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Abstract

Introduction: Despite maximal surgical resection and chemoradiation, glioblastoma (GBM)
continues to be associated with significant morbidity and mortality. Novel therapeutic strategies
are urgently needed. Given success in treating multiple other forms of cancer, checkpoint inhibitor
immunotherapy remains foremost amongst novel therapeutic strategies that are currently under
investigation.

Areas covered: Through a systematic review of both published literature and the latest
preliminary data available from ongoing clinical studies, we provide an up-to-date discussion on
the immune system in the CNS, a detailed mechanistic evaluation of checkpoint biology in the
CNS along with evidence for disruption of these pathways in GBM, and a summary of available
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preclinical and clinical data for checkpoint blockade in GBM. We also include a discussion of
novel, emerging targets for checkpoint blockade which may play an important role in GBM
immunotherapy.

Expert opinion: Evidence indicates that while clinical success of checkpoint blockade for the
treatment of GBM has been limited to date, through improved preclinical models, optimization in
the context of standard of care therapies, assay standardization and harmonization, and
combinatorial approaches which may include novel targets for checkpoint blockade, checkpoint
inhibitor immunotherapy may yield a safe and effective therapeutic option for the treatment of
GBM.
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1. Background

Although representative of only ~2% of all adult cancers, the World Health Organization
(WHO) grade 1V tumor, glioblastoma (GBM) is one of the deadliest and its treatment
remains a significant challenge [1,2]. GBM is the most common primary malignant brain
tumor in adults [3,4] and has recently been distinguished from IDH mutant tumors as these
IDH-wild type diffuse astrocytic gliomas have histological and genetic features predictive of
highly aggressive clinical behavior [5]. The median survival of patients with GBM is 15
months with standard of care treatment [6-8]. Standard of care therapy continues to be
centered on maximal surgical resection as a less than gross total resection portends a poorer
prognosis [9]. Concurrent temozolomide (TMZ) and radiotherapy is usually initiated four
weeks post-surgery to allow for wound healing, followed by adjuvant TMZ [10]. Other Food
and Drug Administration (FDA) — approved GBM therapies include alternating electric
fields, bevacizumab and intracavitary wafers. Unfortunately, radiotherapy is often ineffective
against tumor cells in hypoxic environments such as those found in larger tumors with
necrotic cores [11,12]. Of note, recent evidence has emerged to suggest that radiation may in
fact drive progression of GBM tumors to more malignant phenotypes [13]. Despite its ability
to cross the BBB, only about 20% of TMZ contained within plasma penetrates the
cerebrospinal fluid (CSF) due to its low solubility and short half-life (i.e. 1.8 hours) [14]. As
such, high systemic doses are typically required to reach therapeutic levels within the CNS
[14-16]. This can result in off target toxicity that requires cessation of therapy. Moreover,
treatment resistance and subsequent failure is common with continuous and prolonged
treatment and can occur through a myriad of mechanisms [17]. For example, O(6)-
methylguanine-DNA-methyltransferase (MGMT) directly repairs damaged DNA caused by
alkylating agents such as TMZ and is more active in patients with prior exposure to TMZ
thus contributing to treatment resistance [18,19]. MGMT methylation status has also been
linked to survival [20,21]. Finally, it is prudent to note that GBM is a genetically and
functionally heterogeneous tumor, with a subset of cancer stem cells (CSCs) that exhibit
self-renewal capacity and resistance to standard of care therapy [22].

Immunotherapy has emerged as a promising alternative treatment strategy for a number of
tumors. Critically, the dogma that the brain is an immune privileged environment has been
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eroded with a litany of evidence now having demonstrated fully functional innate and
adaptative immunity within the brain [23,24]. Immunotherapeutic strategies in development
for GBM encompass several different approaches which, for example, in addition to
checkpoint inhibitors including the delivery of oncolytic viruses [25], bispecific antibodies
[26-28], adoptive transfer of chimeric antigen receptors (CAR) T cells [29-32], cytokine
therapies [33], tumor or peptide vaccines [34-36] and dendritic cell therapies [37,38]. Given
the success of immune checkpoint inhibitor immunotherapy in many other forms of cancer,
however, checkpoint inhibitors remain an attractive choice currently under clinical
investigation for the treatment of GBM. Indeed, immune checkpoint blockade has shown
significant preclinical promise [39-43]. Recent advanced-phase clinical trials, however, have
failed to yield improved patient outcomes, suggesting that additional preclinical and clinical
studies are necessary to improve our understanding of this immunomodulatory therapeutic
platform such that it may achieve meaningful results in the treatment of GBM. Here, we
focus on data published over the previous decade in the National Library of Medicine
journal citation database (MEDLINE) and the latest preliminary data available from ongoing
clinical studies to provide an up-to-date discussion on the immune system in the CNS, a
detailed mechanistic evaluation of checkpoint biology in the CNS along with evidence for
disruption of these pathways in GBM, and a summary of available preclinical and clinical
data for checkpoint blockade in GBM. We also include a discussion of novel, emerging
targets for checkpoint blockade which may play an important role in GBM immunotherapy.

