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Abstract

In oncology, “immunotherapy” is a broad term encompassing multiple means of utilizing the patient’s immune
system to combat malignancy. Prominent among these are immune checkpoint inhibitors, cellular therapies in-
cluding chimeric antigen receptorT-cell therapy, vaccines, and oncolytic viruses. Immunotherapy for glioblastoma
(GBM) has had mixed results in early trials. In this context, the past, present, and future of immune oncology for
the treatment of GBM was discussed by clinical, research, and thought leaders as well as patient advocates at the
first annual Remission Summit in 2019. The goal was to use current knowledge (published and unpublished) to
identify possible causes of treatment failures and the best strategies to advance immunotherapy as a treatment
modality for patients with GBM. The discussion focuses on past failures, current limitations, failure analyses, and

proposed best practices moving forward.

Keywords

For decades cancer therapy has been predicated on the three
classic pillars of surgery, radiation, and cytotoxic chemotherapy,
with the addition of targeted therapy including anti-angiogenic
agents at the end of the twentieth century. More recently, immu-
notherapy has been incorporated as a fifth modality of cancer
care (Fig. 1). Immunotherapy, in oncology, is a broad term
encompassing multiple means of utilizing the patient’s immune
system to combat malignancy. Prominent among these are im-
mune checkpoint inhibitors (ICls); cellular approaches, including
chimeric antigen receptor (CAR) T-cells, vaccines, and oncolytic
viruses. Each of these modalities has demonstrated success in
certain hematologic and solid tissue malignancies and therefore
is being tested in challenging tumors such as glioblastoma (GBM).

Immunotherapy for GBM was initially met with great en-
thusiasm but is now being tempered by some high-profile

failures."? These failures came despite efforts to thoughtfully
design clinical trials to ensure the ability to measure a clini-
cally relevant treatment response. Potential pitfalls for clini-
cally successful immunotherapy regimens in the treatment of
GBM include the lack of penetration through the blood-brain
barrier (BBB), overall host immunosuppression, and robust
mechanisms of resistance within the tumor and its microen-
vironment. Better understanding these hurdles and learning
from prior failures of promising treatment modalities will in-
form the design of future treatment approaches.

In this context, the past, present, and future of immuno-
oncology for the treatment of GBM was discussed by clinical, re-
search, and thought leaders as well as patient advocates at the
first annual Remission Summit in 2019. The goal was to use cur-
rent knowledge (published and unpublished) to identify possible
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causes of treatment failures and the best strategies to ad-
vance immunotherapy as a treatment modality for patients
with GBM.This work is a summary of the Remission review.

|
Immunotherapy for Brain Cancer:
Advances and Failures

Use of immunotherapy in the brain presents unique chal-
lenges compared with its use elsewhere in the body as im-
mune responses in the brain are tightly regulated.® Both the
adaptive immune system in the form of T cells and the innate
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immune system in the form of macrophages and microglia
play a role in an inflammatory immune response in the
brain. However, these cells also contribute to the immune-
surveillance failures which may allow brain metastases and
primary brain tumors to thrive.* Here we will discuss immu-
notherapy strategies (Fig. 2) that have been tested in brain
cancer and limitations that may inform future strategies.

Immune Checkpoint Inhibitors

In the healthy host, immune checkpoint pathways maintain
constant balance of immune regulation and function to min-
imize tissue damage incurred by inflammation and prevent
autoimmunity. Multiple checkpoints have been discovered,
including cytotoxicT-lymphocyte antigen 4,5 programmed cell
death 1 (PD1),® lymphocyte-activation gene 3,7 T-cell immu-
noglobulin and mucin-domain containing 3 (TIM-3),8 cluster
of differentiation (CD)137 (4-1BB),® glucocorticoid-induced
tumor necrosis factor receptor,’® and CD134 (0X40)."

