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Abstract

Glioblastoma Multiforme (GBM) is a highly malignant primary brain cancer that is associated
with abysmal prognosis. The median survival of GBM patients is ~15 months and there have not
been any significant advance in therapies in over a decade, leaving treatment options limited.
There is clearly an unmet need for GBM treatment. Immunotherapies are treatments based on
usurping the power of the host’s immune system to recognize and eliminate cancer cells. They
have recently proven to be a successful strategy for combating a variety of cancers. Of the various
types of immunotherapies, checkpoint blockade approaches have thus far produced significant
clinical responses in several cancers including melanoma, non small-cell lung cancer, renal cancer
and prostate cancer. This review focuses on the biological rationale for using checkpoint blockade
immunotherapeutic approaches in primary brain cancer and an up-to-date summary of current and
ongoing checkpoint inhibitors-based clinical trials for malignant glioma. In addition, we expand
on new concepts for further improving checkpoint blockade treatments, with a particular focus on
the advantages of using genetically engineered mouse models for studies of immunotherapies in
GBM.
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Introduction

Gliomas account for the majority of malignant primary brain cancers and are considered one
of the most intractable malignancies in humans. Glioblastoma Multiforme (GBM) is the
most common type of malignant glioma with an incidence in the U.S. of ~13,000 new cases
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per year [Ostrom et al., 2015]. The median survival of GBM patients is ~15 months, which
roughly translates to ~ 12,000 deaths per year [Ostrom et al., 2015]. The 5-year relative
survival rate for GBM is ~3%, a statistic that has not changed in over 60 years. Clearly, there
is an unmet need for a therapeutic solution.

The genomic landscape of GBM and lower grade gliomas is now well characterized due to
the recent completion of The Cancer Genome Atlas [Brennan et al., 2013; Cancer Genome
Atlas Research et al., 2015]. This extensive molecular characterization of gliomas has
demonstrated a number of genetic mutations and signaling abnormalities that are now
recognized as drivers of uncontrollable growth, invasiveness, angiogenesis and resistance to
apoptosis [Brennan et al., 2013; McLendon et al., 2008; Verhaak et al., 2010]. GBMs can be
stratified into Classical, Mesenchymal, Neural, and Proneural subclasses according to a
well-characterized gene expression-based molecular classification [Brennan et al., 2013;
McLendon et al., 2008; Phillips et al., 2006; Verhaak et al., 2010]. The Proneural subtype is
further divided based on genome methylation and IDH1 mutation status. IDH1 mutant GBM
tumors have hypermethylated genomic DNA (referred to as Glioma CpG Island Methylator
Phenotype or G-CIMP) whereas IDH1 wild type tumors are negative for the G-CIMP
phenotype. With the exception of the G-CIMP Proneural subtype, the clinical usefulness of
this classification scheme has yet to be established. Brennan et al., in their seminal
manuscript, demonstrated no association between the Classical, Mesenchymal, Neural and
Proneural (non G-CIMP) GBM subtypes and overall survival or how patients respond to
standard of care therapy [Brennan et al., 2013]. It appears that molecular typification of
GBM is completely irrelevant to overall outcome and has yet to be appreciated clinically.
However, the molecular classification demonstrates that defined driver mutations are
associated with tumor cell wiring very specifically. For example, in the Classical subtype of
GBMs, aberrant expression of EGFR is observed in 100% of the cases [Brennan et al., 2013;
Verhaak et al., 2010]. Deregulated, active EGFR results in over activation of the Ras/Raf/
MAPK and PI3K/Akt signal transduction pathways, which are recognized as major
contributors to GBM growth and resistance to therapy. Reinforcing the Akt survival pathway
in these GBMs is the observation that ~45% of these tumors exhibit deletions or mutations
within the tumor suppressor gene PTEN and >90% are homozygously deleted or mutated in
the INK4a/ARF (CDKN2a) locus [Brennan et al., 2013; Verhaak et al., 2010]. This triple
combination of activated EGFR, loss of CDKN2a and PTEN loci is found in over a quarter
of all GBM patients [Brennan et al., 2013; Verhaak et al., 2010]. Our group has
demonstrated in genetically engineered mouse models (GEMMs) that these genetic events
are sufficient to initiate malignant gliomagenesis and to a certain extent, sustain the growth
of the resulting GBMs in mice [Acquaviva et al., 2011; Jun et al., 2012; Zhu et al., 2009]. In
contrast, the non-GCIMP Proneural subclass of GBM is mostly characterized by over
expression of the receptor tyrosine kinase PDGFRa and loss of p53 tumor suppressor gene
function [Brennan et al., 2013; Verhaak et al., 2010]. The Proneural subclass makes upward
of ~25% of all GBMs. Finally, there is a tendency for Mesenchymal GBMs to display loss of
the Neurofibromatosis 1 (NF1) tumor suppressor gene along with other oncogenic events
[Brennan et al., 2013].

Despite our deep understanding of molecular drivers of GBM, targeted therapies against
them have remained excessively inefficient (reviewed in [Olson et al., 2014]). These clinical
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failures strongly support a tenet by which oncogenic drivers might be required for tumor
initiation, and to a certain extent maintenance of tumor growth, but certainly do not confer
oncogenic addiction in GBMs. The current standard of care for GBM patients is composed
of debulking surgery followed by concomitant radio- and chemotherapy (temozolomide
(TMZ)- a DNA alkylating agent with good CNS penetration) and adjuvant TMZ
chemotherapy. Recurrence is the norm at which point treatment options are very limited.
Despite this aggressive regimen, the prognosis of GBM patients remains abysmal, furthering
the urgency for new therapies.