2. Tumor Immune Response in GBM

The tumor immune response is a complex interplay between cancer cells and the immune
system, consisting of recognition of tumor antigens via the presentation of these antigens by
antigen-presenting cells (APCs) to antigen-specific naive T-cells (Figure 1). Although fewer
tumor-associated antigens have been identified from gliomas than from other tumors, viable
immunologic targets have been described, such as EGFRvIII, SART3, MAGE1, gp100,
IL13Ra2, HER2, EphrinA2, amongst others [44]. To mount an anti-glioma response, the
immune system must be able to access these antigens and present them to antigen-specific
naive T-cells. For CNS antigens, this initial activation of T-cells occurs in the periphery [45],
as the brain lacks secondary lymphoid organs, and under physiologic conditions the brain’s
resident myeloid cell population, microglia, express low levels of the accessory molecules
necessary for efficient antigen presentation [46,47]. The CNS possesses a unique system of
lymphatics that provide an anatomic pathway for brain antigens to reach lymphoid organs
for presentation, with cerebrospinal fluid functioning as lymph. This was first described with
the discovery that antigen transferred into the brain collects in the cervical lymph nodes
[48], and later the discovery that injection of antigen can lead to an antibody response [49].
The interstitial fluid of the CNS drains via perivascular channels into the CSF, across the
cribriform plate to nasal mucosa and collects in the deep cervical lymph nodes (DCLN),
where they are taken up by dendritic cells (DCs) and presented to naive antigen-specific T-
cells [23,46]. Several groups have shown that intracerebrally injected DCs migrate to the
DCLN chains and activate tumor-specific T-cells that migrate to the brain [50], while others
have shown that intracerebrally injected antigen can activate T-cells within DCLN [51]. In
addition to DCs in the DCLN, other cell types that may play a role in immune surveillance
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include choroid plexus epithelial cells, and meningeal, perivascular and ventricular
macrophages, all of which are external to the parenchyma, but can sample antigen via access
to the CSF [46,47].

Within the lymph nodes, tumor antigen is presented to antigen-specific naive T-lymphocytes,
which then become activated and travel from the blood to the brain under the control of
chemokines which guide their pathotropic “homing” to the site of tumor [52,53]. Here, these
tumor-infiltrating lymphocytes (TILs) exert their cytotoxic function with increased numbers
of TILs having been correlated with greater overall survival in a number of different cancers
[54-56]. In glioma, a study of 519 patients, increased CD8+ T cell infiltrate was found to
correlate with long-term survival [57], highlighting the role of cytotoxic lymphocytes in the
anti-tumor response. Others have likewise shown that increased CD3+ and CD8+ immune
cell infiltration correlates with improved survival [58]. Still others have demonstrated that
patients with tumors that have a higher density of (Forkhead box P3) Foxp3+ TILs have a
shorter progression free survival and overall survival, while a higher density of CD8+ TILs
provided no significant difference in survival [59]. Some have concluded that
methodological issues including low sample size and limited study designs have precluded
more definitive conclusions [60].

Several of these steps in the immune response are subject to regulation by activating or
inhibitory signals known as checkpoints, which modify the duration and intensity of the
response. Checkpoint signaling can occur during the priming or effector phase. The priming
phase, described above, occurs in secondary lymphoid organs with the presentation of
antigen by APCs to naive T-cells, and is subject to inhibitory checkpoints via receptor-ligand
interactions between naive lymphocytes and the APCs (e.g., cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4)/B7) [61,62]. The activated cells that make it past the first
checkpoint then undergo upregulation of inhibitory receptors such as programmed cell death
protein 1 (PD-1) [63]or T-cell immunoglobulin and mucin-domain containing-3 (T1M-3)
[64], which can interact with their ligands programmed death-ligand 1 (PD-L1) [65] or
galectin (GAL)-9 [66], respectively, in the tumor and/or tumor stroma. In a physiologic state,
these checkpoints are critical for downregulating immune responses and thus avoiding
potentially devastating neurologic sequela that could occur from an unrestrained response.
These checkpoints, however, are often usurped by tumors as a way to evade the tumor
immune response (reviewed in [67]); therefore, a firm understanding of the physiologic and
pathobiologic function of these checkpoints are critical in an effort to harness them as
effective therapies for GBM.