Given the positive results of these agents in non-CNS
cancer, they have been investigated for patients with
GBM as single agents and in general without the require-
ment for tumor expression of certain relevant ligands. The
results of the first large randomized clinical trial of PD1
inhibition in recurrent GBM have been submitted for publi-
cation (CheckMate 143, NCT02017717).This study compared
nivolumab monotherapy with bevacizumab. Unfortunately,
no improved benefit either in overall survival (OS) or
progression-free survival (PFS) was observed with the check-
point inhibitor (nivolumab) compared with bevacizumab.
Even though a durable response was observed in some
cases, the percentage of patients who responded was very
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small (8%). However, a high percentage (>40%) of patients
on both treatment arms were on corticosteroids, which have
been shown to markedly inhibit response in ICls."?The lack
of response in GBM may be related to intrinsic mechanisms
of resistance or lack of mutations resulting in neoantigens.
Patients with other brain tumor types such as melanoma
metastases have up to 50% response rates with immune
checkpoint blockade.’ Therefore, the BBB cannot explain
the lack of response in GBM.

This disappointing result was followed by 2 independent
reports of measurable intratumoral immune responses
when PD1 blockade was given to patients with recurrent
GBM priorto surgery (neoadjuvant).*'*These studies took
advantage of a “window of opportunity” trial design in
which patients received the first dose of treatment prior to
surgery to evaluate tumor tissue changes induced by treat-
ment. Two independent groups demonstrated an increase
in intratumoral inflammation characterized by a rise in in-
terferon (IFN)-gamma when PD1 blockade was given prior
to surgery, which correlated with a statistically significant
survival benefit. These results have significant implica-
tions for the future of trial design in patients with GBM by
highlighting the importance of timing of treatment and
measuring intratumoral immune signatures rather than
relying on peripheral blood immune changes which may
not reflect tumor microenvironment (TME) alterations.

Chimeric Antigen Receptor T Cells

CAR T-cell therapy is another therapeutic platform being in-
vestigated for the treatment of brain tumors. The first gen-
eration of CART cells contained only the CD3 zeta domain,
while following generations also include CD28 and 4-1BB
costimulatory signaling to enhance their potency. Fourth-
generation CAR constructs incorporate the controllable su-
icide caspase-9 gene or interleukin (IL)-12 secreting genes.
While CAR T-cell therapy has shown paramount successful
recovery in end-stage hematologic malignancies, efficacy is
restricted in solid tumors because of the limited expansion,
trafficking, and persistence of the CART cells into the tumors.

Anti-CD19-specific CAR T-cell therapy is FDA approved
for hematologic malignancies.'®'® However, such success
has yet to be reproduced in the context of brain tumors.
Intracranial administration of engineered T cells targeting
IL-13Ra2 was the first CART strategy published in the treat-
ment of GBM.' This first-generation construct demon-
strated radiological responses in 2 out of 3 GBM patients
with a significant reduction of IL-13Ra2 expression. The
study established the feasibility and safety of this approach
in high-grade glioma and set the framework to optimize
the platform. The same group reported a successful clin-
ical response sustained for 7.5 months after initiating local
and intraventricular CAR T-cell therapy in a patient with
recurrent and O%-methylguanine-DNA methyltransferase
non-methylated GBM, using their second-generation anti-
IL-13Ra2 CAR T cells.?® Unfortunately, tumor relapse was
observed after several months but was notable for loss of
I.-13R2a expression.

Human epidermal growth factor receptor 2 (HER2)/cyto-
megalovirus (CMV) CART cells encoding FRP5 (anti-HER2)
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scFv is a second-generation CART-cell construct generated
from virus-specific T cells. These CART cells were adminis-
tered i.v, in 17 adult and pediatric patients with recurrent
HER2+ GBM demonstrating an overall PFS of 3.5 months
and median OS of 11.1 months. Five of these patients
showed long-term stabilized disease for 24 months.
Contrary to expectation, i.v. infusion of the CART cells did
not promote peripheral T-cell expansion, but cells in the
tumor persisted for 12 months after the first infusion.?’
O’Rourke and colleagues tested CAR T-cell therapy to
target epidermal growth factor receptor (EGFR) variant Ill
(vIll) in GBM.?2 A single dose of EGFRvIII CART cells was
infused intravenously into 10 patients with recurrent GBM
and benefited 1 patient with stabilized disease for up to
18 months. Results showed the expansion of EGFRvIII CAR
T cells within 3-10 days posttreatment infusion, but the
cells did not persist. All patients had various levels of CAR
T- and non-CAR T-cell infiltrates in the tumor.?2 These clin-
ical trials established feasibility and safety, and there were
no reports of cytokine release syndrome (CRS) after treat-
ment. Tumor editing (loss of the target antigen in tumor
cells) reflects treatment effect, supporting the conclusion
that the cells targeted the cancer, and suggests a potential
greater curative effect when targeting multiple antigens to
overcome antigen heterogeneity.

