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Introduction

Despite the remarkable success of immune checkpoint blockade
(ICB) seen in many cancer types, the same efficacy is not observed
in glioblastoma (GBM), underscoring the importance of under-
standing the variety of factors that dictate immune responses for
this type of brain tumor. Unfortunately, all immunotherapies test-
ed to date have failed to improve clinical outcomes in unselected
cohorts of patients with GBM. For example, three controlled phase
III trials assessing nivolumab, an anti-programmed cell death pro-
tein 1 (anti-PD-1) therapy, have failed to demonstrate a survival
advantage in patients with GBM. In the CheckMate 143 clinical
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Immune checkpoint blockade (ICB) has revolutionized modern cancer therapy, arousing great interest in the neuro-oncology
community. While several reports show that subsets of patients with glioma exhibit durable responses to immunotherapy,
the efficacy of this treatment has not been observed for unselected patient populations, preventing its broad clinical
implementation for gliomas and glioblastoma (GBM). To exploit the maximum therapeutic potential of ICB for patients

with glioma, understanding the different aspects of glioma-related tumor immune responses is of critical importance. In
this Review, we discuss contributing factors that distinguish subsets of patients with glioma who may benefit from ICB.
Specifically, we discuss (a) the complex interaction between the tumor immune microenvironment and glioma cells as a
potential influence on immunotherapy responses; (b) promising biomarkers for responses to immune checkpoint inhibitors;
and (c) the potential contributions of peripheral immune cells to therapeutic responses.

trial, median overall survival was comparable between nivolum-
ab-treated and bevacizumab-treated control patients (1). Similar-
ly, in the CheckMate 498 clinical study, PD-1 blockade in combi-
nation with radiotherapy in newly diagnosed GBM patients with
unmethylated MGMT promoter failed to meet its primary endpoint
of improvement in survival, as the cohort that received the alkylat-
ing chemotherapy temozolomide (TMZ) plus radiotherapy showed
a longer overall survival (2). Lastly, nivolumab in combination
with TMZ and radiotherapy was found not to be superior to TMZ,
radiotherapy, and placebo in newly diagnosed GBM patients with
methylated MGMT promoter (3). Despite these negative results,
several studies and case reports have shown that some patient sub-
sets demonstrate durable radiographic responses and prolonged
survival following this form of ICB (1, 4-9). Clinical studies have
evaluated markers of immune response after anti-PD-1 therapy
administered in the neoadjuvant setting (5, 10, 11). In these trials,
neoadjuvant PD-1 blockade induced clinical benefit and immuno-
logical responses in patients with recurrent GBM as compared with
adjuvant immunotherapy (5, 12). In light of these observations, a
key question when considering immunotherapy for the treatment
of GBM is how to identify patients a priori who are likely to respond,
and what variables can influence efficacy. Though responsive GBM
patients might be a minority in clinical studies evaluating ICB as
monotherapy, the accurate identification of these individuals could
provide them with a meaningful clinical benefit.

In this Review, we provide perspectives on the use of ICB
in gliomas and GBM, specifically emphasizing the biological
aspects of such brain tumors and the factors that influence
clinical response. These include the diversity of phenotypes in
GBM that are associated with differences in the immune cell
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composition and functionality within each tumor; promising
predictive biomarkers for ICB; and the generation of an ade-
quate peripheral immune response during treatment.

Tumor-immune crosstalk may influence

the ICB response

Although the brain was once considered “immune privileged,”
recent studies indicate that “immune peculiar” may be a more
accurate descriptor. Under non-disease conditions, the brain is
largely immunologically quiescent, with the blood-brain barrier
(BBB) limiting the infiltration of circulating immune cells (13).
Instead, embryonically derived resident microglial cells serve as
resident macrophages to survey the neural environment (14), with
further immunosurveillance provided by a specialized lymphatic
drainage system (15). Cancer and other inflammatory conditions
can permeate the BBB, allowing for infiltration of T cells and other
peripheral leukocytes (13, 16, 17). Together, these features trans-
late to a unique tumor microenvironment consisting of 20%-40%
immune cells, the majority of which are myeloid cells with varying
ratios of tissue-resident microglia and bone marrow-derived mac-
rophages from circulation (18). Infiltration of both monocyte-de-
rived macrophages and lymphocytes has been shown to be high-
er in IDH-wild-type tumors, whereas the immune compartment
of IDH-mutant tumors was nearly exclusively microglia. TMZ
can reduce the numbers of antiinflammatory myeloid-derived
suppressor cells (MDSCs), although the prevalence of MDSCs
increases in late-stage tumors, where current ICB efforts have
been focused (19, 20). MDSC origin and function can also vary
in GBM by the sex of the patient (21). Other components of the
tumor microenvironment, most notably astrocytes, may also play
arole in the modulation of immune responses in GBM (22).

