
REVIEW ARTICLE

Cancer immunotherapy: it’s time to better predict
patients’ response
Charlotte Pilard1, Marie Ancion1, Philippe Delvenne1,2, Guy Jerusalem3, Pascale Hubert1 and Michael Herfs 1

In less than a decade, half a dozen immune checkpoint inhibitors have been approved and are currently revolutionising the
treatment of many cancer (sub)types. With the clinical evaluation of novel delivery approaches (e.g. oncolytic viruses, cancer
vaccines, natural killer cell-mediated cytotoxicity) and combination therapies (e.g. chemo/radio-immunotherapy) as well as the
emergence of novel promising targets (e.g. TIGIT, LAG-3, TIM-3), the ‘immunotherapy tsunami’ is not about to end anytime soon.
However, this enthusiasm in the field is somewhat tempered by both the relatively low percentage (<15%) of patients who display
an effective anti-cancer immune response and the inability to accurately identify them. Recently, several existing or acquired
features/parameters have been shown to impact the efficacy of immune checkpoint inhibitors. In the present review, we critically
discuss current knowledge regarding predictive biomarkers for checkpoint inhibitor-based immunotherapy, highlight the missing/
unclear links and emphasise the importance of characterising each neoplasm and its microenvironment in order to better guide the
course of treatment.
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BACKGROUND
Cancer immunotherapy, aimed at harnessing the host immune
system to attack tumour cells, is an old therapeutic concept,
dating back to the late 19th century.1 Thanks to substantial
advances in molecular immunology, non-specific approaches
using bacterial toxins or certain cytokines (e.g. interferon (IFN)-α,
interleukin (IL)-2) have now been replaced by targeted immu-
notherapies, and, in 2011, the cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4)-blocking antibody, ipilimumab, became the
first immune checkpoint inhibitor approved by the Food and Drug
Administration (FDA) for the treatment of advanced/metastatic
melanoma.2 CTLA-4 is one of multiple immune checkpoints, key
regulators that prevent the immune system from arbitrarily
attacking its own host cells, and that are therefore essential for
self-tolerance. As such, immune checkpoints are often exploited
by cancer cells in order to avoid T-cell attack. A few years later,
monoclonal antibodies targeting the programmed cell death
protein 1 (PD-1) (e.g. pembrolizumab and nivolumab) or its ligand
(PD-L1) (e.g. atezolizumab and avelumab), components of another
immune checkpoint, have also been shown to be effective for
patients diagnosed with diverse solid or liquid neoplasms. Despite
the relatively short period of time since their FDA approvals,
immune checkpoint inhibitors have been integrated into the
clinical practice guidelines of many tumour (sub)types, either
alone or in combination with chemotherapeutic agents, radiation
therapy or inhibitors of other negative co-receptors (Fig. 1).
The growing interest in immunotherapy is such that hundreds
of clinical trials are currently ongoing worldwide, and many
‘next-generation’ agents targeting other well-established immune-
regulatory proteins such as lymphocyte-activation gene 3 (LAG-3),

T-cell immunoglobulin and ITIM domain (TIGIT) and T-cell
immunoglobulin and mucin-domain containing-3 (TIM-3) are
being tested in the context of various neoplasms.3 Although the
estimated percentage of cancer patients who are eligible for
treatment with immune checkpoint inhibitors has been multiplied
by 30 over a 9-year period (from 1.54% in 2011 (95% confidence
interval (CI), 1.51–1.57%) to 43.63% in 2018 (95% CI,
43.51–43.75%), the current response rate does not exceed 15%
for most cancer subtypes.4 This low figure indicates that multiple
factors impact host anti-tumour immune responses and, as a
consequence, predicting a patient’s response to immune check-
point inhibitors is challenging and clearly currently suboptimal.
Most of the time, response prediction is based only on the
expression, in 3–5mm tumour biopsies, of PD-L1, assessed by
immunohistochemistry, using a very low cut-off value (>1%
positive cells), which is certainly not sufficient to select precisely
the large majority of patients. Indeed, it is well known that not all
PD-L1-positive neoplasms are successfully treated by immu-
notherapy and, conversely, the negative expression of this
membrane protein is not automatically associated with an
absence of therapeutic response (for a meta-analysis, see ref. 5).
Moreover, for unclear reasons, some patients develop high-grade
adverse events such as encephalitis, myocarditis or pneumonitis
(especially in case of combination therapy) that still cannot be
predicted either.
Several parameters that affect a patient’s response to immu-

notherapy, and that could be used as biomarkers/predictors, have
been recently identified (tumour mutational burden (TMB), the
degree of mismatch repair deficiency (MMR-D) and microsatellite
instability (MSI), altered IFN-γ signalling, the extent/density of
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tumour-infiltrating immune cells, epigenetic modifications, intest-
inal microbiota, etc.) (Fig. 2). Might it be possible for these
variables to be evaluated by oncologists, pathologists or
geneticists and, of course, to be used in routine diagnostic and
prognostic assessment? Do they all strongly influence the
treatment response in humans or are some of them only
predictive in preclinical models? Do they have synergistic effects?
Focusing specifically on immune checkpoint inhibitors, we provide
an overview of the recent literature, critically discuss the available
data, highlight the missing/unknown links and indicate the most
promising targets/strategies for better identifying and stratifying
patients who might benefit from these therapies.

PD-L1 EXPRESSION
Early on in the use of anti-PD-1 and anti-PD-L1 agents, a rational
presumption emerged that the membrane expression of PD-L1 by
tumour cells could constitute a robust predictive biomarker for
patient response. This was supported by several clinical studies
[e.g. CheckMate 037 and 067 (melanoma), CheckMate 057 and 078
(non-small cell lung cancer, NSCLC), CheckMate 141 (head and
neck carcinoma)] in which patients displayed a better response to
nivolumab when tumoral PD-L1 immunoreactivity had been
detected previously.5–10 However, nivolumab also showed benefit
in patients bearing PD-L1-negative tumours, thereby already
excluding PD-L1 expression as a discriminatory biomarker
between responders and non-responders. However, it remains
questionable whether or not these PD-L1-negative tumours are
truly negative, or if the tiny/punch biopsies missed a positive area.
Moreover, the primary lesion may not express PD-L1 while
metastases display a strong/diffuse immunoreactivity. In a
comprehensive evaluation of the primary studies associated with