Characterization of the genome landscape of GBM is a Herculean accomplishment and
offers an amazing source of information. It is, however, static in nature and is weakened by
the lack of functionality associated with those events, especially with regards to tumor
reaction from therapeutic intervention and tumor dynamics vis-a-vis its microenvironment.
Furthermore, recent single GBM cell RNA-seq research exquisitely demonstrated a rather
fluid transition between subtypes within the same GBM tumor, further weakening the
clinical relevance of these subtypes in terms of survival and response to standard of care
therapy [Patel et al., 2014]. Therefore, it is imperative that appropriate model systems based
on precise molecular signatures be developed if we are to achieve significant clinical
progress against GBM. This is even more important in the context of the efficacy of various
immunotherapies since clinical outcomes are so intimately related to tumor cell mutational
spectra. The development of advanced techniques to manipulate the mouse genome
revolutionized our ability to create genetically engineering mouse models (GEMMs) of
cancer, which now offer unsurpassed opportunities to develop powerful treatment
paradigms.

GEMMSs of GBMs

Genetically Engineered Mice: an overview

The laboratory mouse as a model system for cancer research and its use in cancer drug
development is now widespread. Particularly over the past two decades, our ability to
manipulate the mouse germline has allowed for the development of mouse cancer models
based on the understanding of the underlying genetic processes that drive cancer initiation
and maintenance. Multiple laboratories have employed techniques of transgenesis and gene
targeting to create a plethora of mouse strains to study various aspects of cancer. In-depth
analysis of these GEMM strains has improved our understanding of how genes are involved
in tumorigenesis in humans. They also shed light on the genetic and histopathological
changes associated with cancer progression, maintenance and metastatic dissemination.
GEMMs have also been used to study the effects of therapeutic interventions on tumor
physiology. With the recent advent of much greater insights into the molecular and cellular
profiling of tumors, the long-awaited goal of creating genetically and histopathologically
accurate models of cancer in the mouse is now a reality. The present era of genetically
engineered mouse tumor models is very different from the earlier period of simple
transgenesis and gene knock out. Currently, compound mutations are routine, constitutive
transgene expression systems are being replaced by various inducible versions and
conditional gene targeting strategies are feasible and now favored over germline loss-of-
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function mutations. More recently, the advent of CRISPR/Cas9 technologies has propelled
the ease of creating precise genetic lesions homologous to those observed in human cancers.
The study of various aspects of tumor biology in these refined GEM models has been
enhanced by the availability of gene expression array technologies, new tools for whole
genome analysis, and a variety of other powerful methods geared towards a detailed
molecular and histopathologic dissection of disease progression.

With many glioma-prone strains, tissue recombination, genomic tools and pathological
expertise, mouse models of human malignant glioma have made considerable contributions
to cancer gene discovery and validation in addition to their usage in preclinical experimental
therapeutics. There are now more than 15 published GEMMs of glioma (for a review, see
[Hambardzumyan et al., 2011]) all of which are based on recapitulation of genetic lesions
seen in human tumors. Early conditional transgenic-based models that are driven by
activators of signal transduction pathways that are common in GBM demonstrated the
efficiency of tumor formation and accuracy of tumor histopathology in animals [Charest et
al., 2006]. Of the most genetically relevant, those models that use activation of EGFR or
overexpression of the PDGF-B ligand or inactivation of the NF1/p53 tumor suppressor genes
as etiological drivers have solidly emerged as accurate models and have gained popularity
over the recent years [Hambardzumyan et al., 2011]. Note that there is currently no
genetically engineered mouse model based on overexpression and activation of the
PDGFRa receptor, a genomic event that is highly relevant to GBM. By using these models,
several research groups, including ours, have uncovered important aspects of GBM biology,
including the identity of GBM cells of origin [Alcantara Llaguno and Parada, 2016] and the
role of cancer stem cell in the initiation and maintenance of GBM [Jun et al., 2014]. In
addition, few GEMMs of glioma have also been utilized to study sensitivity and resistance to
various treatment modalities (recently reviewed in [McNeill et al., 2015]). The importance
of these models is magnified by the recognition that cancer is truly a disease of tissues and
the organism as a whole rather than a collection of ill defined genetically altered tumor cells.
Logic dictates that in order to properly study the intricacies of host-tumor interactions that
are innate to tumor development, it is necessary to design and perform experiments under in
vivo settings in which neoplastic transformation emerges in the appropriate
microenvironment.

Despite these advances, the use of GEM models of GBM for preclinical research has been
erroneously plagued with the common misconceptions that these models intrinsically suffer
from low tumor penetrance, modest reproducibility, and a lengthy latency of tumor
formation and death in addition to a need for advanced and often costly in vivo imaging
techniques. Furthermore, there is a general misleading consensus among the research
community regarding a perceived lack of tumor immunogenicity. These misunderstandings
could not be farther from reality. Perhaps it is because of these reasons that none have been
used in preclinical settings for immunotherapies thus far.