CART cells targeting H3 K27M gliomas have been de-
veloped and have the potential to avoid pitfalls related to
heterogeneous target expression or loss of target, since
all of the tumor cells express the mutation. Mount et al
described a CAR T cell targeting the disialoganglioside
GD2, which is expressed by H3 K27M diffuse intrinsic pon-
tine gliomas (DIPGs).2® Their CART cell also incorporated
a 4-1BB costimulatory domain and resulted in clearance
of most of the tumor cells in 5 patient-derived orthotopic
xenograft models. They also reported that a fraction of the
animals died from peritumoral edema and hydrocephalus
related to inflammation. Other groups have also devel-
oped T-cell therapies targeting H327M DIPGs. Chheda et al
described a novel approach establishing a CD8+T-cell clone
by stimulating human leukocyte antigen (HLA)-A2+T cells
with a synthetic peptide of the H3.3K27M mutation.?* The
T-cell receptor (TCR) chains were then cloned into a retro-
viral vector that was used for transduction into HLA-A2+
T cells. These TCR-transduced T cells could efficiently kill
A2+ H3.3K27M glioma cells and suppress tumor growth in
xenografts.

CAR T-cell products are currently derived from autol-
ogous T cells, which may represent a limiting factor for
large-scale clinical application caused by high cost and
lengthy production procedures. Novel gene editing tools—
including ZFN (zinc finger nuclease), TALEN (transcription
activator-like effector nuclease), and CRISPR-Cas9 (clus-
tered regularly interspaced short palindromic repeat/
CRISPR-associated nuclease 9)—can potentially be used to
generate allogeneic T cells needed for the preparation of
universal CART cells that can serve as ready-to-use off-the-
shelf therapeutic agents enabling large-scale clinical appli-
cation.?These technologies provide opportunities to knock
out unwanted properties or knock in desired functions to
enhance the cells’ intrinsic properties regulating their fit-
ness, trafficking, survival, persistence, and activity.
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Vaccines

Tumor cells can present specific antigens that are absent
from normal tissue. These tumor-specific antigens are pro-
teins that are encoded by mutant genes and can serve as
target for immunotherapy such as vaccines. Such vac-
cines involve the injection of the mutated tumor-specific
peptides to engender an immune response toward cells
expressing the antigens. Vaccines manipulate immune
memory following the initial encounter with the cancer as-
sociated or specific antigen to activate T lymphocytes and
induce a response targeted against the tumor.

Peptide vaccines represent off-the-shelf therapies that
have the advantage of being centrally and universally pro-
duced. The receptor for EGFR was considered an ideal im-
munogenic target in GBM which is frequently mutated.
The resulting EGFRvVIII truncated mutant is specific to GBM
and is constitutively active, therefore driving tumorigen-
esis. EGFRvVIII is the most common gain-of-function muta-
tion in GBM and is present in up to 30% of GBM patients.?®
Preclinical studies testing EGFRvIII peptide vaccine in mu-
rine models demonstrated the efficacy and specific im-
munity against EGFRvIIL.?%28 These studies eventually led
to the double-blind phase Il ACT-IV trial, which random-
ized 745 patients with newly diagnosed EGFRvlll+ GBM
to receive rindopepimut vaccine or placebo concurrent
with TMZ." Unfortunately, the study was negative and the
trial was suspended in 2016 as the rindopepimut group
showed a median overall survival of 20.1 months versus
20.0 months for the control group. The lack of efficacy may
be explained by the fact that only a fraction of tumor cells
expresses EGFRVIII, hence targeting only a subpopulation
and enabling the outgrowth of EGFRvVIII negative cells or
that placebo vaccine was composed of keyhole limpet he-
mocyanin, which is a highly immunogenic peptide that
may have engendered a nonspecific immune response po-
tentially affecting disease outcome. Spontaneous loss of
EGFRvIIl expression may also partially explain these nega-
tive results.? With the data available, it is difficult to assess
the intratumoral immunoreactivity and determine if the
treatment efficiently targeted EGFRvVIII+ cells or if the cells
downregulated the receptor and other vaccine strategies
or adjuvants are needed to produce an effective response.
The disappointing results of these studies revealed the po-
tential limitation of targeting a single tumor antigen such
as EGFRUVIIl. The spontaneous loss of EGFRvIIl observed
in more than 50% of recurrent GBM without EGFRuvIII
targeting therapy also highlights the challenge for recur-
rent GBM trials that enroll based on evaluation of the ini-
tially resected, primary tumor.3°