45 FDA drug approvals from 2011 to 2019 across 15 different
tumour types, PD-L1 expression was found to be predictive in only
28.9% of cases.11

The PD-1/PD-L1 axis undoubtedly plays an important role in
damping immunity. In order to better understand the mechanisms
underlying the efficacy of anti-PD-L1 treatment (or lack thereof), it
seems important to differentiate two different types of PD-L1
expression, and the modulation of involved pathways, in tumour
cells. One pathway that can influence PD-L1 expression is
‘inflammation-driven’, localised at sites of IFN-γ-mediated immune
attack, and is therefore associated with T-cell infiltration. Interest-
ingly, a link between epithelial-to-mesenchymal transition (EMT)
(widely considered to promote tumour invasion) and the
inflammation-mediated expression of PD-L1 was reported in the
context of various solid cancers with an epithelial origin. Indeed,
induced by inflammatory molecules such as tumour necrosis
factor α (TNFα) and transforming growth factor β (TGFβ), the key
EMT-inducing transcription factors SNAIL and ZEB1 have been
shown to regulate PD-L1 mRNA levels through several mechan-
isms that involve DNA methylation of the promoter for PD-L1
gene (CD274) and microRNAs (most notably miR-200).12 The
second pathway controlling PD-L1 induction/maintenance is
‘oncogene-driven’, constitutive, independent of inflammation
and neither associated with a specific immune response nor T-
cell tumour infiltration.13 In light of the findings of Herbst et al.14

that atezolizumab confers the best results in patients with pre-
existing T-cell-mediated immunity that can be re-boosted by the
treatment, it could be hypothesised that inflammation-driven
PD-L1 expression would be a better indicator of durable
response. In accordance with this assumption, Teng et al.15

proposed a classification of tumours based on the presence
or absence of both tumour-infiltrating lymphocytes (TILs) and
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Avelumab 2017 Merkel cell carcinoma, Bladder cancer, RCC

Durvalumab 2017 NSCLC, Bladder cancer, SCLC

Ipilimumab 2011 Melanoma , RCC, Metastatic colorectal cancer, 
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Fig. 1 Descriptive overview of current and emerging immune checkpoint receptor-ligand complexes. Inhibitory (red dot) and stimulatory
(green dot) proteins which are currently being targeted by FDA-approved monoclonal antibodies or next-generation immunotherapeutic
drugs (ongoing clinical trials) are illustrated (non-exhaustive list). A dotted line connects the currently approved drugs with their respective
targets. These monoclonal antibodies are approved alone (regular), in combination (italics) or both (italics and underlined) depending on the
cancer (sub)type. CD cluster of differentiation, GITR glucocorticoid-induced TNFR-related protein, HCC hepatocellular carcinoma, HNSCC head
and neck squamous cell carcinoma, ICOS inducible T-cell costimulator, LAG-3 lymphocyte-activation gene 3, NSCLC non-small cell lung
carcinoma, PMBCL primary mediastinal large B-cell lymphoma, RCC renal cell carcinoma, SCLC small cell lung carcinoma, SIRPα signal-
regulatory protein α, TIGIT T-cell immunoglobulin and ITIM domain, TIM-3 T-cell immunoglobulin and mucin-domain containing-3, VISTA
V-domain Ig suppressor of T-cell activation. Data have been retrieved from https://www.cancerresearch.org/scientists/immuno-oncology-
landscape/pd-1-pd-l1-landscape (March 2021).
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PD-L1 expression, with the idea that the efficacy of immune
checkpoint inhibitors relies on immune cell infiltration within
the tumour microenvironment (TME).
For PD-L1 expression to provide exploitable and reliable

information, several pitfalls need to be overcome. The expres-
sion of PD-L1 induced by IFN-γ is both spatially and temporally
highly labile, making it a dynamic biomarker which could easily
be missed by a small biopsy. Moreover, the routine immuno-
histochemical detection of PD-L1 presents multiple unresolved/
controversial issues. First, the cut-off score for determining
staining positivity is still the subject of debate. Depending on
the cancer subtype, the anti-PD-1/PD-L1 drug to be adminis-
tered and the PD-L1 assay used, the cut-off might vary from 1%
to 50% positive cells. Although several pooled analyses showed
that, when a cut-off of 1% was used, patients bearing a PD-L1-
positive cancer had a better overall response rate to anti-PD-L1
monoclonal antibodies compared to their counterparts with PD-
L1-negative tumours, the odds ratio was relatively modest
(<2.5).16 These findings and others correlating PD-L1 expression
with the efficacy of treatment argue for increasing the cut-off
value.17 Moreover, the different detection antibodies, variability
in tissue processing and the absence of standardisation
regarding the scoring methods used to quantify PD-L1 expres-
sion (the tumour proportion score (TPS) versus the combined
positive score (CPS)) also stand in the way of a reproducible

assay.13 Whereas the TPS only evaluates PD-L1 expression on
cancer cells, the CPS takes into account both immune and
tumour PD-L1-positive cells. This latter distinction between the
cell types exhibiting membrane PD-L1 expression is of impor-
tance, especially as a stronger correlation was reported between
treatment response and PD-L1 expression on immune cells than
that on tumour cells.14

Already approved as a companion testing in some tumour types
(e.g. breast cancer, NSCLC and bladder cancer),11 the limitations of
this biomarker as a predictive tool clearly need to be addressed. In
collaboration with the field of medical imaging, recent efforts to
use 18-fluorodeoxyglucose PET/CT markers to non-invasively
assess increased PD-L1 expression have been made. Interestingly,
an inverse correlation between the metabolic-to-morphological
volume ratio and PD-L1 positivity was noticed.18 Furthermore, as
mentioned above, risk management frameworks are being
proposed to reduce suboptimal patient selection for immunother-
apy approaches based on the presence/absence of TILs and PD-L1
assessment.19