Classically, oncogenic signaling in cancer cells has been
attributed to tumor cell genetic alterations such as oncogene acti-
vation and/or loss of tumor suppressors (23). Recently, several
groups have reported robust associations between tumor cell phe-
notypes and inflammatory features of the tumor microenviron-
ment in gliomas (6, 24-26). While drawing causal relationships
based on associations is challenging, studies have suggested that
immune cells and non-neoplastic cells within the tumor micro-
environment influence tumor cell phenotype (24, 27, 28). On the
other hand, tumor cells might also modulate the recruitment and
phenotype of myeloid cells, microglia, and reactive glial cells (25,
29). This dynamic crosstalk between tumor and immune cells and
other non-neoplastic cells ultimately shapes and contributes to the
variable inflammatory phenotypes and heterogeneity found in the
tumor microenvironment encountered across gliomas.

Glioma cell phenotype and wider tumor-immune microen-
vironment differences should be considered for personalizing
immunotherapy for gliomas. In this regard, valuable efforts have
led to the discovery of multiple cellular states with critical implica-
tions in the composition and function of the tumor immune micro-
environment (24, 25, 27). Through several analytical approaches,
it has been demonstrated that a subpopulation of GBM cells lever-
ages neurodevelopmental stem cell programs as a central axis
to sustain tumor growth (30-32). Additionally, an inflammatory
GBM phenotype associated with abundant immune cells has been
described across clinical cohorts (25, 27, 30). By integration of
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single-cell RNA-Seq and bulk RNA-Seq data from human GBMs,
four cellular states were proposed: an astrocyte-like (AC-like)
program, an oligodendrocyte precursor cell-like (OPC-like) pro-
gram, a neural progenitor cell-like (NPC-like) program, and a
mesenchymal-like (MES-like) program (31). The AC-like, OPC-
like, and NPC-like programs were associated with neurodevelop-
mental genes linked to progenitor cells of neuronal/glial lineages
(31). Notably, the MES-like program did not resemble progenitor
or stem cell-like phenotypes but rather was associated with high
proportions of macrophages, microglia, and cytotoxic T cells (24).

Similarities were also found in a different classification that
mapped GBM stem cells in a transcriptional gradient along a
“Developmental” program and an “Injury Response” program
(30). Tumor cells in the Developmental state resembled progen-
itor cells associated with neurodevelopmental programs char-
acterized by substantial levels of proliferation. At the other end
of the spectrum, GBM cells displaying the Injury Response state
had gene expression signatures reminiscent of an inflammato-
ry wound response that included genes related to NF-«B, signal
transducer and activator of transcription (STAT) signaling, and
reactive astrocytes. Notably, inflammatory cytokines such as
TNF-q, [L-1a, and complement component 1q (C1q), known to be
secreted by microglia (33), were able to shift the gene expression
program of GBM from a Developmental to an inflammatory Injury
Response program, suggesting a malleable capacity to transcrip-
tionally adapt to various microenvironmental cues. Compared
with previous molecular classifications, tumor cells exhibiting
an inflammatory wound response program showed a high over-
lap with The Cancer Genome Atlas (TCGA) mesenchymal sub-
type and the MES-like cell state, underscoring the consistency in
detecting an immune-associated tumor profile of GBM.