These misconceptions legitimized the use of syngeneic rodent models as the paradigms of
choice for pre-clinical research on immunotherapies despite the fact that engrafted models
are deficient in the stepwise genetic changes occurring during tumor initiation and
progression and most of the models are devoid of parenchymal infiltration, instead growing
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as well circumscribed tumors. They also lack in characteristic histological features (e.g.
vascularization, pseudopallisading necrosis) and they also rarely recapitulate the original
tumor phenotype. Nevertheless, the perceived benefits of their robust reproducibility
seemingly outweigh the many drawbacks listed above making engrafted models most often
used in immunotherapeutic research. Here we review key immunotherapeutic findings in the
syngeneic GL261 glioma model in the C57BI/6 strain.

Cancer Immunotherapy

Cancer immunotherapy is an umbrella term that comprises a family of strategies, which are
all designed to stimulate the immune system to promote an anti-tumor immune response.
These approaches include (but are not limited to) cancer antigen immunization, antibody
dependent cellular cytotoxicity (ADCC), cytokine treatment (e.g. IL-2 treatment), dendritic
cell therapy, chimaeric antigen receptor T-cell therapy (CAR-T) and checkpoint blockade.

Briefly, cancer antigen immunization follow the principles of standard vaccination except
that the patient is injected with a specific immunogenic peptide sequence derived from
his/her tumor that is conjugated to a carrier protein. The patient’s immune system would
build up a response generating humoral and cellular effects towards the peptide of interest
and against the tumor. Immunizations are of interest against cancer because of the
uniqueness of tumor-specific antigens while minimizing undesired systemic side effects. For
glioma, Rindopepimut (Celldex) is an EGFRvIII peptide vaccine first demonstrated in
syngeneic models of glioma to have efficacy in producing a specific anti-tumor humoral and
cellular response. Phase | studies of rindopepimut demonstrated that it is safe and
immunogenic in patients, which led to the initiation of later stage trials. The evolution and
optimization of rindopepimut is well summarized and reviewed by Paff and colleagues [Paff
etal., 2014].

ADCC'’s basic approach is using antibodies against a particular antigen of interest with
which the antibody’s Fab portion recognizes the target for cellular cytotoxicity mediated by
the Fc portion. Cellular cytotoxicity is primarily mediated by NK cells; however, neutrophils
and macrophages can also play a role. Currently, antibodies against HER2/neu and tumor
specific gangliosides are being targeted for the treatment of gliomas [Fleurence et al., 2016;
Mineo et al., 2004].

Cytokine treatment approaches are varied but all typically includes administration of specific
cytokines, which are endowed with positive immune stimulating abilities. For example, IL-2
is a critical cytokine that promotes autocrine antigen specific T-cell proliferation and has
been historically demonstrated by Rosenberg and colleagues to have efficacy in melanoma.
IL-2 is a positively stimulating cytokine such that it stimulates certain immune cells to
recognize target tumor cells. IL-2 therapy was tried in an orthotopic model of glioma
[Johansson et al., 2000] and a small clinical study [Danaila et al., 1993]. Both studies
however showed only modest anti-tumor benefits.

Dendritic cell therapy is based on the isolation and utilization of the patient’s dendritic cells
to prime them ex vivo with tumor-derived antigens and re-implantation back into the host.
Dendritic cells have the intrinsic ability to present peptide antigens on Major
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Histocompatability Complexes (MHC) to T-cells by interaction with the TCR. This priming
induces an antigen-specific T cell proliferation and when re-introduced into patients, boost T
cell mediated anti-tumor activities. This approach is the basis of clinical efforts in gliomas
(recently reviewed in {Reardon, 2017 #139).

The concept of modifying immune components ex vivo and reintroduction into patients is
also applied in CAR-T based therapies. Here however, the patient’s own T cells are isolated
and genetically engineered to recognize a tumor antigen of interest by expressing a chimeric
antigen receptor, expanded and re-implanted back into the patient. For GBM, there have
been several chimeric antigen receptors directed against various tumor specific antigens
(EGFRVIIIL, IL13Ra2, HER?) that have been tested in pre-clinical models with variable
results (reviewed in {Sidaway, 2017 #162}). There have been no CART-based clinical trial
for GBM, however leukemias and lymphomas seem to be responding to CART therapy
[Grupp et al., 2013; Kochenderfer et al., 2015].

In healthy individuals, normal adaptive immunological homeostasis is regulated by a finely
tuned balance of T cell co-stimulatory activating and inhibitory signals. These signals are
transmitted to T cells by a series of cell surface receptors that are present on T cells called
immune checkpoint receptors. The cognate ligands for these receptors are also cell surface
molecules present on a variety of antigen presenting cells such as regulatory T cells (T reg),
helper T cells (T helper), macrophages and dendritic cells (Figure 1). In concert with an
MHC mediated activation of the T cell receptors (TCRs), these immune checkpoint
receptors, when activated, elicit either negative or positive action or influence on TCR
activation and T cell physiology. These immune checkpoints therefore play a critical and
fine tuning role in regulating T cell activation in normalcy. Dysregulation of some of these
checkpoints has been reported to be involved in autoimmune diseases and chronic infection,
reinforcing their importance in T cell regulation.