Heat shock protein (HSP) vaccines have also been devel-
oped for GBM. Heat shock proteins act as chaperones and
can bind tumor-associated antigens. Therefore, HSP and
peptide antigen complexes have been developed to serve
as vaccines for patients. The most notable is HSP peptide
complex 96. This vaccine has been tested in phase | and Il
studies in patients with newly diagnosed®' and recurrent
GBM.3233 These were single arm studies and the survival
rates were in the range expected for patients who are can-
didates for surgical resection and are selected in a clin-
ical trial setting. In a separate analysis of one of the phase
Il studies, patients with high expression of PD1 ligand

(PD-L1) on circulating myeloid cells had reduced survival
compared with patients with low expression.3* However,
this may be an independent factor related to prognosis and
may not be related to vaccine response.

Dendritic cell (DC) vaccines have also been developed
for GBM, and initial studies have demonstrated feasibility
of targeting various tumor antigens.3®%” This platform
has yet to be tested in a large phase lll study, but earlier-
phase studies have demonstrated measurable immune
responses correlating with clinical response in select pa-
tients. A small randomized controlled trial of patients with
GBM treated with a CMV RNA DC vaccine demonstrated a
significant survival increase in patients who also received
a tetanus toxoid covaccination due to improved DC migra-
tion after vaccination.3® This suggests the potential for en-
hanced clinical efficacy of a vaccine platform in the setting
of efficient “presentation” of the antigen to the relevantT
cells. Additionally, this study demonstrated clinical benefit
of immunotherapy even when targeting an antigen with
low expression levels within the tumor (CMV RNA). This
phenomenon may be a result of induction of otherimmune
mechanisms once tumor antigens are released or due to a
robust “bystander” effect after cytolysis. This is especially
relevant as CMV may not be expressed in all gliomas.%®

Newer efforts in the vaccine arena include targeting
isocitrate dehydrogenase (/DH1[R132H]) mutations in
grade Il and grade lll gliomas. Researchers have found that
the IDH1 mutation includes an immunogenic epitope for
which a peptide vaccine has been developed. Interestingly,
use of this peptide vaccine leads to expression via major
histocompatibility complex class Il and a CD4T-helper 1 re-
sponse.* This work has led to ongoing studies in patients
with low and high grade gliomas with /IDHT mutations in
China, Europe, and the US. As the IDH17 mutation is tumor
specific and is present in all tumor cells, some of the pit-
falls of the EGFRVIII vaccine may be avoided.

DC and peptide vaccines continued to be studied for
GBM in combination with other modalities such as tumor-
treating fields or leveraging a personalized medicine ap-
proach by targeting tumor-specific neoepitopes.*’*3 The
results of ongoing trials will help address fundamental
questions in determining how to maximize the success of
immunotherapeutic strategies. Future vaccine trials will
need to be designed to allow the understanding of the na-
ture and level of intratumoral immune response as a result
of the therapy and to monitor treatment response and re-
sistance in correlation to conventional imaging, peripheral
immune biomarkers, and outcome.