TUMOUR MUTATIONAL BURDEN
For some time now, the mutational burden of a tumour, which is
representative of the number of non-synonymous mutations, has
been regarded as a promising biomarker to predict the efficacy of
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Fig. 2 Overview of the different parameters (potential biomarkers) that might influence the patient’s response to immune checkpoint
inhibitors, and their potential associations. A high tumour mutational burden (TMB) results in the appearance of neoantigens. These latter
are detected by antigen-presenting cells (e.g. dendritic cells, macrophages), which are responsible for the rise of tumour-neoantigen-specific
CD8+ T-cell clones. In turn, tumour-infiltrating lymphocytes (TILs) indirectly increase the inflammation-driven expression of PD-L1 on both
cancer and immune cells through the secretion of interferon (IFN)-γ. In parallel, cancer-associated fibroblasts might produce transforming
growth factor (TGF)-β, which promotes a tolerogenic anti-tumour immune response through various mechanisms. Epigenetic modifications
have been shown to influence several factors including the infiltration/phenotype of immune cells encountered within the tumour
microenvironment, the TMB and PD-L1 expression. HLA and the intestinal microbiota are host-dependent features that are being increasingly
studied in the context of cancer immunotherapy. Finally, the predictive value of many peripheral blood-based biomarkers has been assessed
over the past few years.
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immune checkpoint blockade. As the immunogenicity of a
peptide can be affected by a single amino acid change,20 new
T-cell epitopes are inevitably generated by various genetic
alterations that occur during carcinogenesis. Traditionally referred
to as tumour-specific antigens (just like any epitope derived from
carcinogenic viruses (e.g. human papillomavirus)),21,22 and more
likely to be detected in patients with a high TMB, these
neoantigens contribute to the immune recognition of malignant
cells and to the subsequent induction of anti-tumour responses,
which can be boosted by the use of immune checkpoint
inhibitors.23,24 More immunogenic than other classes of tumour
antigen (e.g. cancer testis (MAGE-A1, MAGE-A3, NY-ESO-1, etc.)
and differentiation antigens (MART-1, gp100, etc.)), these latter
also have the advantage of not being expressed in healthy
embryonic or adult tissues.22 Supporting the utility of TMB in
precision oncology, data from many clinical trials have clearly
demonstrated that patients whose tumours display a high
mutational burden were associated with longer progression-free
survivals following treatment with anti-PD-1/PD-L1 and/or anti-
CTLA-4 antibodies.23,25–27 Interestingly, the predictive value of
TMB was reported across most cancer subtypes.28–30 These results
were further reinforced by a seminal study taking 27 different
tumour types into consideration and reporting that 55% of the
difference in the objective response rate across cancers was
attributable to TMB.31

Detailed information relating to the TMB was originally
obtained by whole exome sequencing using tumour biopsy
samples. Although this approach undeniably gives the most
unbiased and accurate determination of the mutational burden,
it is hardly achievable in everyday clinic practice because of its
relative complexity and cost.32 Aimed at expanding genomic
testing to more patients and, therefore, making TMB assessment
more clinically practicable, test panels such as MSK-IMPACT
(which analyses 468 genes) or FoundationOne CDx (324 genes)
have been recently approved by the FDA. Moreover, non-
invasive strategies have been also explored, such as blood-
based assays using circulating tumour DNA (ctDNA; see below).
Despite its great potential, however, the use of ctDNA requires
further investigation.33

Surprisingly, and very interestingly, the TMB does not correlate
with PD-L1 expression on cancer cells, although both have a
predictive capacity.34,35 Whether this absence of a correlation is
artefactual (as a result of the imprecise assessment of tumour
heterogeneity using needle biopsy specimens) or related to the
aberrant inflammation-independent regulation of PD-L1 (through
the activation of hypoxia-inducible factor 1α, epidermal growth
factor receptor and/or mitogen-activated protein kinase (MAPK)
signalling pathways) is still unclear, but the combined use of both
factors would certainly result in greater predictive power. If the
TMB evaluation was more broadly performed across the patient
population, an evaluation of the risk/benefit ratio regarding the
sampling would become essential. Indeed, performing a biopsy on
a melanoma or a lung cancer involves very different levels of
invasiveness and risk. In this respect, the size and/or number of
samples should be carefully considered to meet the amount of
DNA required for the assessment of the TMB in addition to any
other predictive factor (e.g. PD-L1 expression) that we would want
to measure, while taking also into consideration potential draw-
backs for the patient. Furthermore, before its implementation in
clinical practice, several challenges (e.g. determination of reliable
sequencing panel sizes, definition of robust predictive cut-off
values which might vary between cancer subtypes, establishment
of clear, universally used standard operating procedures) still need
to be overcome.36,37 Despite these requirements for standardisa-
tion, taking into account the accumulating data and recent
improvements in technology, TMB seems on the verge of
becoming a cornerstone in the decision of the immunotherapy
course of treatment.

MISMATCH REPAIR DEFICIENCY AND MICROSATELLITE
INSTABILITY
The DNA MMR pathway maintains genomic stability by repairing
any mismatched bases during DNA replication and, thus, prevents
genetic alterations.38 During cancer progression, a defect/defi-
ciency in this machinery leads to DNA hypermutability and
subsequent MSI. The MSI status is commonly determined by
assessing the extent of instability in a ‘reference panel’ comprising
some nearly monomorphic mononucleotide loci such as BAT-25,
BAT-26, NR-21 and NR-24.39 Where MMR deficiency associated
with the cancer predisposition condition Lynch syndrome is
suspected, germline mutations in MSH2, MSH6, PMS2 and MLH1
genes (all of which encode proteins involved in MMR) are first
generally evaluated by immunohistochemistry before being
further validated by sequencing.40 Tumours displaying a MSI-
high status are associated with a higher average number of
somatic mutations (and, ultimately, neoantigens) than MMR-
proficient cancers, and over 40% of neoplasms with a MSI-high
status have been shown to respond positively to immune
checkpoint blockade, resulting in prolonged progression-free
survival.41 However, with the exception of colorectal and
endometrial carcinomas, unfortunately only a small subset of
tumours are MSI-high,42 which makes this diagnostic/predictive
approach inappropriate for most patients. Moreover, a seminal
study analysing 100,000 human cancer genomes reported that a
higher percentage of malignancies are TMB-high rather than MSI-
high.43 As an example, mutations in the DNA polymerase ε (POLE)
gene, identified in 5–10% of most tumour subtypes and
associated with exceptional responses to immune checkpoint
inhibitors, have been shown to disrupt the proofreading function
of the protein, leading to hypermutated phenotypes in the
absence of MSI.44,45 Finally, although most MSI-high tumours are
also TMB-high, intriguingly, ~18% of MSI-high neoplasms do not
exhibit an elevated TMB.46 Whether these patients are less
responsive to immunotherapy is still unknown but it would
certainly be interesting to further investigate the issue. Altogether,
MMR deficiency (and its associated MSI) could be regarded as an
interesting biomarker to predict the response to immune
checkpoint inhibitors but, compared with the potential universal
utility of TMB, its potential use seems quite limited (and might not
always be informative on its own).

