2017). Patterns of PD-L1 expression and CD8 T cell infiltration in

gastric adenocarcinomas and associated immune stroma. Gut 66, 794–801.

doi: 10.1136/gutjnl-2015-310839

Tolcher, A. W., Sznol, M., Hu-Lieskovan, S., Papadopoulos, K. P., Patnaik, A.,

Rasco, D. W., et al. (2017). Phase Ib study of utomilumab (PF-05082566),

a 4-1BB/CD137 agonist, in combination with pembrolizumab (MK-3475)

in patients with advanced solid tumors. Clin. Cancer Res. 23, 5349–5357.

doi: 10.1158/1078-0432.CCR-17-1243

Topalian, S. L., Hodi, F. S., Brahmer, J. R., Gettinger, S. N., Smith, D. C.,

McDermott, D. F., et al. (2012). Safety, activity, and immune correlates of

anti-PD-1 antibody in cancer. N. Engl. J. Med. 366, 2443–2454. doi: 10.1056/

NEJMoa1200690

Topalian, S. L., Taube, J. M., Anders, R. A., and Pardoll, D. M. (2016). Mechanism-

driven biomarkers to guide immune checkpoint blockade in cancer therapy.

Nat. Rev. Cancer 16, 275–287. doi: 10.1038/nrc.2016.36

Topalian, S. L., Weiner, G. J., and Pardoll, D. M. (2011). Cancer immunotherapy

comes of age. J. Clin. Oncol. 29, 4828–4836. doi: 10.1200/JCO.2011.38.0899

Tran, E., Ahmadzadeh, M., Lu, Y. C., Gros, A., Turcotte, S., Robbins, P. F.,

et al. (2015). Immunogenicity of somatic mutations in human gastrointestinal

cancers. Science 350, 1387–1390. doi: 10.1126/science.aad1253

Tumeh, P. C., Harview, C. L., Yearley, J. H., Shintaku, I. P., Taylor, E. J., Robert, L.,

et al. (2014). PD-1 blockade induces responses by inhibiting adaptive immune

resistance. Nature 515, 568–571. doi: 10.1038/nature13954

Twyman-Saint Victor, C., Rech, A. J., Maity, A., Rengan, R., Pauken, K. E.,

Stelekati, E., et al. (2015). Radiation and dual checkpoint blockade activate non-

redundant immune mechanisms in cancer. Nature 520, 373–377. doi: 10.1038/

nature14292

Van Allen, E. M., Miao, D., Schilling, B., Shukla, S. A., Blank, C., Zimmer, L.,

et al. (2015). Genomic correlates of response to CTLA-4 blockade in metastatic

melanoma. Science 350, 207–211. doi: 10.1126/science.aad0095

van Rooij, N., van Buuren, M.M., Philips, D., Velds, A., Toebes, M., Heemskerk, B.,

et al. (2013). Tumor exome analysis reveals neoantigen-specific T-cell reactivity

in an ipilimumab-responsive melanoma. J. Clin. Oncol. 31, e439–e442.

doi: 10.1200/JCO.2012.47.7521

Vetizou, M., Pitt, J. M., Daillere, R., Lepage, P., Waldschmitt, N., Flament, C.,

et al. (2015). Anticancer immunotherapy by CTLA-4 blockade relies on the gut

microbiota. Science 350, 1079–1084. doi: 10.1126/science.aad1329

Viaud, S., Saccheri, F., Mignot, G., Yamazaki, T., Daillere, R., Hannani, D., et al.

(2013). The intestinal microbiota modulates the anticancer immune effects of

cyclophosphamide. Science 342, 971–976. doi: 10.1126/science.1240537

Voong, K. R., Feliciano, J., Becker, D., and Levy, B. (2017). Beyond PD-L1 testing-

emerging biomarkers for immunotherapy in non-small cell lung cancer. Ann.