In cancer, there is an obligate evasion from immunosurveillance, the biology of which is
starting to emerge. Small indolent tumors are likely kept under control by a negative
combination of cancer cell-centric effects and the immune system until a time at which
cancer cells are either eradicated or progress. Conceptually, there appears to exist a
“biological switch” that converts an otherwise controlled tumor into an unrestrained one.
Molecular events responsible for this progression are likely tumor cell centric and humoral.
We now know that tumor cells have evolved several strategies to overcome the negative
influence of the host immune system by exploiting several aspects of the various interactions
of tumor cells with the immune system.

The immune system’s efforts towards the elimination of tumor cells are through a response
cycle that includes numerous steps. Briefly, the cycle begins with the production and release
of tumor cell-specific antigens (during cell death). Various types of antigen presenting cells
(APCs) internalize these antigens, process them, and migrate to lymph nodes to present them
(through MHC loading) to resident naive T cells in order to activate TCRs and thus prime T
cells against cancer-specific antigens (see [Chen and Mellman, 2013] for a detailed review).
These primed T cells (referred to as CD8+ cells), now endowed with cytotoxic capacities,
migrate towards and infiltrate tumor sites, specifically recognize cancer cells, and elicit
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tumor-cell death, which in turn causes the release of more tumor-associated antigens,
thereby continuing the cycle. This cycle between APCs and T cells and between tumor cells
and T cells is intricately controlled by many ligand-receptor interactions (also known as
checkpoint pathways) that are necessary to provide positive and negative signals to stimulate
or inhibit T-cell activation, and to regulate the duration and intensity of the immune response
mounting against tumor cells.

So far, mechanistic details are mostly known on two crucial steps that are involved in the
anti tumor activation of the T-cell response. The first important interaction occurs during
antigen presentation through the MHC to the TCR in the lymph node. APC’s CD80/86
ligands simultaneously interact with T cell’s CD28 co-stimulatory receptors to enhance TCR
response and with T cell’s CTLA4 co-inhibitory receptors to control the TCR activity. The
balance between these co-stimulatory and co-inhibitory signals can be shifted dramatically
by dampening the co-inhibitory CTLA4 signal using approaches (e.g. blocking antibodies)
that prevent the interaction between CD80/86 and CTLA4. This results in a more robust
MHC-TCR signal and a stronger priming of T cells.

The second step occurs at the tumor site and determines the T-cell response. Primed T cells
that have migrated to the tumor are now interacting with a host of cells, including tumor
cells, APCs, macrophages, NK cells, etc. The strength of the MHC:TCR engagement
between the above mentioned cells and T cells determine the robustness of the effector
function (cytotoxicity) and it is dependent on the activation of co-stimulatory and co-
inhibitory checkpoints. The co-inhibitory PDL1-PD1 complex has emerged as a crucial
signal in effector T cell function and inhibition of this complex has been clinically proven to
be a sound approach to boost the cytotoxic power of T cells. Not surprisingly, these immune
checkpoint pathways are heavily exploited by tumor cells as a means to evade immune
detection. However, they provide a plethora of potential targets for the development of anti-
cancer therapeutic agents aimed at boosting the anti-cancer immune responses. Much of our
knowledge on the function of these molecules in cancer has been derived from pre-clinical
models of and clinical data from melanomas, lung and renal cancers. The exact participation
of checkpoint pathways in primary brain tumor pathogenesis is still somewhat unknown and
has just recently started to emerge. For many years, the CNS was viewed as an immune
privileged organ incapable of surveillance by peripheral immunity because of the ostensible
lack of a functional lymphatic system.

This view has shifted considerably in the recent years. Seminal discoveries expanded our
views on the role of the peripheral immune system and the brain. We now know that the
brain is drained by classical lymphatic conduits that reside within the meninges [Aspelund et
al., 2015; Louveau et al., 2015]. Lymphatics are typically designed to drain interstitial fluids
out of tissues for degradation and removal into the circulatory system. During infection (and
in cancer), lymphatic transport is essential for supplying antigens and APCs to draining
lymph nodes, a very important step in the process of establishing a proper adaptive immune
response. Additionally, there is evidence of a separate process in the brain called
“glymphatics” whereby CSF (carrying extracellular proteins, antigens and solutes) and
interstitial fluid exchange extensively. This results in pushing ISF into the perivenous space
where it can collect and drain into the cervical lymph nodes (for a review see [Jessen et al.,
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2015]). Together, these recent advances underscore the notion that the brain is indeed
surveyed by the peripheral immune system.

The use of the GL261 GBM syngeneic preclinical model for immunotherapy

The GL261 tumor originated from a chemical carcinogenesis experiment in the late 1960s.
The GL261 tumor arose from a C57BL/6 mouse that had been intracranially injected with 3-
methylcholantrene. The tumor was then maintained by serial transplantations (intracranial
and subcutaneous) of small tumor pieces in the syngeneic strain [Ausman et al., 1970]. After
several years of serial transplantation, ex vivo single cell cultures were derived by several
groups, which allowed for genetic manipulations such as ectopic expression of firefly
luciferase for non invasive bioluminescence imaging monitoring of tumor growth.