3. An Overview of Checkpoint Biology

3.1 Inhibitors and costimulators

In a simplified sense, the immune synapse between a T-cell and APC or target cell consists
of a primary and secondary signal; the former occurs via interactions between the T-cell
receptor (TCR) and antigen loaded on a major histocompatibility complex (MHC) while the
latter is either co-stimulatory or co-inhibitory, which ultimately determines the trajectory of
the T-cell response that unfolds. Importantly, much of what has been described about
mechanisms underlying the function of either co-stimulatory (e.g., CD28, CD80, CD86,
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CD137, OX40) or co-inhibitory (e.g., CTLA-4, PD-1, lymphocyte-activation gene 3
(LAG-3), TIM3) checkpoint proteins has been derived from solid tumor models of
melanoma and the underlying immunobiology in GBM is therefore less well-described.

3.2 CTLA-4: activation

CTLA-4 serves as a regulatory checkpoint at the priming stage by interfering with one of the
signals required for T-cell activation (Figure 2). As per the above mentioned, priming of
naive T-cells in secondary lymphoid organs requires an immune synapse to form that
consists of two signals, 1) peptide antigen presented via the MHC, which engages the TCR,
and 2) a costimulatory signal from one of several molecules; for activation this is typically
B7 on the APC binding with CD28 on the T-cell surface. However, CD28 shares its ligand,
B7, with the receptor CTLA-4, which also localizes to the T-cell surface in response to
antigen recognition [68,69]. CTLA-4 possesses a higher affinity for B7 than does CD28
[68], leading to CTLA-4 outcompeting and blocking the costimulatory interaction between
CD28 and B7, inhibiting activation and leading to anergy [70]. Ligand-bound CTLA-4 also
inhibits intracellular signaling involved in T-cell activation [71,72]. The critical role for
CTLA-4 in modulating immune response is demonstrated in CTLA-4-deficient mice, who
demonstrate lethal immune system hyperactivation [61]. CTLA-4-mediated immune
regulation also occurs via regulatory T-cells (Tyeg) at the effector site. Tyeq are characterized
by expression of Foxp3 transcription factor, which controls transcription of the Ct/a4 gene
such that Tyeq constitutively express CTLA-4 [73]. CTLA-4 is critical to the
immunosuppressive function of Tyeq by binding B7 and leading to its downregulation on
APCs [74]. This function of CTLA-4 becomes particularly significant in tumors, which
contain increased fractions of Tieq cells [75].

3.3 PD-1: effector phase

While CTLA-4 exerts its regulatory activity mainly during the priming of naive T-cells,
PD-1 acts as a checkpoint during the effector stage of immune response (Figure 3). PD-1 is
upregulated on the surface of activated T-cells, and its signaling leads to reduced
proliferation, cytokine production and impaired cytolytic function [76]. Prolonged antigen
exposure, such as that which occurs with chronic viral infection or cancer, leads to
persistently high levels of PD-1 expression and can lead to a state of T-cell exhaustion [77].
PD-1’s two ligands, PD-L1 (B7-H1) and PD-L2 (B7-DC) differ. While PD-L2 expression is
limited to professional APCs, including DCs and some macrophages, PD-L1 is expressed on
peripheral epithelial cells, activated hematopoietic cells, and tumors [76] and is upregulated
in response to interferon (IFN)-gamma production by activated T-cells [78]. PD-1/PD-L1
interaction plays an important role in peripheral tolerance [79]. PD-L1 can also interact with
B7, (the ligand from CD28 and CTLA-4) to deliver inhibitory signals [80], adding another
layer of complexity to this immunoregulatory pathway. PD-L2-PD-1 interaction likewise
inhibits TCR-mediated cytokine production and proliferation [81]. APCs from PD-L2-
dificient mice have been shown to be more potent in inducing T cell activation compared to
wild-type controls [82]. The control of expression of the two ligands differs, however, as
PD-L1 expression is primarily upregulated by IFN-gamma, while both IFN-gamma and
IFN-beta upregulate PD-L2 expression [83]. PD-L1 and PD-L2 also differ in their
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interaction with PD-1, with PD-L2 binding to PD-1 with an approximately 3-fold stronger
affinity compared to PD-L1 [84-87].

Immune Dysregulation in GBM

GBM exerts its potent immunosuppression via a variety of mechanisms, including
production of immunosuppressive cytokines, impaired antigen presentation by APCs [88],
recruitment/proliferation of Tyeq cells [75], and T-cell exhaustion [89]. One important
mechanism of immunosuppression is dysregulation of the checkpoint signaling described
above.