Transl. Med. 5:376. doi: 10.21037/atm.2017.06.48

Wang, X., Schoenhals, J. E., Li, A., Valdecanas, D. R., Ye, H., Zang, F., et al. (2016).

Suppression of type I IFN signaling in tumors mediates resistance to anti-PD-

1 treatment that can be overcome by radiotherapy. Cancer Res. 77, 839–850.

doi: 10.1158/0008-5472.CAN-15-3142

Wei, S. C., Levine, J. H., Cogdill, A. P., Zhao, Y., Anang, N. A. S., Andrews, M. C.,

et al. (2017). Distinct cellular mechanisms underlie anti-CTLA-4 and anti-PD-1

checkpoint blockade. Cell 170, 1120–1133.e17. doi: 10.1016/j.cell.2017.07.024

Weide, B., Martens, A., Hassel, J. C., Berking, C., Postow, M. A., Bisschop, K.,

et al. (2016). Baseline biomarkers for outcome of melanoma patients treated

with pembrolizumab. Clin. Cancer Res. 22, 5487–5496. doi: 10.1158/1078-0432.

CCR-16-0127

Wolchok, J. D., Chiarion-Sileni, V., Gonzalez, R., Rutkowski, P., Grob, J. J.,

Cowey, C. L., et al. (2017). Overall survival with combined nivolumab and

ipilimumab in advanced melanoma. N. Engl. J. Med. 377, 1345–1356. doi:

10.1056/NEJMoa1709684

Wolchok, J. D., Kluger, H., Callahan, M. K., Postow, M. A., Rizvi, N. A., Lesokhin,

A. M., et al. (2013). Nivolumab plus ipilimumab in advanced melanoma.

N. Engl. J. Med. 369, 122–133. doi: 10.1056/NEJMoa1302369

Wong, S. Q., Waldeck, K., Vergara, I. A., Schroder, J., Madore, J., Wilmott, J. S.,

et al. (2015). UV-associated mutations underlie the etiology of MCV-negative

Merkel cell carcinomas. Cancer Res. 75, 5228–5234. doi: 10.1158/0008-5472.

CAN-15-1877

Wu, Y., Ju, Q., Jia, K., Yu, J., Shi, H., Wu, H., et al. (2018). Correlation between sex

and efficacy of immune checkpoint inhibitors (PD-1 and CTLA-4 inhibitors).

Int. J. Cancer 143, 45–51. doi: 10.1002/ijc.31301

Xiao, Y., and Freeman, G. J. (2015). The microsatellite instable subset of

colorectal cancer is a particularly good candidate for checkpoint blockade

immunotherapy. Cancer Discov. 5, 16–18. doi: 10.1158/2159-8290.CD-14-1397

Yarchoan, M., Hopkins, A., and Jaffee, E. M. (2017). Tumor mutational burden

and response rate to PD-1 inhibition. N. Engl. J. Med. 377, 2500–2501.

doi: 10.1056/NEJMc1713444

You, W., Liu, M., Miao, J. D., Liao, Y. Q., Song, Y. B., Cai, D. K., et al. (2018).

A network meta-analysis comparing the efficacy and safety of anti-PD-1 with

anti-PD-L1 in non-small cell lung cancer. J. Cancer 9, 1200–1206. doi: 10.7150/

jca.22361

Zaretsky, J. M., Garcia-Diaz, A., Shin, D. S., Escuin-Ordinas, H., Hugo, W., Hu-

Lieskovan, S., et al. (2016). Mutations associated with acquired resistance to

PD-1 blockade in melanoma. N. Engl. J. Med. 375, 819–829. doi: 10.1056/

NEJMoa1604958

Zhang, J., Bu, X., Wang, H., Zhu, Y., Geng, Y., Nihira, N. T., et al. (2017). Cyclin

D-CDK4 kinase destabilizes PD-L1 via Cul3SPOP to control cancer immune

surveillance. Nature 553, 91–95. doi: 10.1038/nature25015

Zhang, Y., Kurupati, R., Liu, L., Zhou, X. Y., Zhang, G., Hudaihed, A., et al. (2017).