HUMAN LEUCOCYTE ANTIGEN
Encoded by highly polymorphic genes, human leucocyte antigen
(HLA) allows the presentation of both self- and foreign antigens to
T-cell receptors, thereby playing a pivotal role in initiating
immunotolerance, helper or cytotoxic T-cell responses. As
extensively studied in the last decades, immune escape can occur
when this presentation is compromised. In the context of
immunotherapy, recent data reported that impaired HLA class I
(HLA-I) antigen processing led to acquired resistance to immune
checkpoint inhibitors and evasion of tumour cell death by
avoiding CD8+ T-cell recognition.47 In a seminal paper determin-
ing the HLA-I genotype of over 1,500 patients with metastatic
cancer treated with immunotherapy, Chowell et al.48 showed that
patients displaying a maximal heterozygosity at HLA-I loci A, B and
C were more likely to display improved overall survival compared
with those who were homozygous for at least one locus. The study
also highlighted the extended survival of patients with the HLA-
B44 supertype as well as the poor outcome associated with either
the somatic loss of heterozygosity at HLA-I or the HLA-B62
supertype. Using a novel computational tool, HLA loss of
heterozygosity was found to occur in 40% of early-stage NSCLC,
suggesting that this event could influence a substantial proportion
of treated metastatic cancer patients.49 HLA-I evolutionary
divergence, calculated after quantifying physiochemical sequence
divergence between HLA-I alleles, has also been shown to affect
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the efficacy of immune checkpoint inhibitors.50 Absence of the
membrane expression of major histocompatibility complex (MHC)
class I has been observed in almost half (43%) of melanoma
specimens, and importantly, the transcriptional repression of HLA-
A, HLA-B, HLA-C, and β2 microglobulin (B2M) predicted resistance
to ipilimumab. Surprisingly, no predictive value was reported for
anti-PD-1 blockade using nivolumab.51

As outlined above, different parameters (loss of heterozygosity,
evolutionary divergence, mRNA/protein level), assessed by tech-
nological approaches such as exome sequencing, immunohisto-
chemistry and real-time PCR, have been determined to study the
influence of HLA on the response of cancer patients to immune
checkpoint inhibitors. To be used in routine, a standardisation/
harmonisation is absolutely required, which could potentially be
conducted in a study comparing all these variables/approaches
using a same cohort of patients. Moreover, it is important to notice
that divergent results have been recently highlighted, which
slightly tempers the enthusiasm for HLA status (or even precludes
the direct clinical use of this parameter). Indeed, in patients with
NSCLC, Negrao et al.52 reported that both PD-L1 expression and
TMB were stronger predictors of response to immunotherapy than
the HLA-I genotype which, actually, did not correlate with survival.

IFN-Γ SIGNALLING
The interest for IFN-γ (and its associated signalling pathway) in the
context of cancer immunotherapy originated from its implication
in PD-L1 and PD-L2 upregulation.53,54 These findings led to several
ongoing clinical assays investigating various combination thera-
pies (e.g. nivolumab plus IFN-γ (NCT02614456), pembrolizumab
and recombinant IL-12 (NCT03030378), pembrolizumab with
intratumoral delivery of tavokinogene telseplasmid (an IL-12-
encoding plasmid; NCT03567720)) that are aimed at enhancing
presence/production of IFN-γ within the TME. Regarding the use
of IFN-γ as a biomarker to predict the response of patients to
immune checkpoint inhibitors, genomic defects in several type 2
IFN-related genes were reported to be responsible for acquired
resistance to pembrolizumab in patients with advanced mela-
noma.55 Copy number alterations, including loss of IFNGR1, IRF-1,
JAK2 and IFNGR2, and amplification of several IFN-γ pathway
inhibitors (e.g. SOCS1 and PIAS4) were detected in non-responders
to CTLA-4 therapy as well.56 In addition, loss-of-function mutations
of JAK1/2, which encode two tyrosine kinases essential for
transducing the IFN-γ signal intracellularly, were also reported.57

In parallel with genomic analyses, the mRNA level of a dozen IFN-
stimulated genes (e.g. GZMA, CXCL9, CXCL10, PRF1) was deter-
mined in both metastatic melanoma and NSCLC patients, and a
high pre-existing IFN-γ transcriptome signature has been shown
to be associated with an improved response to anti-PD-1
blockade.34,51 Finally, the predictive value of some alternative
strategies, such as the analysis of IFN-γ secretion, has also recently
been assessed (mainly in pre-clinical models). For example, mass
cytometry (CyTOF) has notably been used to measure the
amounts of IFN-γ among immune cells.58

However, it is important to notice that the role of IFN-γ in anti-
tumour immunity is complex and that its positive effect in
mediating a durable response to cancer immunotherapy remains
unclear/controversial.59 Indeed, combination therapy using PD-1
and CTLA-4 inhibitors in the context of TMB-low tumours has been
shown to lead to an excessive production of IFN-γ and therapeutic
resistance.58 Furthermore, Brown et al.60 also showed that IFN-γ-
induced indoleamine 2,3-dioxygenase (IDO) expression provided
adaptive resistance to immune checkpoint inhibitors in hepato-
cellular carcinoma patients. Despite these results, and further
illustrating the complex role played by the IFN-γ–IDO–kynurenine
pathway in treatment outcome, the addition of an IDO inhibitor
(epacadostat) to pembrolizumab failed to confer any benefit in
melanoma patients (ECHO-301/KEYNOTE-252).61 Therefore, the

use of IFN-γ secretion and/or IFN-γ signalling components as
potential biomarkers to predict the outcome of immunotherapy-
treated patients undoubtedly needs further investigation and is
not yet clinically applicable.