The PD-1/PD-L1 axis is a known mediator of immunosuppression in GBM. Interestingly
PD-1 expression is increased on peripheral T-cells in patients with grade Il through 1V
astrocytomas as compared to healthy controls, and expression correlates with increasing
tumor grade [90]. PD-L1, rarely expressed on the cell surface in normal human tissues
(albeit with a few exceptions such as tonsil and placenta, and some cells from the
macrophage lineage [91]), is also significantly increased on glioma cells, tumor associated
macrophages, and circulating monocytes found in GBM patients [92]. In a sample of 135
human GBM specimens, over 70% of cells expressed PD-L1, and the percentage was even
higher in newly diagnosed GBM [93]. This increase in PD-L1 expression likely occurs both
through tumor specific mutations and through adaptive response to inflammation. Loss of
the tumor suppressor phosphate and tensin homology (PTEN) and activation of the
phosphatidylinositol-3-OH kinase (P1(3)K) pathway have been shown to increase expression
of PD-L1, and tumors expressing the mutated PTEN show resistance to tumor-specific T-cell
lysis as compared to glioma cells expressing wild-type PTEN [94]. PD-L1 expression also
increases in response to inflammatory cytokines such as IFN-gamma, which are produced by
TILs as a part of the anti-tumor response [91,95]. This upregulation of PD-L1 in response to
inflammation has been termed “adaptive resistance” [96]. PD-L1 expression on tumor cells
facilitates apoptosis of activated T-cells, T-cell anergy, and T-cell exhaustion [97].
Accordingly, it is perhaps unsurprising that expression of PD-L1 on tumor cells is associated
with poor prognosis and decreased overall survival in several types of cancer [98-100],
including GBM [101]. Interestingly, expression of PD-L1 on surrounding neurons may
actually correlate with a better prognosis as these PD-L1 expressing neurons induce a
caspase-dependent apoptosis of glioma cell [101]. Further work will be necessary to fully
elucidate the relationship between PD-L1 expression and GBM prognosis, but current
evidence suggests an unfavorable cumulative effect on prognosis [102-107].

Engagement of CTLA-4 on naive T-cells also results in an impaired anti-glioma immune
response, demonstrated most saliently by the fact that C7LA-4 polymorphisms which alter
gene expression and increase downregulation of T-cell activity yield increased risk for
developing gliomas [108]. Because of its inhibitory role in antigen priming, the effects of
CTLA-4 pose particular challenges to immunotherapies designed to induce anti-tumor
immune responses, such as DC vaccines [109]. CTLA-4 also plays a role in glioma-induced
immunosuppression through its role with Treg, which are increased both systemically and
within the tumor microenvironment in GBM patients [75]. Finally it is important to reiterate
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that CTLA-4 is constitutively expressed on Tyeg, Where it augments immunosuppressive
functions and prevents T-cell responses to tumor antigen(s) [110].

It is also important to consider the impact of standard of care therapies on the immune
response to GBM. Temozolomide chemotherapy and radiation, proven to provide a survival
benefit for patients with GBM, carry a major side effect of lymphopenia. Multiple
immunotherapeutic approaches have proven efficacious in the context of lymphopenia [111-
113], however, likely a result of lymphopenia induced homeostatic cytokines that reduce the
activation threshold and induce the proliferation of T-cells [114]. Dexamethasone is also
frequently used for the treatment of GBM-induced cerebral edema as it decreases the
permeability of the blood-brain barrier [115]. It is the glucocorticoid of choice given its long
half-life, high potency, and minimal mineralocorticoid activity [116]. A recent study by
Giles et al. evaluated the effect of dexamethasone during checkpoint blockade. The authors
found that dexamethasone upregulates CTLA-4 expression in CD4- and CD8-positive T
cells and diminishes CD28-mediated T cell differentiation and proliferation. CTLA-4
blockade, however, was found to partially abrogate the immune inhibitory effects of
dexamethasone, leading to increased proliferation and IFN-gamma expression in human T
cells exposed to dexamethasone and increased IFN-gamma expressing TILs and extended
survival in dexamethasone treated preclinical murine glioma models [117].

5. Checkpoint Inhibitor Immunotherapy

As discussed above, inhibitory checkpoints are physiologic mechanisms designed to protect
the body from an unrestrained immune response; unfortunately, many cancers, including
GBM, usurp these protective pathways and upregulate checkpoints proteins which results in
dampening of the host immune response. Checkpoint blockade is an FDA-approved strategy
for treating multiple solid tumors, most notably melanoma and non-small-cell lung
carcinoma (NSCLC) [118]. The overall approach has been facilitated via development of
humanized monoclonal antibodies that selectively block signaling through these inhibitory
pathways [119]. Given the observed tumor regression and improved survival in other solid
tumors, this approach is being actively explored in GBM in both the preclinical and clinical
settings.