A third study used an integrative approach of spatial tran-
scriptomics, metabolomics, and proteomics to classify the cellu-
lar heterogeneity of human GBM (27). By analysis of a cohort of
spatial data sets from GBM tissues from different patients, five
transcriptional programs were proposed, including three related
to progenitors of neuronal/glial lineages, referred to as Neuronal
Development, Spatial OPC, and Radial Glia. The remaining two
programs were related to reactive states, including a glycolytic/
hypoxic module named “Reactive Hypoxia” and an inflamma-
tory module termed “Reactive Immune.” These transcriptional
programs were consistent with the two subgroups (one hypoxia
dependent and the other hypoxia independent) described for the
MES-like cell state (31). Remarkably, this study suggested that the
tumor microenvironment can dictate the cellular phenotype and
genetic status of glioma cells, leading to genomic instability. This
was illustrated by the acquisition of copy number alterations such
as loss of chromosomes 15p and 14q and gain of chromosome 7
by tumor cells related to a surrounding hypoxic environment. On
the other hand, the Reactive Immune program was characterized
by enrichment of IFN-y signaling, expression of genes related to
antigen presentation (HLA-DRA, HLA-A, HLA-B), enrichment of
AC- and MES-like cells, and transcription of genes linked to reac-
tive astrocytes. Notably, tumor regions of the Reactive Immune
program contained abundant HLA-DR* myeloid cells and T cells,
highlighting the close association of an inflamed tumor cell phe-
notype with immune cell infiltration. In parallel, using transgen-
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Figure 1. Dynamic crosstalk between tumor and immune cells as a potential contributor to an enhanced response to immune checkpoint blockade. Dif-
ferent transcriptional programs are defined by the abundance of immune cells such as macrophages, microglia, and T cells as well as the immunogenicity
of tumor cells that includes the expression of MHC class | and II. In addition, the generation of a peripheral immune response following immune check-

point inhibitors is a critical component of a successful therapeutic response.

ic mouse glioma models, our group reported that the absence
of CD8" T cells during gliomagenesis led to increased tumor
infiltration of Ibal* and CD11b* myeloid cells, increased tumor-
al expression of phosphorylated ERK, increased genomic insta-
bility, and a proinflammatory tumor phenotype (28). Notably,
recent evidence indicates that the ERK1/2 cascade of the MAPK
pathway positively regulates the Reactive Immune program, the
TCGA mesenchymal subtype, and the Injury Response program
(27, 34). Indeed, loss-of-function mutations and deletions in NF1,
anegative regulator of the MAPK pathway, are genetic alterations
strongly associated with the TCGA mesenchymal subtype and
the MES-like cell state (25, 31).

The close interaction between immune cells and tumor cells
driving the emergence of an immunogenic GBM cell phenotype
has been illustrated as an important feature of this type of brain
cancer (24). Interaction analysis between ligands and receptors
showed that through secretion of cytokines such as oncostatin
M, macrophages can induce the MES-like phenotype in GBM
cells, which was characterized by high expression of MHC class
I and II-associated genes and increased susceptibility to T cell
killing. This evidence builds on the notion that GBM evolves fol-
lowing a neurodevelopmental hierarchy and undergoes dynamic
adaptations to a more inflammatory phenotype in response to
the signals of an immune-enriched tumor microenvironment,
including the upregulation of antigen-presenting molecules.
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Furthermore, these studies highlight the fact that the transcrip-
tional identity of a subset of GBMs is not determined exclusively
by the DNA somatic alterations but is governed by the dynam-
ic communication with the immune tumor microenvironment
during tumor progression (24, 30).

The clinical importance of defining different phenotypes in
GBM lies in the tumor’s intrinsic vulnerabilities and signaling depen-
dencies associated with each transcriptional program that could be
exploited therapeutically (30). Whether these types of GBMs are
labeled as MES-like cells, Injury Response, or Reactive Immune,
the clinical relevance of these classifications is that they highlight
an inflammation-related phenotype of GBM that might be more
suitable for immunotherapeutic approaches. The ability of periph-
eral and brain immune cells to induce an immunogenic tumor cell
phenotype might also be an indicator of the strength of the patient’s
immune system to mount an effective response during immunother-
apy. Considering the immunological status of TCGA mesenchymal
tumors and the poor prognosis compared with all other subtypes
(25), this subset of tumors could be treated with therapies more suit-
able to their phenotype and immune cell content. Nonetheless, fur-
ther investigation in preclinical models and patients with GBM will
be able to confirm the susceptibility of this subset of inflamed tumors
to immunotherapies and the associated biomarkers. A summary of
evidence illustrating the crosstalk between tumor and immune cells