IMMUNE INFILTRATION
Immune checkpoint inhibitors are, in essence, designed to
reinvigorate an inhibited or exhausted anti-cancer immune
response. With this in mind, it seems natural that immune cells
infiltrating the TME would play an important role not only in
tumour control prior to treatment, but also in the response to
immune checkpoint blockade. Indeed, an association between the
density of pre-existing CD8+ T cells located at the invasive tumour
margin and the response to anti-PD-1 treatment (pembrolizumab)
has been especially demonstrated in patients with metastatic
melanoma.62 Interestingly, the same cells were also thought to be
responsible for the expression of PD-L1 on tumour cells through
IFN-γ release.13 Moreover, a lack of response to atezolizumab in
patients with urothelial cancer was associated with the presence
in fibroblasts of a gene signature indicative of TGF-β signalling
and with CD8+ T-cell exclusion.63 Blocking the TGF-β signalling
pathway in stromal cells facilitated T-cell penetration into tumours
and ultimately restored anti-tumour immunity in a mouse model.
The predictive role of TILs in the response to anti-PD-1 has also
been investigated in cohorts of patients with advanced NSCLC.
Similar to the data reported in melanoma patients, in addition to
the absolute number of TILs, a correlation between the CD8+/
CD4+ ratio and the response to anti-PD-1 treatment (pembroli-
zumab or nivolumab) was highlighted.64

Easily detected by immunohistochemistry (or even using a
simple haematoxylin and eosin staining), the challenge remains
both to harmonise the quantification of TILs and to develop a
validated method for clinical practice. Almost 15 years ago, Galon
et al.65 developed the Immunoscore methodology in the context
of colorectal cancer in an effort to quantify the in situ immune
infiltrate. Technically, immunohistochemical experiments are first
performed and both CD3+ and CD8+ T-cell populations are then
automatically quantified at the centre of the tumour as well as at
the invasive margin (the analysis spans 360 µm into the cancer
region and 360µm into the surrounding healthy tissue) by a
dedicated software (Immunoscore Analyzer, HalioDx). A score,
ranging from I0 for low cell densities to I4 for high densities, is
finally assigned, with a higher score being correlated with longer
patient survival.66,67 The power of this method, which takes into
account the two essential elements of density and localisation of
TILs, is currently being validated in 23 international pathology
expert centres.68 The added value of the Immunoscore as a
prognostic marker for patients with colorectal cancer is now well-
documented and its prognostic significance in other cancer types
is currently being investigated.69,70 With further development, an
immunoscore-like method to determine the quantity and ‘quality’
(e.g. CD8+/CD3+ ratio) of TILs as well as their potential exclusion
within the collagen-rich peritumoral stroma could also be a
precious tool to better stratify patients who would benefit from
immune checkpoint blockade treatment. However, this still needs
to be rigorously tested in a prospective clinical trial setting.
The importance of immune infiltration is further supported by

the proven efficacy of combining cytotoxic chemotherapy or
radiation therapy with immune checkpoint inhibitors.71,72 Indeed,
the former treatments, by killing tumour cells, induce the release
of both tumour-associated antigens and damage-associated
molecular pattern molecules (e.g. calreticulin, HMGB1, ATP), which
promote an immune response via the activation/maturation of
(plasmacytoid) dendritic cells and the expansion/trafficking of
CD8+ T cells. Chemoradiotherapy also shapes the TME towards a
responsive state by depleting immunosuppressive cells such as
regulatory T (TREG) cells and myeloid-derived suppressor cells
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(MDSCs).73,74 Patients with NSCLC are benefiting from the
chemotherapy plus anti-PD-1 combination (carboplatin, peme-
trexed and pembrolizumab) since it was accepted by the FDA in
2018.75 The now well-recognised ability of cytotoxic drugs to
enhance PD-L1 expression in different types of cancer supports
the great potential of combined treatments, in particular the
numerous chemotherapy-immunotherapy combinations currently
being tested.76,77 Other strategies (e.g. oncolytic virotherapy) that
similarly aim to sensitise the TME before the administration of
immune checkpoint inhibitors are also under investigation and
would, in an ideal world, result in the generation of a personalised
biomarker-based therapy tailored to each patient.78

In summary, combination therapies that integrate immune
checkpoint inhibitors and chemotherapeutic agents are likely to
constitute the future of cancer immunotherapy, and initiatives
like Immunoscore could be regarded as a helpful tool in the
prediction of treatment response (or the need for neoadjuvant
chemoradiotherapy to first restore an immune-reactive micro-
environment). If validated/adapted to each cancer type and
universally accepted as a prognostic marker, this strategy could
also be combined with other biomarkers to further improve
patient selection.

EPIGENETIC MODIFICATIONS
Epigenetic changes such as promoter hypermethylation and
histone modifications are well-known to affect the structure of
chromatin and, ultimately, the gene expression profile, without
altering the DNA sequence. Evidence accumulated over the past
few years suggests that the chromatin state might also influence
the response to immune checkpoint blockade. Indeed, using
whole-genome bisulphite DNA sequencing, a genome-wide
method that enables the study of cytosine methylation using
small amounts of DNA, Ghoneim et al.79 showed that de novo
DNA methylation programs promote T-cell exhaustion and,
consequently, inhibit both antigen-specific CD8+ T-cell rejuvena-
tion and clonal diversity following anti-PD-1 blockade. According
to the authors, these epigenetic modifications repress key genes
involved in effector functions, proliferation and tissue homing of
exhausted T cells, which leads to the absence of a durable
response to immune checkpoint inhibitors. Moreover, it has been
reported that exhausted T cells have an epigenetic profile which
differs from that of effector and memory T cells and, importantly,
they would be minimally remodelled after anti-PD-1 therapy.80

Besides these global approaches, the potential predictive value of
some proteins involved in the epigenetic mechanisms of gene
regulation has also been highlighted. Thus, the expression levels
of both DNA methyltransferase 1 (DNMT1) and enhancer of zeste
homolog 2 (EZH2) have been found to correlate negatively with
the extent of CD8+ T-cell infiltration within the TME and inhibition
of EZH2 improved the response to anti-CTLA-4 therapy.81,82