5.1 Preclinical Studies

An early preclinical study in this space by Fecci ef a/. demonstrated that anti-CTLA-4
monotherapy employed against a murine glioma model resulted in ~80% long term survival
[40]. The authors showed that anti-CTLA-4 monotherapy reversed the dramatic reductions
in CD4* T-cell counts induced by glioma and conferred resistance to Treg Mediated
immunosuppression. They also noted that anti-CTLA-4 therapy conferred its therapeutic
benefits without inducing experimental encephalomyelitis, allaying fears that checkpoint
blockade might unleash an autoimmune response within the brain. A subsequent study by
Reardon et al. showed that treatment of glioma-bearing mice with single agent anti-PD-1,
anti-PD-L1 and anti-CTLA-4 produced long-term tumor-free survival in 50%, 20% and 15%
of animals respectively. Furthermore, combination therapy with anti-CTLA-4 plus anti-PD-1
cured 75% of animals, and even prevented tumor growth upon intracranial tumor rechallenge
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[39]. Still, accurately predicting human responses to immune checkpoint inhibitor
immunotherapy in preclinical models of glioblastoma remains a challenge. To better predict
clinical responses, a novel GBM model, SB28, has recently been developed to recapitulate
key human GBM characteristics including low mutational load and low MHC-I expression;
unlike the commonly used, highly immunogenic GL261 tumor model, this novel tumor
model induces modest CD8+ T-cell infiltration and is resistant to immune checkpoint
blockade [120]. Such a model better recapitulates human GBM and is useful for ongoing
efforts to study checkpoint immunotherapy.

5.2 Clinical Studies

There are many ongoing clinical trials investigating checkpoint blockade in newly diagnosed
or recurrent GBM. Trials investigating blockade of PD-1 with the monoclonal antibody,
nivolumab are ongoing. Unfortunately the initial results from CheckMate 143
(ClinicalTrials.gov NCT02017717), the first large randomized clinical trial of program death
pathway inhibition in the setting of GBM, have failed to demonstrate a prolongation in
overall survival when comparing nivolumab to bevacizumab in the treatment of recurrent
GBM [121]. Despite this setback the efficacy of nivolumab is currently being investigated in
multiple phase 2 trials in newly diagnosed GBM patients. One of these trials is pursuing the
addition of nivolumab to standard of care (temozolomide plus radiation) (NCT02667587,
CheckMate-548), while another is comparing nivolumab to temozolomide, each combined
with radiation therapy (NCT02617589, CheckMate-498). Preliminary results from the
CheckMate-498 study, a randomized Phase 3, multi-center study evaluating nivolumab and
radiation versus temozolomide and radiation in patients with newly diagnosed MGMT-
unmethylated GBM after surgery, demonstrate that the primary endpoint of overall survival
was not met at final analysis [122]. Full evaluation of the data is ongoing and peer-reviewed
publication of the results is pending.

The results of a recent randomized, multi-institution clinical trial designed to evaluate
immune responses and survival following neoadjuvant and/or adjuvant therapy with
pembrolizumab (anti-PD-1) in patients with recurrent, surgically resectable GBM have also
been published [123]. Via this important work Cloughesy et al. demonstrate that patients
who were randomized to receive neoadjuvant pembrolizumab, with continued adjuvant
therapy following surgery, had significantly extended overall survival as compared to
patients that were randomized to receive adjuvant, post-surgical PD-1 blockade [123]. Of
note, neoadjuvant PD-1 blockade was also associated with upregulation of T cell- and IFN-
y-related gene expression, and downregulation of cell-cycle-related gene expression within
the tumor, which was not seen in patients that received adjuvant therapy alone [123]. Finally,
focal induction of PD-L1 in the tumor microenvironment, enhanced clonal expansion of T-
cells, decreased PD-1 expression on peripheral blood T-cells and a decreasing monocytic
population was observed more frequently in the neoadjuvant group [123]. A second
prospective study conducted by Schalper et al. appears to support the validity of neoadjuvant
centered checkpoint strategies [124]. They again demonstrated that neoadjuvant delivery of
an anti-PD-1 monoclonal antibody (i.e. nivolumab) resulted in enhanced expression of
chemokine transcripts, higher immune cell infiltration and most interestingly appeared to
augmented TCR clonal diversity among TILs [124]. These findings are critical and suggest
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that the neoadjuvant administration of PD-1 blockade enhances both the local and systemic
anti-tumor immune response and may represent a more efficacious approach to the treatment
of this uniformly lethal brain tumor thereby suggesting that the temporality of checkpoint
therapy must be considered in future trials.