is shown in Figure 1.
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Potential biomarkers to evaluate ICB response
Although predictive biomarkers for response to immune check-
point inhibitors have been established for several cancers, they
are limited to immunogenic tumor types, and most do not seem
to be useful in gliomas. Biomarkers of response to ICB described
for other cancers include programmed death ligand 1 (PD-L1) pos-
itivity on tumor and immune cells, expression of an IFN-y gene
signature, the status of the tumor immune microenvironment, T
cell infiltration, microsatellite instability, high tumor mutation-
al burden (TMB), and DNA mismatch repair (dMMR) defects,
among others (35-37). The frequency of these biomarkers in GBM
is very low and is restricted to small subsets of tumors, which
partially explains the lack of response for most glioma patients
(38-41). PD-L1 expression is heterogeneous and infrequent with-
in tumors and in peripheral immune cells of glioma patients (39,
42). Particularly, expression of PD-L1 is lower in glioma-infiltrat-
ing monocyte-derived macrophages (MDMs) than in MDMs that
infiltrate brain metastases (43). This may account for the lack of
association between PD-L1 expression and survival in clinical tri-
als evaluating ICB for GBM (2, 3, 41). Likewise, expression of the T
cell-inflamed/IFN-y gene signature has also shown no association
with ICB outcomes in GBM (44).

Considering the multiple factors involved in an effective
immune and clinical response following ICB, a multicompo-
nent panel including clinical, genomic, and transcriptomic vari-
ables has been developed to improve the accuracy of predictive
biomarkers of responses to immunotherapies in other cancer
patients such as those with melanoma (45). Notably, in high-
grade serous ovarian cancers, which tend to be characterized
as poorly immunogenic with limited response to ICB, the use
of a gene network demonstrated superior predictive power for
response to immunotherapy as compared with single-gene or
single-biomarker approaches (46). Therefore, rather than use of
a single biomarker, the integration of multiple biomarkers spe-
cific to gliomas will likely be needed to accurately identify those
patients who are likely to respond to immunotherapies. Below,
we discuss the biomarkers under investigation for predicting
response to ICB in gliomas.

TMB and response to ICB. Currently, the only approved indi-
cation for treatment of GBM with ICB is for recurrent disease
that harbors a high TMB (>10 mutations per megabase). Howev-
er, this approval arose from pan-cancer trials that did not include
any patients with GBM (47). One meta-analysis failed to find evi-
dence of improved response to ICB in gliomas with high TMB
(48), and one clinical study suggests that recurrent GBM tumors
with a very low TMB may be more responsive to immunother-
apy (49). A recent analysis of over a thousand cancer patients
treated with these immunotherapies revealed that clonal TMB
was the most robust predictor for response to immune check-
point inhibitors, whereas subclonal TMB was not significantly
associated with response. Furthermore, 4 of 20 mutational sig-
natures that predicted the formation of immunogenic epitopes,
including mutational processes related to UV light, APOBEC,
tobacco, and POLE (encoding DNA polymerase E), were associ-
ated with a higher likelihood of response to ICB (50). Whereas
these mutational signatures are frequent in cancer patients who
exhibit clinical responses to ICB, they are clearly not prevalent
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in the majority of patients with GBM (51). Nevertheless, a bene-
fit from anti-PD-1 and anti-PD-L1 therapies has been observed
in hypermutated GBM caused specifically by POLE deficiencies
(8, 9, 52, 53). An observational study showed that children with
germline POLDI and POLE mutations exhibited durable objec-
tive responses in comparison with other mutational processes
that also result in hypermutation (54). In addition, two pediat-
ric patients with biallelic dMMR recurrent GBMs who exhibited
exceptional and long-lasting responses to nivolumab harbored
driver POLE mutations in their tumors (55). This is consistent
with POLE mutations producing a distinct mutational signature
based on the induction of specific patterns of nucleotide substi-
tutions that generate neopeptides with increased hydrophobicity
that are associated with response to ICB (50, 56). Notably, 35%
of de novo hypermutated gliomas are associated with deficien-
cies in POLE (57), but this association is found in only 1% to 2%
of all GBM tumors. For the majority of the 16.6% of GBMs that
present as hypermutated at recurrence, this high-TMB pheno-
type is caused by the gaining of a dMMR phenotype that leads
to tumor escape to the cytotoxicity of TMZ at more advanced
stages (57, 58). Patients with TMZ-induced hypermutated GBMs
do not experience a remarkable tumor T cell infiltration and did
not show any improvement in survival after treatment with PD-1
blockade in a retrospective analysis (57).