Mechanistically, Xiao et al.83 showed that EZH2 directly enhances
the H3K27me3 level of PD-L1/CD274 and interferon regulatory
factor 1 (IRF-1) promoters, suppressing their expressions. The
status (wild-type versus mutated) of ten-eleven translocation
methylcytosine dioxygenase 1 (TET1) and AT-rich interaction
domain 1A (ARID1A) genes, which are involved in DNA demethy-
lation and chromatin remodelling, respectively, could also be
regarded as promising biomarkers to predict patient response.
Accordingly, patients with tumours containing TET1 and/or ARID1A
mutations, and who have been treated by immunotherapy, have
been reported to display both longer progression-free and overall
survivals than their wild-type counterpart.84,85 Notably, MSI-high
and TMB-high statuses are frequently observed in the ARID1A-
mutated cancer group, which might potentially explain the results
in these patients.85

In addition to their utility as predictive biomarkers, epigenetic
modifications also represent promising therapeutic targets to

improve the efficiency of immune checkpoint inhibitors. Using
various mouse models of cancer, several research groups have
recently shown that DNA methyltransferase inhibitors as well as
drugs thwarting histone modifications (histone deacetylase
inhibitors such as valproic acid, panabinostat or entinostat)
improved anti-PD-1 and anti-CTLA-4 immunotherapies.86,87 How-
ever, these data still remain experimental, poorly explained and
warrant clinical validation.

THE INTESTINAL MICROBIOME
The symbiotic bacteria that colonise our digestive system have
been found to influence many physiological processes, including
immunity88 and, less than 5 years ago, preclinical studies
established a link between gut microbiota and the response to
immunotherapy. Indeed, cancer growth, spontaneous anti-tumour
immunity and efficacy of both anti-CTLA-4 and anti-PD-L1
monoclonal antibodies differed in mice depending on the
composition of the gut microbiota.89,90 These differences dis-
appeared with cohousing or faecal transfer. Interestingly, the
bacterial species associated with enhanced response to anti-CTLA-
4 were not the same as the ones associated with enhanced
efficacy of anti-PD-L1 therapy. These preclinical data suggested
that the inter-individual heterogeneity of anti-tumour immunity
(and hence the efficacy of immune checkpoint inhibitors) could
partially rely on gut microbes, which could be manipulated for
therapeutic purposes. Accordingly, when germ-free or antibiotic-
treated mice were recolonised using patient stool during faecal
microbiota transplantation experiments, a causal relationship
between gut microbiota and sensitivity to immunotherapeutic
drugs was confirmed. Stool from responders restored sensitivity to
PD-1 blockade, whereas stool originating from non-responders
conferred resistance to this agent.91 Interestingly, a human proof-
of-concept study similarly reported the positive impact of faecal
microbiota transplants in anti-PD-1-refractory melanoma
patients.92

Several studies confirmed the so far suspected complexity of
the part played by the colonic bacterial flora in the response to
immune checkpoint inhibitors. Indeed, the baseline microbiota
had an influence on the efficacy of both anti-CTLA-4 and anti-PD-
L1 treatments. However, whereas the Bacteroides genus had
previously been associated with an increased response to anti-
CTLA-4 in mice,89 it was associated with a poor response in
humans, and other bacteria strains such as Faecalibacterium
prausnitzii were instead highlighted as favourable.93 Moreover,
another prospective study focusing on the efficacy of anti-PD-1
antibodies showed that, among others, Bifidobacterium longum
and Collinsella aerofaciens were enhanced in responders, while
Ruminococcus obeum and Roseburia intestinalis were more
abundant in non-responders.94 A study focusing on NSCLC
patients highlighted that, in addition to Bifidobacterium longum,
Alistipes putredinis and Prevotella copri were also enriched in
responders to the anti-PD-1 antibody nivolumab in comparison
with non-responders (Fig. 3).95 Of note, it is important to mention
that gut microbiota profiles associated with a good response to
treatment might also be associated with the occurrence of
immune-related adverse effects (e.g. enterocolitis).93

Discrepancies among different studies can be explained by
several factors, including differences in experimental models (as
well as the translation from mice to humans), tumour type and
intra/inter-population variability of microbial composition.
Furthermore, various metagenomic approaches (16S rRNA
sequencing, used to find operational taxonomic units (OTUs),
metagenomic shotgun sequencing, or both) and bioinformatic
methods were applied, showing an urgent need for standardisa-
tion of the analytical approaches currently used.96,97 Despite all
these variations and although the exact mechanism by which the
response to immune checkpoint inhibitors is influenced remains
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unknown, constantly highlighting the predictive value of certain
bacterial strains is likely to indicate their interest and relevance.
As described by Matson et al.,94 a ratio of ‘beneficial’ OTUs to

‘non-beneficial’ OTUs would be the strongest predictor of clinical
response to immune checkpoint inhibitors, but would probably
need to be adapted depending on the cancer type and/or the
therapy considered. The integration of such a ratio into a
multiparameter setting alongside tumour genomics and immune
infiltration would undoubtedly strengthen its potential. We are
probably several years and a considerable amount of research
away from a fully developed tool, but the convenience and
accessibility of sampling make it an information goldmine that
needs to be exploited.

PERIPHERAL BLOOD BIOMARKERS
Regardless of the disease or treatment, the interest in blood
biomarkers is historical and is mainly based on the high cost/time
efficiency, reduced invasiveness and high patient acceptance in
comparison with existing tissue-derived biomarkers. During the
past few years, various haematological parameters have been
tested for their ability to predict a response to immunotherapy,
with varying degrees of success and reproducibility (Fig. 4).

Blood cell subpopulations
Several peripheral blood cell subpopulations have been investi-
gated as predictive biomarkers. Patients with metastatic cuta-
neous and uveal melanoma who have elevated relative counts of
both eosinophils and lymphocytes have been shown to display a
more favourable outcome after receiving anti-PD-1 monotherapy
(pembrolizumab or nivolumab).98,99 A significantly better survival
following ipilimumab treatment was also reported in patients with

low absolute monocyte and MDSC counts and high eosinophil,
lymphocyte and TREG cell frequencies.100 In a recent meta-analysis
including 6,461 patients with renal cell carcinoma, the negative
predictive value of a high neutrophil/lymphocyte ratio prior to
treatment with immune checkpoint inhibitors was highlighted.101

Finally, the proportion of circulating exhausted T cells, charac-
terised by a low proliferative capacity and the weak expression of
several surface markers such as CD57 and killer cell lectin-like
receptor subfamily G member 1 (KLRG1), has been correlated with
patients’ response to immune checkpoint inhibitors and, hence,
their clinical outcome.102