Many other trails are currently underway investigating combinations of immunotherapeutic
strategies, including dual checkpoint blockade. For example, in patients with recurrent
GBM, blockade of LAG-3 or stimulation of CD137 (4-1BB) alone or in combination with
anti-PD-1 is being examined (NCT02658981). In patients with newly diagnosed GBM, a
phase 1 trial has begun to assess ipilimumab (anti-CTLA-4) and nivolumab, individually and
in combination (NCT02311920). Others are combining tumor vaccines with checkpoint
blockade (NCT02529071, NCT03018288, NCT03014804).

6. Emerging Targets for Checkpoint Blockade in GBM

While the majority of current clinical trials are investigating the classical immune
checkpoints (i.e. PD-1 and CTLA-4), there are newly recognized alternative checkpoints that
provide additional opportunities for study and treatment. Characterizations of GBM and
TILs within the tumor microenvironment have demonstrated expression of additional
markers, including TIM-3, LAG-3, T-cell immunoreceptor with Ig and ITIM domains
(TIGIT) and CD39, among others [125-127]. Of note, within GBM, there is significantly
lower functionality of TILs that are triple positive for PD-1, TIM-3, and LAG-3 [89],
suggesting a correlation between mounting immune checkpoint expression and degree of T-
cell exhaustion. These results highlight the importance of exploring alternative checkpoints.

TIM-3 is increasingly recognized as a negative regulator of T-cell responses. The binding of
TIM-3 to GAL-9, one of its ligands, induces T-cell death through intracellular calcium
influx [66]. Studies have demonstrated increased TIM-3 expression on exhausted CD8* T-
cells [128] and in mouse models of many solid tumors it is often co-expressed with PD-1,
representing a severe state of exhaustion [129]. Given its potential for dampening the
response of T-cells to tumor antigens, TIM-3 represents an attractive target for therapy.
Preclinical study of combination therapy targeting PD-1 and TIM-3 along with focal
radiation demonstrated efficacy in murine glioma [130]. While not yet under investigation in
human GBM, several groups are exploring anti-TIM-3 monotherapy and combination
checkpoint blockade with anti-PD-1 and anti-TIM-3 in phase | and I1 trials (NCT02817633
[Tesaro, Inc.], NCT03099109 [Eli Lilly], NCT02608268 [Novartis]) for advanced solid
tumors.

LAG-3 is an MHC class Il ligand expressed on activated T-cells [131]. With similar
homology to CD4, LAG-3 competes for MHC class Il and when bound is able to negatively
regulate antigen-dependent responses [131,132]. Additionally, LAG-3 is expressed on Tyeq
cells and enhances their immunosuppressive capacity [133]. In an alternative manner of
immunosuppression, Tyeq are able to gain expression of MHC class 11 through the process of
trogocytosis [134] and subsequently bind LAG-3 on effector cells, dampening their activity
[133]. Given its upregulation on exhausted T-cells, namely TILs in the setting of cancer, the
blockade of LAG-3 is being targeted in the clinical setting for GBM and other malignancies.
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A phase | clinical trial investigating anti-LAG-3 alone or in combination with nivolumab
(anti-PD-1) in patients with recurrent GBM has recently begun recruitment (NCT02658981).

Another alternative checkpoint gaining recognition for its role in interfering with anti-tumor
immunity is CD39, an ectonucleotidase. When tissues are disrupted in pathologic conditions
such as inflammation, hypoxia, and/or malignancy, the extracellular level of ATP rises [135].
Anchored in the cell membrane of B-cells, monocytes, and T-cells, CD39 catalyzes the
hydrolysis of ATP and ADP into AMP, which is then converted to adenosine [136]. While its
effects vary by receptor binding, in the tumor setting adenosine modulates immune cells,
creating an immunosuppressed state with enhanced Tyeg function and dampened T effector
and NK cell function [136]. With preliminary investigations demonstrating increased CD39
expression on Treq in GBM and correlation with decreased survival [137], CD39 may
represent a future target for checkpoint blockade.

7. Expert Commentary & Five-Year View

Despite the success of immune checkpoint blockade strategies in many solid tumors,
efficacy of immune checkpoint blockade in GBM is still wanting. The failure of the
CheckMate-143 trial has highlighted some of the challenges associated with bringing
immune checkpoint blockade to bear in GBM. Multiple predictors of patient response to
immune checkpoint blockade have been demonstrated in other solid tumors, including tumor
PD-L1 expression, high mutational burden and high T-cell infiltration yet their relevance to
GBM remains unclear.