TMB may lead to clonal (present throughout all tumor cells)
or subclonal (present in a subset of tumor cells) neoantigens. In a
series of 31 tumors from non-small cell lung cancer patients treat-
ed with pembrolizumab, only clonal and not subclonal neoanti-
gens were recognized by T cells (59). Thus, clonal TMB is a critical
driver of response to ICB as opposed to subclonal mutations (50,
59). In support of this, we reported that in the setting of immuno-
therapy, tumor clones with mutations that were predicted to lead
to immunogenic neoantigens were present in pretreatment tumor
samples, and were then specifically depleted in recurrent tumors
of responder GBM patients treated with adjuvant PD-1 blockade
(4). On the other hand, the determination of mutational signatures
associated with response to ICB has the potential to provide a clin-
ical benefit for a selected number of patients with GBM with high
TMB. ICB response in GBM may also rely on other sources of anti-
gens, such as transposable elements (60). Together, this evidence
strongly indicates that the clonality and quality, but not quantity,
of neoantigens are critical for immunotherapy efficacy (61), and
suggests caution when considering use of only TMB as a biomark-
er for treatment of GBM with ICB.

DNA replication stress and ICB response. Beyond defects in
dMMR, we recently identified that defects in DNA replication
stress response may predict clinical outcomes to ICB in GBM
and other nonhypermutated tumors (44). When DNA replication
machinery encounters obstacles such as DNA lesions or atypical
DNA structures that impede replication fork progression, cells
activate the DNA replication stress response to stabilize the fork
and ensure faithful genome duplication (62). However, this pro-
cess is often dysregulated in cancer. We found that tumor cells
with deficient DNA replication stress response have exhausted
pools of replication protein A required to protect single-stranded
DNA formed during replication stress, resulting in accumulation
of immunostimulatory cytosolic DNA. Further, we found that a
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gene expression signature that can predict functional defects in
the DNA replication stress response was associated with better
outcomes in two studies evaluating PD-1 blockade in recurrent
GBM from Zhao et al. (4) and Cloughesy et al. (5). This evidence
suggests that PD-1 checkpoint inhibition might be beneficial for a
particular subset of patients with GBM that could be identified by
a unique molecular status involving DNA damage and replication
stress, but validation in larger cohorts is needed for the implemen-
tation of this biomarker. These results also suggest that sensitivity
to ICB may be induced by inhibitors of the key replication stress
response kinases ATR and/or CHK1, which both have multiple
compounds in varying stages of clinical trials.

MAPK pathway activation and ICB response. In an effort to dis-
tinguish those patients with GBM capable of exhibiting durable
response to ICB as documented previously (1, 4, 63), we reported
two clinical studies designed to identify molecular features asso-
ciated with response to anti-PD-1 immunotherapy (4, 6). We and
collaborators first reported that responder patients with recurrent
GBM treated with adjuvant PD-1 blockade had enrichment of
BRAF or PTPNI11 activating mutations in their tumors (odds ratio
=12.8) (4). However, the frequency of these mutations is very low
among GBMs (2%-3%) (64), and these were found in only approx-
imately 30% of responder patients. Thus, they are not a robust
biomarker for identifying most patients who would experience
benefit from PD-1 blockade.

Given that BRAF/PTPNII mutations induce signaling of
the MAPK pathway, to develop a means of identifying respond-
er patients who do not necessarily have MAPK activating
mutations, through immunohistochemistry, we investigated
the abundance of the phosphorylated/activated downstream
effector ERK1/2 of the MAPK pathway (p-ERK) in recurrent
GBM samples. p-ERK was present in tumors of patients with
GBM exhibiting better clinical outcomes after adjuvant PD-1
blockade, but no difference was found in outcomes for patients
who did not receive ICB (6). In other words, patients with high
p-ERK levels in their tumors who underwent treatment with
PD-1 exhibited longer overall survival than patients with low
p-ERK levels, or than patients with elevated p-ERK staining who
did not get immunotherapy. Yet, in patients not treated with
immunotherapy, p-ERK was not associated with survival. All
the responder patients had tumors with high p-ERK and includ-
ed tumors that did not have BRAF/PTPNI11 mutations. Notably,
most p-ERK staining derived from tumor cells. We observed a
consistent association between p-ERK and survival in a second
independent GBM cohort treated with adjuvant PD-1 block-
ade. Interestingly, elevated p-ERK was present in all responder
patients, but not all patients with elevated p-ERK demonstrated
prolonged survival (mean AUC of PD-1 blockade cohort: 0.78;
mean AUC of no-immunotherapy cohort: 0.57).