Soluble proteins
Some circulating/soluble proteins could also be regarded as
interesting biomarkers. For example, elevated levels of lactate
dehydrogenase (LDH) and C-reactive protein (CRP) have been
associated with poor overall survival following anti-PD-1 ther-
apy.99 In metastatic melanoma patients treated with anti-PD-1 or
anti-CTLA-4 therapy, the level of angiopoietin-2 (ANGPT2)
correlated with a reduced survival as well.103 Interestingly, two
recent articles have reported the concentration of serum CD73 as
a novel predictive peripheral blood biomarker inversely associated
with patient response to nivolumab or pembrolizumab.104,105

Finally, the negative prognostic impact of both soluble natural
killer group 2 member D (NKG2D) ligands (ULBP1-3, MICA and
MICB) and CD25 for advanced melanoma patients treated with
ipilimumab has been recognised for a few years.106–108

In addition to its expression on the membrane of tumour cells,
immune and other cells (e.g. blood/lymphatic endothelial cells),
several extracellular forms of PD-L1 have been reported. Although
a few conflicting results exist, most studies report that high levels
of exosomal or freely soluble PD-L1 in peripheral blood are
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Fig. 3 Representation of individual bacterial species (composing gut flora) that might influence checkpoint inhibitor-based immunotherapy
(non-exhaustive list). Bifidobacterium longum, Collinsella aerofaciens, Alistipes putredinis and Prevotella copri have been shown to be associated with a
more favourable response to anti-PD-L1 therapy. Patients enriched for Faecalibacterium prausnitzii responded better to anti-CTLA-4 therapy.
Although the reasons are still unknown, some bacterial species (e.g. Roseburia intestinalis, Ruminococcus obeum) or families (e.g. Bacteroides) are
associated with a poor response to anti-CTLA-4 or anti-PD-L1 therapy.
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associated with disease progression in patients with various
cancers (for a review, see ref. 109,110) In addition to being a
prognostic biomarker, the predictive value of exosomal PD-L1 in
determining the response to the anti-PD-1 antibody pembrolizu-
mab was also recently highlighted in patients with melanoma.111

However, intriguingly, soluble PD-L1 does not seem to be a
surrogate marker for the tumour PD-L1 status.

Circulating tumour DNA
Tumour-derived DNA within the blood (ctDNA) could also provide
interesting information. Not only is its low (or undetectable) level
during treatment associated with a better prognosis,112 but the
ability to sequence ctDNA prior to therapy enables the TMB to be
determined and/or actionable genetic alterations to be
detected.33 Such a strategy is the subject of ongoing Phase 2/3
clinical trials [e.g. Blood First Assay Screening Trial (BFAST)].

Combining parameters
Prelaj et al.113 have described a novel score (EPSILoN), which could
help to identify patients with NSCLC who are most likely to benefit
from second-line immunotherapy. This prognostic score combines
several clinical (smoking and liver metastases) and blood
parameters (LDH level and neutrophil/lymphocyte ratio). However,
similar to all other approaches using peripheral blood, further
investigations are needed to confirm these results in larger
cohorts and in the context of other neoplasms.

RESISTANCE TO PD-1/PD-L1 BLOCKADE AND POTENTIAL
BIOMARKERS
Early in the clinical use of immune checkpoint inhibitors, it
appeared that a substantial proportion of patients fails to
benefit at all from any immunotherapeutic approach. Besides
this primary resistance, and similar to what is commonly
experienced with cytotoxic/cytostatic drugs and targeted
therapies, there is a growing subset of initial responders who
progressively become refractory to PD-1/PD-L1 blockade ther-
apy (acquired resistance). Accumulating evidence suggests that
both types of resistance are multifactorial, with underlying
mechanisms that mostly overlap and that are antagonistic to
those described in responders.114,115

Loss of immune checkpoint expression and/or (neo)antigen
expression/presentation
The most obvious mechanism of resistance to immunotherapy is
attributed to the primary or acquired absence of expression of
targeted immune checkpoint(s) on the cell surface of cancer/
immune cells. In addition, as previously discussed, a lack of
neoantigen expression (low TMB) and/or presentation (disruption
in the HLA machinery) can result in inadequate tumour
recognition by immune cells and, ultimately, in drug resistance.
Several strategies are under investigation to increase the
immunogenicity of neoplasms that are refractory to checkpoint
blockade (e.g. pretreatment with chemotherapy, intralesional
injection of IL-2 in combination with hypofractionated radio-
therapy (NCT03474497), use of a mRNA-based cancer vaccine
targeting several tumour-associated antigens (NCT04526899)).

The presence of immunosuppressive cells
By altering anti-tumour immune responses via multiple mechan-
isms,116 both MDSC and TREG cells encountered within the cancer
microenvironment are also thought to actively participate to the
primary resistance to PD-1/PD-L1 blockade therapies. Accordingly,
several preclinical studies have demonstrated an improved
effectiveness of anti-PD-1/PD-L1 monotherapy following the
depletion of these cell types.117–119 In order to better determine
the non-responders, these two immunosuppressive cell popula-
tions could be easily detected by immunohistochemistry using
anti-Ly-6C/Ly-6G (Gr-1) and anti-Foxp3 antibody, respectively, and
then quantified using computerised image analysis.120

T-cell exclusion and resistance to IFN-γ
In both primary and acquired resistant tumours, malignant cells
can develop an insensitivity to CD8+ T-cell-secreted IFN-γ through
various genomic defects occurring in several genes involved in the
IFN signalling pathway (see above). By inducing the overexpres-
sion of broad-spectrum immunosuppressive cytokines such as IL-8
and vascular endothelial growth factor (VEGF), activating muta-
tions in key components of Wnt–β-catenin signalling pathway or
MAPK cascade have been shown to promote both CD8+ T-cell and
dendritic cell exclusions in syngeneic mouse models of melanoma
and triple negative breast cancers.121–123 Aimed at overcoming
this latter mechanism of resistance, which is frequently identified
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Fig. 4 Overview of the main peripheral blood-based predictive biomarkers for immune checkpoint inhibitor-based cancer
immunotherapy. AMC absolute monocyte count, CD cluster of differentiation, CRP C-reactive protein, ctDNA circulating tumour DNA, LDH
lactate dehydrogenase, MDSC myeloid-derived suppressor cells, NLR neutrophil/lymphocyte ratio, REC relative eosinophil count, RLC relative
lymphocyte count, Tex exhausted T cells.
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in patients with melanoma, NSCLC and colorectal cancer, several
ongoing clinical trials are evaluating the efficacy of combining an
anti-PD-1 antibody with inhibitors of the MAPK component BRAF/
MEK (dabrafenib/trametinib) or VEGF receptor 2 (lenvatinib)
inhibitors in the refractory advanced melanoma setting (e.g.
NCT04305041, NCT02967692). If these explorative approaches
prove to be efficient in re-inducing a positive response to immune
checkpoint blockade, the mutational status of genes involved in
these proto-oncogenic signalling pathways could be system-
atically assessed by exome sequencing.