GL261 tumor cells grow rapidly post-intracranial implantation conferring median survivals
of 25 days (1x10° cells), 27 days (1x10* cells), 36 days (1x103 cells), and 55 days (1x102
cells) in all animals injected (100% penetrance) [Szatmari et al., 2006]. Not surprising, death
is thought to arise from increased intracranial pressure [Szatmari et al., 2006]. However, the
tumors derived from GL261 cells display few histopathological characteristics that are
necessary to ascribe a diagnosis of GBM. First, tumors grow as well-delineated masses of
cells and non-invasive imaging reveal a radial growth pattern, which is clearly contrasting
the irregular and invasive growing paths of GBM. Second, tumor cells are GFAP negative
and pseudopallisading necrosis is rarely observed.

Genomic analysis of GL261 revealed that these cells carry a Kras®12Y mutation, a signature
of chemical carcinogenesis. In addition, there are reports that the GL261 cells are also
homozygously mutated on p53 at codon p53R153P [Maes and Van Gool, 2011; Szatmari et
al., 2006], although others have not reported such mutation [Blaszczyk-Thurin et al., 2002],
perhaps reflecting an artifact of cell culture adaptability. Mutation in Ras genes are
unequivocally not considered important and significant driver gene mutations in GBM as
demonstrated by the TCGA [Brennan et al., 2013; McLendon et al., 2008; Verhaak et al.,
2010].

GL261 tumors are sensitive to ionizing radiation (IR), a modality that is integral to the
standard of care for GBM. Treatments with single local doses of 4-10 Gy of irradiation
substantially slow down tumor progression and prolong survival. However, no tumor-bearing
animals are cured by radiation alone [Szatmari et al., 2006]. GL261 intracranial tumor-
bearing animals are also sensitive to temozolomide (TMZ), a DNA alkylating
chemotherapeutic agent that is part of GBM standard of care. Either systemic (IP injections)
or local (intracranial polymer) administration of temozolomide (TMZ) alone, modestly
prolong survival (~25 days control vs ~35 days IP and ~40 days local) in the GL261 model
[Mathios et al., 2016]. However, the outcome of a proper standard of care regimen, which
consists of concomitant IR and TMZ followed by adjuvant TMZ (2 cycles of 2 Gy q.d. 5
days on, 2 days off, with concurrent and adjuvant g.d. TMZ 67 mg/kg), remains to be
determined in GL261.

Finally, GL261 intracranial tumors are considered moderately immunogenic on the basis of
a few observations. Immunization of mice using GL261 cells injected subcutaneously can
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delay and even prevent engraftment altogether [Szatmari et al., 2006] even though
lymphocyte infiltration is hardly detectable in tumors [Szatmari et al., 2006] and GL261
cells express detectable levels (albeit low) of MHC class | molecules and MHC class Il
molecules are virtually absent in vivo [Maes and Van Gool, 2011]. Also, co-stimulatory
molecules are also present at basal levels [Maes and Van Gool, 2011]. In addition, there are
a few reports on unique tumor antigens in the GL261 cell line such as the mouse homologue
of AN2 (human melanoma proteoglycan) and GARC-1, which is a unique antigen for
cytotoxic T cells (reviewed in [Maes and Van Gool, 2011]). These features made the GL261
a model of choice for the study of experimental immunotherapies for glioma.

The use of the GL261 model for immunotherapy studies is extensive. The GL261 model has
been used in studies on adoptive transfer, serologic treatments with monoclonal antibodies
and dendritic cell therapy (reviewed in details in [Maes and Van Gool, 2011]). More
recently, the GL261 model has been the model of choice at the forefront on important
preclinical studies on the efficacy of checkpoint inhibition for glioma therapy.

Checkpoint Molecules

CTLA-4—The inhibitory receptor Cytotoxic Lymphocyte Antigen-4 (CTLA-4) is an
important negative regulatory receptor of peripheral T cell responses. CTLA-4 functions
primarily in secondary lymphoid organs such as in lymph nodes. CTLA-4 counteracts the
actions of the T cell co-stimulatory receptor CD28 by binding to the same ligands (CD80
and CD86) with higher affinities. CTLA-4 is not expressed on naive T cells but is inducibly
expressed upon TCR engagement. CTLA-4 activation leads to the recruitment and activation
of phosphatases such as PP2A and SHP2, which counteract the activities of the TCR by
dampening intracellular signaling cascades thus promoting immune tolerance. In addition,
within the tumor microenvironment, CTLA-4 is highly and constitutively expressed on
regulatory T cells (Tregs), mediating Tregs’ suppressive function. Several lines of evidence
demonstrate a critical role for the CTLA-4 co-inhibitory signals in immune tolerance such as
the lethal T cell-dependent multi-organ inflammation that develops in CTLA-4 null mice,
which resemble systemic autoimmune disease. Taken together, these findings underscore the
critical role for CTLA-4 in negatively controlling self-reactive T cells and T cell homeostasis
in general.

Within the context of cancer treatment, one strategy is to activate anti-tumor immunity by
relieving the negative feedback exerted by CTLA-4 with a blocking antibody. Several
seminal studies have demonstrated that anti-CTLA-4 blocking antibodies can stimulate
antitumor immune responses leading to regression of tumors and promoting long-lived
immunity in mouse models of solid and hematologic cancers [Leach et al., 1996; Selby et
al., 2013]. These led to the clinical development of antibodies aimed at blocking the
interaction between CD80/86 and CTLA-4. Blockade of CTLA-4 has been recently FDA
approved for a spectrum of malignancies including melanoma and NSCLC. Despite
promising clinical responses, the mechanism of anti-CTLA-4 anti-tumor immunity is not
completely understood. The therapeutic effects of anti-CTLA-4 antibodies may not only be
due to blocking CTLA-4 interaction with its ligands on T cells. In fact, recent work suggests
that blocking CTLA-4 may also deplete intratumoral Tregs via an Fc receptor-mediated,
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antibody dependent cellular cytotoxicity [Selby et al., 2013]. Further studies are necessary to
fully understand the mechanism of action of anti-CTLA-4 therapy.