Interrogation of the immune microenvironment showed
that patients with GBM showing better clinical outcomes had
increased numbers of TMEM119* microglial and Ibal* myeloid
cells in their tumors. By differential expression analysis using sin-
gle-cell RNA-Seq, we showed that myeloid cells had enrichment
of several inflammatory gene signatures, including “MHC class 1T
protein complex binding” as the topmost expressed. Furthermore,
MHC class II was abundantly expressed in myeloid cells from
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patients with GBM who had tumors with abundant p-ERK* cells
and longer survival after PD-1 blockade. In contrast, PTEN-mu-
tated GBMs, which have poor responses to PD-1 blockade, had
deficient MHC class II expression by CD68* myeloid cells (4). In
combination with previous reports suggesting immune evasion
due to compromised MHC class II expression by glioma-associat-
ed microglia (65, 66), these results suggest that variations in MHC
class II expression among GBM (19) may account for differences
in clinical responses to immunotherapy (49). Furthermore, this
shows the uniqueness of the tumor microenvironment in respond-
er patients, consisting of an abundance of TMEM119* microglial
cells expressing MHC class II. Therefore, efficacy and biomarkers
for response to immunotherapies for GBM point to a close relation
with the antitumoral function of glioma-associated myeloid cells.
In this regard, preclinical studies also highlight the important con-
tribution of glioma-associated microglial cells to the efficacy of
anti-PD-1 therapy (67).

Whereas p-ERK was found to be associated with survival and
a different tumor immune microenvironment in patients with
GBM treated with PD-1 blockade, additional steps are needed to
implement this biomarker in the clinic. These include further vali-
dation in prospective studies, refinement of the cut point value for
categorical decision making, and standardization of the technique
to determine tissue sample quality, p-ERK epitope integrity, and
consistency of assessment of p-ERK across different centers.

Fc-yR polymorphisms and CTLA-4 ICB response. Ongoing clin-
ical trials are testing anti-CTLA-4 therapies in GBM, and there-
fore it is relevant to take into account the antitumoral mechanism
of this immunotherapy. This form of ICB relies, in part, on T cell
priming and depletion of intratumoral Tregs mediated by anti-
CTLA-4 coengaging activating Fc-y receptors (Fc-yRs), specifi-
cally CD16 (Fc-yRIIIA), expressed on antigen-presenting cells or
natural killer cells, and CTLA-4 expressed on T cells (68). Inter-
estingly, germline variants, i.e., single-nucleotide polymorphisms
in FCGR2A (H131R) and FCGR3A (V158F), have been associated
with improved outcomes owing to a higher binding affinity to IgG1
and IgG2, which increases antibody-dependent cellular cytotox-
icity. These CD16 polymorphisms (V158F) have been shown to
impact the response to ipilimumab, an IgG1 anti-CTLA-4 anti-
body, in patients with advanced melanoma (69). Among patients
with high neoantigen burden, improved response rates were
observed in patients who expressed the high-affinity polymorphic
variant of CD16 as compared with those who only expressed the
low-affinity variant (69). This is consistent with IgG1 anti-CTLA-
4 antibodies demonstrating poor binding to the low-affinity CD16
receptor. These studies highlight that germline genetic variations
in patients with cancer, such as Fc-yR polymorphisms, could con-
tribute to effective immune activation, including efficient Treg
depletion with anti-CTLA-4 therapies that would be relevant to
assess in ongoing and future clinical trials testing this immuno-
therapy in patients with GBM.

Assessing germline variants in GBM patients’ blood by
sequencing and determining the transcript levels of Fc-yRIII in
the tumor will be immediate steps necessary to investigate the
relevance of Fc-yR polymorphisms with anti-CTLA-4 therapies in
GBM. A summary of evidence highlighting the potential biomark-
ers for ICB in GBM is shown in Figure 2.
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of anti-CTLA-4 immunotherapy induced by antigen-dependent, cell-mediated cytotoxicity, which has been associated with germline polymorphisms

of Fc-yR with high binding affinity to the therapeutic monoclonal antibodies. AP-1, activator protein 1; A-RAF, A-rapidly accelerated fibrosarcoma; ATM,
ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related protein; CHK1, checkpoint kinase 1; FOSL1, Fos-related antigen 1; GRB2, growth
factor receptor-bound protein 2; NF1, neurofibromin 1; SHP-2, Src homology region 2 domain-containing phosphatase-2; SOS, Son of Sevenless.