Compensatory upregulation of alternative immune checkpoints
Finally, the expression of alternative inhibitory receptors including
TIM-3 and the novel immune checkpoint VISTA (V-domain Ig
suppressor of T-cell activation) has been shown to be strongly
upregulated in humans and mice in cases of acquired resistance
to anti-PD-1 or anti-CTLA-4 therapy.124–126 The restored respon-
siveness to anti-PD-1 treatment with the addition of an anti-TIM-3
blocking antibody has provided a scientific rationale for testing
different treatment regimens combining PD-1/PD-L1 blockade
with monoclonal antibodies that target other co-existing immune
checkpoints in patients with refractory cancer [e.g. anti-CTLA-4
(NCT02694822), anti-B7-H3 (NCT02475213)].

CONCLUDING REMARKS AND DISCUSSION
The response to immune checkpoint blockade and its prediction
are doubtless complex and multifactorial processes. The deeper
we dig, the more evident it becomes that a single biomarker will
never be able to capture the complexity of the tumour and/or its
microenvironment and, obviously, to precisely predict the
response to immunotherapy. A combination of multiple biomar-
kers will inevitably be necessary, as demonstrated by an increased
performance of the combination of PD-L1 immunohistochemistry
and T-cell infiltration or TMB assessment, compared with the three
parameters alone.127 At this time, and based on the current state
of knowledge, combining the assessment of immune infiltration
and TMB with the more traditional analysis of tumour PD-L1
expression seems to be the most achievable compromise, as it
presents the best risk-time-cost/benefit ratio. Indeed, both PD-L1

expression and CD3+/CD8+ T-cell infiltration can be assessed on
the same slide (or on serial tissue sections), and TMB can be
determined using DNA extracted from the same biopsy, which
represents a considerable advantage. Using these three accessible
biomarkers, the use of a workflow for better determining potential
responder patients could be considered (Fig. 5). Of note, this
review aims to present a global picture of the immunotherapeutic
landscape, and we cannot exclude that this predictor combination
might be more relevant in a specific cancer (sub)type or with a
particular drug/monoclonal antibody in comparison with another.
Additionally, as addressed above, each predictive biomarker still
has its own challenges/pitfalls that need to be overcome before
being used in a routine clinical setting. Once these challenges
have been overcome, a standardisation of procedures as well as a
universal harmonisation of biomarker measurements will be
undoubtedly required. Of course, the field of cancer immunother-
apy is moving so fast that, besides the biomarkers discussed in
this article, other approaches such as integrative multi-omics
analysis and algorithms/computing science (artificial intelligence)
could also prove to be informative in the coming years.128,129 As
an example, by extracting and analysing numerous features from
CT scans (e.g. tumour heterogeneity, neovascularisation), an
innovative machine-learning-based radiomics method for identi-
fying patients at high risk of hyperprogression following immune
checkpoint blockade has been recently described.128

Instead of looking at the different aforementioned biomarkers
separately, they could be considered as individual chain links that
constitute one and the same chain of events. As appropriately
explained by Linette and Carreno,130 these events could be
simplified the following way: a high mutational burden gives rise
to neoantigens, which will, in turn, be detected by our immune
system. Neoantigen-specific lymphocytes are designed to control
tumour growth and their actions are reinforced by checkpoint
inhibitor treatments. Moreover, the accumulation of TILs con-
tributes, by producing IFN-γ, to the upregulation of PD-L1 on both
cancer and tumour-infiltrating immune cells (e.g. antigen-
presenting cells). Given the parallel ‘oncogene-dependent’ regula-
tion of PD-L1, the effect of this effector cytokine is supposed to be
more important on immune cells encountered within the TME
than on malignant cells.
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Fig. 5 Proposed workflow for deciding an optimal treatment course. The collaboration between oncologists ①, pathologists (2a, evaluations
of both PD-L1 expression and intratumoral immune cell infiltration) and geneticists [2b, assessment of tumour mutational burden (TMB)]
would lead to the establishment of a score that would guide the course of treatment (3a). Patients with a favourable/high score would be
treated with immune checkpoint inhibitors, while patients considered as having a low probability of an efficient/durable response would
undergo an alternative treatment (e.g. radiotherapy, chemotherapy) alone or prior to immunotherapy (after re-evaluation).
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It is, however, important to take into account that all these
biomarkers are time- and space-dependent and, therefore, highly
labile. The more downstream we attempt to detect a specific
biomarker, the more we risk missing important information. This is
why measuring several elements of this chain before treatment
would enable a more representative picture of the tumour and its
microenvironment to be created, allowing its potential ability to
respond to immunotherapy to be determined. In this respect,
considering that chemotherapy or radiotherapy is increasingly
used prior to immune checkpoint inhibitors, the biomarkers
should probably be assessed both before and after pretreatment,
as the latter is likely to reshape the tumour and will therefore have
an impact—hopefully positive—on factors such as the extent of
intratumoral T-cell infiltration and PD-L1 expression.
Alongside the determination of ‘classical’ immune checkpoints

(PD-1, PD-L1 and CTLA-4), the assessment of other proteins will
soon become indispensable in light of the next, arising generation
of immunotherapy agents.3 Hence, the establishment of a panel of
different antibodies that can be used for the systematic
determination of several proteins would be greatly appreciated.
Moreover, as mentioned above, the expression of other immuno-
suppressive proteins such as IDO and the immune checkpoints
TIM-3 and VISTA constitutes a compensatory mechanism that can
undermine the efficacy of immune checkpoint inhibitors.124–126

Therefore, the expression of these emerging proteins could also
provide useful predictive information even before the clinical
approval of their inhibitors as treatment.
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