Immune checkpoint blockade likely perpetuates the anti-tumor activity of T-cell responses
against neo-antigens (T-cell epitopes newly formed by tumor-specific mutations [138]).
Therefore, the mutational status of the tumor has been shown to predict responses to
immune checkpoint blockade, with tumors that have higher mutational loads predicting
sensitivity to immune-checkpoint blockade [139-141]. GBM, in contrast, has a very low
mutational burden as highlighted by Hodges et a/.; this work demonstrated that only a
minority of GBM patients (~3.5%) have a high tumor mutational load thereby suggesting
that GBM patients would be unlikely to benefit from immune checkpoint inhibition
monotherapy [142]. Interestingly, a recent retrospective study of individuals with recurrent
GBM by Zhao et al. has revealed via genomic/transcriptomic analyses a role for PTEN
mutations and MAPK pathway alterations in anti-PD-1 therapy in non-responders and
responders respectively [143]. Unfortunately, this work also highlighted treatment failure in
those patients that were initial responders; their analysis of a small subset of responders and
non-responders revealed that neoantigens were lost over the course of treatment and that
genes sets related to immunosuppression became enriched post-therapy [143].

Additionally, while the immunosuppressive effects of chemotherapy present a challenge for
designing any effective cancer immunotherapy strategies, differences do appear to exist
between systemic chemotherapy and local chemotherapy. In line with such thinking Mathios
et al. showed that local chemotherapy combined with anti—-PD-1 facilitates an anti-tumor
immune response and improves survival in GBM [144]. Local chemotherapy treated mice
displayed increased infiltration of tumor-associated DCs and clonal expansion of antigen-
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specific T effector cells whilst in comparison, those animals that received systemic
chemotherapy displayed systemic and intratumoral lymphodepletion, with decreased
immune memory in long-term survivors [144]. Interestingly evidence has also emerged to
suggest that while alkylating chemotherapeutic agents such as TMZ induce tumoral
mutations (i.e. thereby creating neoantigens) these are unlikely to be helpful for improving
responses to immune checkpoint blockade given their subclonal nature [145].

Despite compelling anti-tumor activity of antibodies targeting PD-1, resistance to these
therapies has been observed in cancers previously known to be sensitive. To further elucidate
potential mechanisms of adaptive resistance, Koyama et a/. analyses the tumor immune
microenvironment in the context of anti-PD-1 therapy in two fully immunocompetent mouse
models of lung adenocarcinoma [146]. In tumors progressing following response to anti-
PD-1 therapy, they observed up-regulation of alternative immune checkpoints, notably
TIM-3 [146]. Given that GBM has been noted to induced/upregulate multiple immune
checkpoints, monotherapy may not be sufficient [89].

Additionally, bone marrow T-cell sequestration is a newly characterized phenomenon
occurring in the setting of intracranial tumors. T-cells become sequestered in the bone
marrow following loss of the S1P1 receptor from the T-cell surface [147]. This contributes to
the long-described lymphopenia seen in patients with GBM. Sequestration likely also
contributes to the failure of checkpoint blockade in GBM, as the effector arm of the tumor
immune response is unable to travel and to exert its anti-tumor function(s). Studies in mice
showed that reversing sequestration in a “knock-in” model preventing receptor
internalization allowed T-cells to travel to the brain tumor and licensed T-cell activating
therapies/checkpoint blockade thereby improving survival [147]. Clearly, the development of
pharmacologic strategies to prevent sequestration and/or deliver increased numbers of T-
cells to the intracranial tumor (e.g. via the provision of oncolytic viruses [148]) will likely
improve efficacy of checkpoint blockade in patients with GBM.

Taken together, while checkpoint inhibitors hold immense promise for the treatment of
GBM, better outcomes may be realized through improved preclinical models, strategies to
enhance checkpoint immunotherapy in the context of other standard of care therapies,
combinatorial approaches utilizing alternative emerging targets for checkpoint
immunotherapy, and novel strategies to reverse T cell sequestration. Significant progress has
been made in the field of cancer immunotherapy and today, following decades of
investigation, the field of cancer immunotherapy has come to fruition. There are still,
however, significant hurdles to overcome prior to realization of clinically proven effective
immunotherapy for brain tumors.

Numerous modalities are being explored relating to checkpoint inhibitors as detailed in this
review. In bring these advanced immunotherapies to the clinic it will be prudent to design
clinical studies that allow for the collection of tissue before and after the provision of
immunotherapies such as checkpoint blockade [149], thereby allowing for a precise
molecular and cellular characterization of changes post-treatment (i.e. be they suggestive of
responsive or resistant to therapy). Standardization and harmonization among assays used to
evaluate responses will also be critical. Laboratory to laboratory variation in assays
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methodology yield results that are difficult to interpret and at times lead to erroneous
conclusions, further hampering progress. Through standardization and harmonization,
however, we would better be able to define predictive markers for successful clinical
outcomes, thus enabling rational selection of study groups most likely to benefit. We and
others have pursued assay standardization and harmonization throughout collaborative
networks and believe that such efforts will be critical to advancement of the field.