The peripheral compartment in response to ICB

Cumulative clinical evidence accentuates the importance of
peripheral immune cells as targets and drivers of response to ICB
in cancer. Indeed, the peripheral immune compartment and sec-
ondary lymphoid organs are a central source of tumor-specific
effector cells that expand and infiltrate tumor masses during treat-
ment with PD-1 blockade (70, 71). Patients with brain metastasis
exhibiting clinical responses after ICB illustrate the relevance of
the generation of a peripheral immune response for intracranial
tumors. Two phase II clinical trials evaluating ipilimumab and
nivolumab in melanoma patients with untreated brain metastases
and a trial of non-small cell lung cancer patients with brain metas-
tases treated with pembrolizumab achieved complete and partial
intracranial responses with this combinatorial strategy (72-74).
Although these studies showed durable intracranial responses
after treatment, there is no evidence linking clinical efficacy with
a local generation of immune responses exclusively in the brain
following immunotherapy. Instead, studies using preclinical mod-
els of brain metastases have shown that in the context of both
anti-PD-1 and anti-CTLA-4 therapies, extracranial tumors and

thus peripheral antigen stimulation are necessary to promote the
expansion and trafficking of effector T cells into the brain as well
as an increase in macrophages and microglia (75). These findings
are also consistent with the great concordance between extra-
cranial and intracranial responses in brain metastatic melanoma
patients treated with ipilimumab and nivolumab. In addition,
there was no evidence of intracranial beneficial responses with
lack of extracranial progression (72, 73). In addition to a mean-
ingful peripheral immune response during checkpoint blockade
therapy, increased T cell numbers and cytolytic interactions with
tumor cells might arbitrate successful intracranial responses fol-
lowing immunotherapy (43, 76). PD-1 expression was also found
in myeloid-derived suppressor cells, CD11b*F4/80* macrophages,
and CD11c*MHCII* dendritic cells in the tumor and the spleen of
melanoma-bearing mice, albeit at different levels. Myeloid-specif-
ic PD-1 targeting induced antitumoral effects (77).

Further evidence implicating the peripheral compartment as
a driver of responses to immune checkpoint inhibitors includes
the ability of anti-PD-1 therapy to increase the proliferation of
effector-like PD-1* T cells in the peripheral blood (78). Contrary
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to conventional thinking that ICB therapy rescues exhausted T
cells, it has been demonstrated that anti-PD-1 therapy induces the
clonal replacement of tumor-specific T cells. By analysis of T cells
by scRNA-Seq and T cell receptor (TCR) sequencing of pre- and
post-immunotherapy tumor samples, rather than inducing the
expansion and reactivation of preexisting exhausted tumor-infil-
trating T cells toward an effector phenotype, PD-1blockade induced
the proliferation and tumor infiltration of peripheral tumor-specific
T cell clones with a common phenotype that were not present before
therapy in basal cell and squamous cell carcinomas (79). Further-
more, multiple studies have reported that a self-renewal PD-1* T cell
population with stem cell properties that expresses TCF7 (coding
for T cell factor 1) proliferates in the periphery and lymphoid organs
and undergoes tumor antigen-driven expansion following anti-
PD-1 therapy (79-83). Furthermore, exhausted TCF1 stem cell-like
T cells have a better ability to control tumor growth compared with
other T cell types, such as those that are terminally differentiated
(81). The limited reinvigoration of tumor-infiltrating T cells and
remodeling of the T cell landscape from the periphery after PD-1
blockade highlight the important function of peripheral reservoirs
and potentially tertiary lymphoid structures that support the gener-
ation of antitumoral T cells. They also underscore the importance of
other immunotherapies that promote T cell priming and CD8* T cell
memory formation, such as anti-CTLA-4, to further potentiate the
generation of new tumor-reactive T cells (84). This needs to be con-
sidered within the context that tumor-intrinsic characteristics, in
addition to iatrogenic chemotherapy and steroid utilization, modu-
late and limit the recruitment of T cells to the tumor microenviron-
ment that suppresses the systemic immune reservoir.