Enhancing CD8+ T cell fatty acid catabolism a metabolically challenging tumor

microenvironment increases the efficacy of melanoma immunotherapy. Cancer

Cell 32, 377–391.e9. doi: 10.1016/j.ccell.2017.08.004

Zhou, G., Sprengers, D., Boor, P. P. C., Doukas, M., Schutz, H., Mancham, S., et al.

(2017). Antibodies against immune checkpoint molecules restore functions of

tumor-infiltrating t cells in hepatocellular carcinomas. Gastroenterology 153,

1107–1119.e10. doi: 10.1053/j.gastro.2017.06.017

Zou, W., Wolchok, J. D., and Chen, L. (2016). PD-L1 (B7-H1) and PD-

1 pathway blockade for cancer therapy: mechanisms, response biomarkers,

and combinations. Sci. Transl. Med. 8:328rv324. doi: 10.1126/scitranslmed.

aad7118

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Yan, Zhang, Deng, Wang, Hou and Xu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License

(CC BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Pharmacology | www.frontiersin.org 17 September 2018 | Volume 9 | Article 1050

https://doi.org/10.1038/nature25492
https://doi.org/10.1172/JCI90499
https://doi.org/10.1016/S1470-2045(12)70126-2
https://doi.org/10.1016/S1470-2045(12)70126-2
https://doi.org/10.1136/gutjnl-2015-310839
https://doi.org/10.1158/1078-0432.CCR-17-1243
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1038/nrc.2016.36
https://doi.org/10.1200/JCO.2011.38.0899
https://doi.org/10.1126/science.aad1253
https://doi.org/10.1038/nature13954
https://doi.org/10.1038/nature14292
https://doi.org/10.1038/nature14292
https://doi.org/10.1126/science.aad0095
https://doi.org/10.1200/JCO.2012.47.7521
https://doi.org/10.1126/science.aad1329
https://doi.org/10.1126/science.1240537
https://doi.org/10.21037/atm.2017.06.48
https://doi.org/10.1158/0008-5472.CAN-15-3142
https://doi.org/10.1016/j.cell.2017.07.024
https://doi.org/10.1158/1078-0432.CCR-16-0127
https://doi.org/10.1158/1078-0432.CCR-16-0127
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1056/NEJMoa1302369
https://doi.org/10.1158/0008-5472.CAN-15-1877
https://doi.org/10.1158/0008-5472.CAN-15-1877
https://doi.org/10.1002/ijc.31301
https://doi.org/10.1158/2159-8290.CD-14-1397
https://doi.org/10.1056/NEJMc1713444
https://doi.org/10.7150/jca.22361
https://doi.org/10.7150/jca.22361
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1056/NEJMoa1604958
https://doi.org/10.1038/nature25015
https://doi.org/10.1016/j.ccell.2017.08.004
https://doi.org/10.1053/j.gastro.2017.06.017
https://doi.org/10.1126/scitranslmed.aad7118
https://doi.org/10.1126/scitranslmed.aad7118
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Prognostic Factors for Checkpoint Inhibitor Based Immunotherapy: An Update With New Evidences
	Introduction
	Clinically Relevant Factors
	Age, Gender, and Diet
	Viral Infections

	Tumor Autonomous Mechanisms
	Tumor Mutational Loads, Mismatch Repair Deficiency, and Microsatellite Instability
	PD-L1 Expression
	Gene Mutations and Genomic Alterations in Tumor

	Tumor Microenvironment
	Cells Contributing to Tumor Immunity
	Immunoregulatory Pathways Within TME

	Host-Related Factors
	Peripheral Blood Markers
	MHC Class I and T-Cell Receptor (TCR)
	Immune-Related Genetic Signatures

	The Gut Microbiota
	Combination Therapies With Pd-1/Pd-L1 Blockade
	Conclusion
	Author Contributions
	Funding
	References