In glioma, single agent anti-CTLA-4 blockade has produced enhanced survival in the GL261
syngeneic mouse model. Reardon et al. has demonstrated that single agent anti-CTLA-4
treatment leads to a 25% cure rate [Reardon et al., 2015]. Although successful, responses to
anti CTLA-4 alone treatments were limited and treatment efficacy was enhanced when
administered in combination with another checkpoint blocking antibody such as anti-PD-1,
or radiation [Belcaid et al., 2014; Reardon et al., 2015]. Reardon and colleagues
demonstrated that when anti-PD-1 is combined with anti-CTLA-4, a 75% cure rate was
achieved. CTLA-4 blocking therapy has also been used in combination with stimulation of
41-BB and radiation [Belcaid et al., 2014]. In this study, Belcaid et al. demonstrated a 50%
cure rate. Anti-CTLA-4 is currently tested in a phase 111 clinical trial for patients with
recurrent GBM as a monotherapy or with anti-PD-1 blockade (Table 1. Trial
NCT02017717).

PD-1 and PDL-1—Another very important immune checkpoint is the cognate receptor
ligand complex Programmed Death-1 (PD-1) receptor and its Programmed Death-Ligand 1
and 2 (PD-L1, PD-L2). PD-1 is a transmembrane receptor that exerts a major negative
regulation in immune response by controlling T cell activation, T cell exhaustion and T cell
tolerance. PD-1 expression is tightly regulated e.g. it appears at the surface of T cells shortly
(<24 hours) after T cell activation and decreases with the elimination or clearance of antigen.
Under conditions (such as chronic infection or cancer) of repetitive T cell stimulation by
antigen, the levels of PD-1 expression remain high and T cells then experience multiple
epigenetic modifications in addition to changes in transcription factor expression. These
events result in some form of differentiation, channeling T cells into a state of exhaustion. It
has been shown that exhausted T cells also can express multiple other inhibitory receptors,
making them susceptible to blocking antibody inhibition of additional checkpoint pathways
to recue T cells from exhaustion. Supporting this phenomenon, Kim and colleague have co-
targeted TIM-3 simultaneously with PD-1 and demonstrated a much higher cure rates than
with each modalities alone [Kim et al., 2017]. However, rescue of exhaustion by inhibition
of alternative coinhibitory receptor(s) in a sequential manner remains to be addressed.

PD-L1 and PD-L2 are both expressed on APCs in addition to other cell types but PD-L1
appears to be more broadly expressed than PD-L2. Their expression is induced by
proinflammatory cytokines. PD-L1 (or PD-L2) ligand binding to PD-1 results in tyrosine
phosphorylation of the PD-1 cytoplasmic domain. PD-1 phosphotyrosine sites create SH2
domain recognition motifs and trigger the recruitment of the tyrosine phosphatase SHP-2
and its subsequent catalytic activation. This leads to a reduced tyrosine phosphorylation of
TCR signaling molecules and the attenuation of signaling pathways downstream of TCR,
and an overall decrease in T cell activation and cytokine production. PD-1 signaling is
therefore viewed as a negative modulator of T cell function to suppress effector immune
responses. In normalcy, the PD-1 pathway restrains self-reactive T cells in target organs,
maintaining tolerance in tissues and protecting them from immunopathology. Mice lacking
PD-1 or its ligands do not spontaneously develop autoimmune disease but rather accelerate
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or exacerbate autoimmunity, a phenotype that is much milder than that seen in the CTLA-4
knockout strain.

In cancer, tumor cells express PD-L1 and PD-L2 and so do other cell types (e.g., fibroblasts,
endothelial cells, and other immune cells). Experimental evidence demonstrates that tumor
cells have hijacked this machinery. Tumor cells express elevated PD-L1 levels, causing
effector function attenuation of tumor infiltrating lymphocyte (TIL) activity [Dong et al.,
2002]. In addition, several groups have shown that activation of certain oncogenes and/or
loss of tumor suppressor genes can result in higher expression levels of PD-L1 in tumor
cells, thus further attenuating TILs. Not surprisingly, antibody blockade of PD-1/PD-L1 axis
have demonstrated positive outcomes in advanced melanoma, lung cancer and renal cell
carcinoma (reviewed in [Baumeister et al., 2016]). Anti-PD-1 monoclonal antibodies have
been recently FDA approved while anti-PD-L1 is in late clinical stages. Despite the
promising success of anti-PD-1 blockade in the clinic, responses are varied. Several studies
are aimed at determining predictors of response to anti-PD-1 blockade. To date, both the
presence of TILs and high expression of tumor PD-L1 within the tumor microenvironment,
are main prognostic factors of anti-PD-1 therapy.