In high-grade gliomas like GBM, patients can present with
profound generalized lymphopenia (CD8* and CD4" T cells) that
is further intensified by TMZ, radiotherapy, and steroids (85-87).
In glioma patients, there are difficulties in the egress of T cells
from the bone marrow to the peripheral blood, which is mediat-
ed by the loss of the sphingosine-1 type 1 receptor, critical for cell
trafficking, on naive T cells (87). The T cells that are able to infil-
trate gliomas have a hypofunctional phenotype demonstrated by
low production of IFN-y, IL-2, and TNF-o. compared with matched
and control PBMCs (88). The tumor-infiltrating lymphocyte (TIL)
state of exhaustion is so profound in GBM that it cannot be suffi-
ciently reversed (42). It is not expected that the therapeutic effects
of immunotherapies would rely mainly on the reinvigoration of
TILs, as ex vivo treatment with anti-PD-1 therapy shows limited
reinvigoration of terminally differentiated CD8" T cells isolated
from human GBM (89). Considering the tumor-infiltrating T cell
clonal replacement that occurs after anti-PD-1 therapy (79), treat-
ment with ICB is expected to induce the expansion of specific T
cell populations such as activated PD-1* CD39* T cells with poten-
tial tumor antigen specificity and increased TCR clonality found
in the peripheral blood of glioma patients (90).

Arecent clinical study of patients with GBM showed that neo-
adjuvant PD-1 blockade induced the expansion of TCF7* progeni-
tor exhausted T cells expressing markers of proliferation and cyto-
Iytic activity as well as GZMK"* T cells expressing PDCDI (PD-1),
HAVCR2 (TIM-3), and IFNG suggestive of activation and terminal
differentiation with antigen specificity (12). Activated cytolytic
T cells that expanded in the peripheral blood had TCR overlap
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with TILs in these patients with GBM. This was accompanied
by increased intratumoral levels of T cells in patients with recur-
rent GBM treated with neoadjuvant PD-1 blockade compared
with recurrent and newly diagnosed tumor patients who did not
receive immunotherapy. As in other cancers, anti-PD-1 therapy
induced the expansion of peripherally activated T cells that subse-
quently infiltrated the GBM microenvironment. Even though this
evidence shows remodeling and increased levels of intratumoral
T cells, it would be therapeutically relevant to determine wheth-
er supportive measures to replenish and revitalize the lymphoid
compartment would improve clinical outcomes in lymphopenic
GBM patients treated with neoadjuvant PD-1 blockade or other
immunotherapies. The association of clinical responses with high
number of baseline TILs seen in several cancers may reflect the
ability of the peripheral immune system to resupply the tumor
with new T cell clones during immune checkpoint inhibition in
contrast to a reinvigoration of TILs (91).

As the peripheral compartment represents a critical com-
ponent for therapeutic responses after ICB, variables assessing
the immune fitness of the glioma patient’s immunity as well as
a productive peripheral reaction during treatment could be clin-
ically relevant as biomarkers of response to immunotherapies.
For instance, baseline and on-treatment peripheral immune
profiling and the assessment of adequate levels of immune cells
and function of secondary lymphoid organs by surrogate mark-
ers might help identify and treat patients with GBM who would
likely respond to immunotherapy. On the other hand, longer
treatment with PD-1 inhibitors may support a delayed genera-
tion of key antitumoral T cell populations in GBM patients with
lymphopenia. Evaluation of the innate and adaptive immune
cell profile of T cells, B cells, natural killer cells, monocytes,
dendritic cells, neutrophils, eosinophils, and basophils in both
peripheral blood and tumor would provide insight into the phe-
notype and activation status of immune cells. This analysis has
been used to assess baseline and therapy-mediated changes in
local and peripheral cellular immunome in patients with pancre-
atic cancer, localized clear cell renal cell carcinoma, non-small
cell lung cancer, and melanoma (92-96).

Conclusions

We are at a critical juncture where the results of deep molecular
and immune characterizations of gliomas need to be leveraged
sufficiently to guide clinical management of patients with glioma
tumors. Immunotherapies have the potential to change the clinical
course of patients with GBM. While current benefit is limited to
a small subset of patients, the use of biomarkers to guide immu-
notherapy would be a major step toward a personalized medicine
approach, enable health care professionals to capitalize on the
well-established reality of intertumoral heterogeneity in gliomas,
and facilitate the development of the next generation of therapies
and treatment paradigms. More complex biomarker tools have
been developed in recent years with greater accuracy in predicting
responses to therapies, in a multitude of cancers, including glio-
mas. We envision that a comprehensive panel of biomarkers will
collectively improve our ability to identify patients most likely to
benefit from immunotherapy and identify optimal treatment regi-
mens that will improve outcomes for patients with GBM.
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