Furthermore, as additional molecular targets and the mechanism by which they modulate
immune responses continue to be elucidated, it is likely that pre-clinical studies and clinical
trials will explore additional strategies for immune checkpoints modulation that have yet to
be discovered. As clinical data becomes more robust, it is also likely that checkpoint therapy
will be custom tailored to a given patients specific immune phenotype. Further studies are
needed to inform clinicians as to which patients will respond to a given therapy and which
therapies to apply to different subsets of patients. As new targets continue to emerge and our
understanding of existing targets continues to be refined, we move quickly to such a reality.
Taken together, the studies and scientific progress detailed in this review suggest that five-
year outlook for brain tumor immunotherapy in general and checkpoint inhibitor therapy in
particular holds promise.
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Key Issues

Glioblastoma continues to portend a poor prognosis with standards of care
that are centered on gross total resection and chemoradiation

Contrary to previous belief, the immune system plays and active role in the
CNS and further understanding of CNS immunology will allow for more
effective anti-cancer therapeutics.

New strategies centered on immune engagement and anti-tumoral immune
responses will be critical to treatment of GBM. Expediated pre-clinical
evaluation and advancement to clinical trials will avail new, potentially life-
saving therapeutics for patients.

While checkpoint inhibitor immunotherapy remains promising, there are still
challenges to overcome including low mutational burden, loss of neoantigens,
resistance, and lymphopenia secondary to bone marrow T cell sequestration.

Better clinical outcomes may be realized through additional studies utilizing
improved preclinical models, strategies to optimize timing of checkpoint
inhibitor immunotherapy in the context of other standard of care therapies,
and utilization of combinatorial approaches which may include novel targets
for checkpoint immunotherapy.

Through assay standardization and harmonization, more robust and reliable
predictive markers of positive clinical outcomes may be determined. This may
lead to additional clinical studies with therapeutic regimens tailored to patient
populations most likely to benefit.

Further preclinical and clinical studies are necessary to gain an increased
understanding of the safety and efficacy profile of CNS acting
immunotherapeutic checkpoint inhibitors, allowing for new and improved
therapeutics for the treatment of GBM.
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Figure 1 —. Schematic overview of T cell engagement with tumor cells or antigen presenting cells.
Tumor cells and antigen presenting cells (APCs) express a transmembrane major

histocompatibility complex (MHC) on their surface. T cell receptors (TCRs) on the surface
of T cells are capable of recognize MHC bound to target peptide antigen leading to
subsequent T cell activation. Secondary signals via PD-L1 to PD-1 binding and B7 to CD28
or B7 to CTLA-4 serve to modulate the T cell response to APCs or tumor cells expressing
target antigen. Checkpoint inhibitors including anti-PD-1 and anti-CTLA-4 have been
designed to augment the immune response. Please see accompanying text for further details.
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Figure 2 —. Schematic overview of CTLA-4 modulated T cell function.
A) T cell are activated by dendritic cells (DC) via signal 1 (MHC-antigen-TCR binding) and

signal 2 (B7-CD28 binding) leading to a naive t cell becoming a functional effector T cell
capable of secreting interleukin-2 (IL-2) which serves to further propagate the immune
response. B) CTLA-4 on the surface of T cells competes with CD28 for B7 binding. When
CTLA-4 binds to B7 (loss of signal 2), a signaling cascade is induced that leads to T cell
anergy. C) CTLA-4 is upregulated on the surface of regulatory T cells (Teg). This leads to a
predominance of B7-CTLA-4 binding among this T cell subset. Modulating CTLA-4 with
therapeutic antibodies can lead to effective anti-tumor immune responses. Please see
accompanying text for further details.
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Figure 3 —. Schematic overview of PD-1 function and T cell mediated tumor cell death.
Activated T cells produce cytokines, including interleukin-2 (IL-2) which via autocrine and

paracrine signaling lead to T cell proliferation. Activated T cells are capable of inducing T
cell apoptosis via the Fas-Fas Ligand (FasL) system. Fas-FasL binding results in localized
secretion of granzyme and perforin. This locally released complex is capable of inducing
tumor cell apoptosis. PD-1 is also upregulated on the surface of activated T cells. PD-L1 is
expressed on the surface of tumor cells, and when engaged with its receptor on the surface of
T cells, PD-1, results in decreased T cell cytokine secretion, decreased activated T cell
proliferation, and impaired T cell cytolytic function. Modulating PD-1 or PD-L1 with
therapeutic antibodies can lead to effective anti-tumor immune responses. Please see
accompanying text for further details.
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