In glioma, PD-L1 has been shown to be expressed at high levels by western blotting, flow
cytometry, mRNA and IHC [Parsa et al., 2007; Wintterle et al., 2003], suggesting that anti-
PD-1 therapy might be applicable. In fact, Parsa and colleagues have demonstrated that PD-
L1 expressing glioma cells are susceptible to T-cell lysis, suggesting that anti-PD-1 may
have clinical benefit [Parsa et al., 2007].

In the preclinical GL261 model, the success of anti PD-1 monotherapy is dependent on
antibody dosage levels, with the best outcome reported being a cure rate of 50% with a
systemic administration of 8 cycles (e.g. 500 ug per mouse first dose then subsequent 250ug
per dose 3 days apart for the next 7 doses) [Reardon et al., 2015; Zeng et al., 2013]. Lower
levels or less frequent administration of anti PD-1 antibodies appear to result in less robust
effects [Zeng et al., 2013]. These experiments were conducted in two separate studies and
the differences in the experimental set up were rather substantial, which limits our ability to
reach comparative conclusions [Reardon et al., 2015; Zeng et al., 2013]. Nevertheless, both
anti PD-1 antibody monotherapy treatments caused an increase in CD8 T cell to Treg ratio,
which indicated that the successful outcome arose from the expected mechanism of action
[Reardon et al., 2015; Zeng et al., 2013].

The reduced anti PD-1 posology can be compensated through the inclusion of radiation or in
combination with other checkpoint blockade [Reardon et al., 2015; Zeng et al., 2013].
Stereotactic radiation in combination with anti-PD-1 showed enhanced efficacy. The median
survival of untreated mice was 26 days, mice treated with anti-PD-1 and stereotactic
radiation was 52 days whereas radiation alone showed 27 days and PD-1 monotherapy gave
a median survival of 30 days. Note that anti-PD-1 monotherapy and can induce systemic
immune memory in GL261 tumors, which was CD8+ T cell dependent [Zeng et al., 2013]. It
had been demonstrated that radiation altered the immune profile of GL261 cells in vitro
[Zeng et al., 2013], however the precise mechanism of synergism between radiation and anti
PD-1 therapy in GL261 and in glioma in general has yet to be explored. In melanoma it has
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been demonstrated that radiation promotes an oligo-expansion of T-cell receptors [Twyman-
Saint Victor et al., 2015].

There are currently numerous ongoing clinical trials utilizing anti-PD-1 or anti-PD-L1 for
the treatment of GBM (Table 1). Anti-PD-L1 is in phase Il trials for GBM patients in along
with or without radiation and the VEGFR antibody Avastin (NCT02336165). There is a
phase I1I trial of anti-PD-1 that is being conducted with temozolomide chemotherapy with
radiation in patients with newly diagnosed GBM (NCT02617589) and a phase Il trial of
anti-PD-1 as neoadjuvant therapy (NCT02550249).

Alternative coinhibitory pathways for immunotherapy

The clinical successes of cancer immunotherapies using anti-CTLA-4 and anti-PD-1
treatments have spearheaded searches for additional coinhibitory pathways. There are now
many coinhibitory molecules recognized as potential targets, including TIM-3 (T cell-
immunoglobulin-mucin domain 3), LAG-3 (Lymphocyte Activation Gene-3), VISTA (V-
domain immunoglobulin-containing suppressor of T cell activation), TIGIT, CD160, B7-H3,
B7-H4, CD244, HHLAZ2, and BTNL2 (see Figure 1). Many of these coinhibitory receptors
are coexpressed with PD-1 on T cells in tumors. These observations opened the possibility
of combination therapy with anti-PD-1 or anti-PD-L1 and the results of coinhibitory
pathway blockade synergizing with anti PD-1 pathway inhibition are reviewed extensively
elsewhere [Baumeister et al., 2016].

One-two punch; combining blockade of CTLA-4 (and other coinhibitory receptors) with

PD-1

As described above, the mechanisms of action of CTLA-4 and PD-1 on T cell function and
activation are non-overlapping and nonredundant. CTLA-4 functions in T cell priming and
maintenance of Tregs whereas PD-1 is mainly acting on T cell responses in tissues and
tumors. Blockade of CTLA-4 is believed to enhance the number of tumor-specific T cells
into the tumor microenvironment. Higher numbers of primed T cells translate into higher
levels of T cell-mediated IFN-vy production, which upregulates PD-L1 expression in tumor
microenvironment tissues and cells, making anti PD-1 blockade more effective in the setting
of CTLA-4 inhibition. This suggests an elegant mechanism illustrating the synergistic
benefit of combined pathway blockade observed in the clinic for melanoma [Larkin et al.,
2015; Postow et al., 2015; Wolchok et al., 2013].

In glioma models, combination anti-PD-1 and anti-CTLA-4 has induced long-term survivors
in GL261 tumor bearing animals [Reardon et al., 2016]. Anti PD-1 monotherapy provided a
50% survival, co-inhibition of PD-1 and CTLA-4 resulted in a 75% cure rate whereas
CTLA-4 monotherapy provided a 25% cure rate. Additionally, Kim and colleagues have
demonstrated that anti PD-1 treatments in combination with TIM-3 blockade can induce
tumor clearance in 60% of GL261 bearing mice [Kim et al., 2017]. Although median
survivals were not reported, anti PD-1 monotherapy from that study gave a 30% cure rate,
while anti TIM-3 monotherapy had no effect on survival and no differences were noted
between the anti TIM-3 treatment survival curve and untreated. The Lim group has
demonstrated that treatment with anti-PD-1 alone or in combination with TIM-3 can
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influence the ratio of CD8 T cells to Tregs in the GL261 model, shifting the balance towards
a CD8-like phenotype, a marker of anti-tumor immunity [Kim et al., 2017].

PD-L1 expression levels vs PD-1

Recent clinical success of anti-PD-1 therapy brings promise for the treatment of GBM.
Despite this, responses to anti-PD-1 are varied, thus predictors of response is of clinical
significance. Topalian et al. has shown that presence of PD-L1 ligand status best predicts
response to anti-PD-1 monotherapy [Topalian et al., 2012]. In addition, Parsa et al. has
shown that loss of PTEN can lead to higher levels of PD-L1 leading to decreased in vitro T-
cell cytotoxicity [Parsa et al., 2007]. However, it has yet to be determined how much PD-L1
protein is required to confer sensitivity to anti PD-L1 therapy. A straightforward approach
would be to exogenously manipulate the levels of PD-L1 expression in animal models that
are sensitive to anti-PD-1 mono therapy. For example, a conditional PD-L1 knockout
GEMM can serve as an advantageous model system to directly test and address levels of
PD-L1 in a tumor cell-centric manner within the proper genetic lesions and the proper tumor
microenvironment. This approach can serve as a powerful preclinical platform to directly
address the role of PD-L1 ligand to response to anti-PD-1.

Resistance to Immune Checkpoint blockade

Clinical successes of mono and/or combination checkpoint blockade therapy overshadow
those with poorer clinical responses. It is not surprising that resistance (up front or acquired)
is observed and determining the mechanisms driving resistance must be a priority. Similar to
the clinical data on other cancers, it is highly anticipated that resistance to checkpoint
blockade will be witnessed in GBM. We argue that GEMM s can serve as relevant preclinical
models to decipher mechanisms of resistance to checkpoint blockade due to their genetic
accuracy and their natural tumor microenvironment.

Conclusion and future directions

The clinical successes of checkpoint blockade observed in melanoma, lung and renal cancers
have spurred excitement towards an effective treatment for GBM. Although various clinical
trials of checkpoint blockade for GBM are already underway, further work will likely be
needed to develop effective combination therapies. To this date, the FDA has not yet
approved checkpoint inhibitors for the treatment of GBM. Moreover, there are many
questions that these trials will not address and we believe that preclinical studies in GEMM
of GBM are a necessary step to achieve the ultimate goal of a durable antitumor response in
patients.

For example, what are the mechanisms dictating overall response and resistance to
checkpoint blockade? Is sensitivity to anti PD-1 therapy dictated by the levels of PD-L1
expression on tumor cells? If so, is there a window of expression above (of below) which
anti PD-1 therapy is no longer a viable solution? What are the determining factors to a
successful combination of coinhibitory pathway blockade? What mechanisms are
responsible for the durability of checkpoint blockade? What are the molecules in play in
determining the necessary length of therapy for achieving long-lasting effects? Are there
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biomarkers that can predict resistance and/or sensitivity to checkpoint inhibition therapy?
Avre there differences in certain subtypes of GBMs that confer sensitivity to checkpoint
blockade? Insights into these questions can come from preclinical germane research using
genetically relevant animal models of GBM.

The recent advances in cancer immunotherapies provide a solid foundation to develop
effective therapies for GBM. It is imperative that the research community takes advantage of
GEMM of GBMs to advance the field of immunotherapy for GBM and to investigate
mechanisms of anti-tumor immune responses in order to fine tune relevant, newer and
optimized checkpoint blockade therapies for this incurable cancer.
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Figure 1. Overview of multiple co-stimulatory and inhibitory pathways that regulate T cell
responses

Schematic depiction of various ligand-receptor interactions between antigen-presenting cells
(APCs) (or cancer cells) and T cells. These ligand-receptors complexes regulate T cell
activation, either negatively or positively, in response to T cell receptor stimulation through
an interaction with an antigen presented as a peptide-MHC molecule complex. Some of
these ligand-receptor co-stimulatory and inhibitory complexes are expressed and active
during initiation of naive T cells in lymph nodes, where dendritic cells are considered the
main APCs, whereas others are expressed and active in peripheral tissues or tumor cells
where they regulate the effector responses of T cells. Note that many of these ligands bind to
multiple receptors with opposite effect on TCR signaling. Different ligand-receptor
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complexes are expressed on the surface of various APCs as well as resting, naive and
activated T cells. They have distinct kinetics of expression and affinities for their cognate
binding partners. The extent of T cell activation is proportional to the strength of the TCR
signaling, which is dictated by a multitude of factors that are highly spatio temporal and
context dependent. Abbreviations: APC, antigen-presenting cell; TIM-3, T cell-
immunoglobulin-mucin domain 3; B7RP1, B7-related protein 1; BTLA, Band T
lymphocyte attenuator; GALSY, galectin 9; HVEM, herpesvirus entry mediator; ICOS,
inducible T cell co-stimulator; KIR, killer cell immunoglobulin- like receptor; LAG3,
lymphocyte activation gene 3; PD1, programmed cell death protein 1; PDL, PD1 ligand
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