Overcoming Limitations
Tumor Biology

Tumor heterogeneity is a hallmark of GBM and presents
a major obstacle to development of successful ther-
apies due to the “robustness” that allows for preserved
growth despite external perturbations.** Both inter- and
intratumoral heterogeneities, as well as temporal variation
in expression of known driver mutations, underlie many of
the barriers to the development of novel GBM treatment



modalities. While GBM has a moderately low mutational
tumor burden,*® there is still a wide range of variation
in the expression of specific mutations known to drive
tumor formation and growth. As one of the initial focuses
of The Cancer Genome Atlas (TCGA), genomic analysis
of GBM has clarified key alterations in the biology of this
complex tumor, revealing a great deal about the funda-
mental driver/passenger mutations common in GBM.46:47
Information gleaned fromTCGA led to the division of GBM
into 4 subtypes: classical, proneural, mesenchymal, and
neural. These subtypes were classified according to mu-
tations in EGFR (classical), platelet derived growth factor
receptor alpha/IDH1, and high expression of sex deter-
mining regionY-box 2 (proneural), mutation of neurofibro-
matosis type 1 (mesenchymal), and broad expression of
neuronal genes (neural).*”*® However, the development of
these classifications has done little to influence clinical out-
comes. At present, no correlation has been found between
subtype and response to treatment in prospective studies.
In fact, Sottoriva et al demonstrated the presence of mul-
tiple molecular subtypes within the same tumor in human
samples,*® underscoring the variation observed even be-
tween patients of similar subtypes and within a patient’s
own tumor.

TCGA data revealed a diversity of driver mutations
common in GBM. These included growth factor signaling
aberrations due to either amplification of specific receptors
or mutations that lead to constitutive activation of tyrosine
kinase activity, phosphatidylinositol-3 kinase activation,
and/or p53 or retinoblastoma inactivation.®®®' No single
mutation is solely responsible for tumor development and
there is variation in prevalence between primary and sec-
ondary GBM as well as among subtypes. Attempts have
been made to target the most common of these mutations,
such as EGFRuvIIl, which occurs in 19-40% of GBMs.26:5
However, as previously noted, targeting the EGFRvIII muta-
tion with vaccination has failed for the treatment of GBM.'
Furthermore, recent research has shown that genetic het-
erogeneity also exists temporally within GBMs. Schafer
et al reported that comparison of paired patient primary
versus recurrent GBM samples showed variation in ex-
pression of 90% of druggable targets.52 These results are
not surprising as treatment-resistant glioma cell popula-
tions are enriched in recurrent tumors, a further product
of tumor heterogeneity. Taken together, inter-, intra-, and
temporal heterogeneities significantly impede the employ-
ment of traditional cancer therapies, necessitating the de-
velopment of alternative approaches.

The highly heterogeneous nature of GBM is a major de-
terrent to successful immunotherapy approaches if the
goal is to recognize all malignant cells with a monomodal
approach. Loss of antigen in progressive disease and
evolving heterogeneity from diagnosis throughout disease
progression, coupled with additional acquired mutations
that drive recurrence, create tumors that are resistant and/
or insensitive to immunotherapy approaches targeting
single antigens. Advances in sequencing techniques de-
signed to map tumor heterogeneity®*%% combined with
targeted immunotherapies, such as DC vaccines or CAR
T cells, may allow us to better leverage the plasticity of
immune-based approaches against GBM in a patient-
specific manner. Additionally, proof of concept studies
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derived from preclinical models of GBM mimicking dis-
ease heterogeneity at both early stages of tumor develop-
ment and in response to pressures from treatment will be
valuable in testing new approaches. Ideally, insights from
these studies may have value for informing clinical trial de-
sign and targeted patient selection.

Tumor Microenvironment

The highly immune-suppressed GBM TME substantially
limits the efficacy of established immunotherapy ap-
proaches (Fig. 3). Numerous factors contribute to the
immune-suppressed TME, primarily driven by infiltrating
immune suppressive cells and environmental factors com-
bining, often synergistically, to produce the characteristic
GBM TME.

Considered an immune privileged compartment, infil-
tration of peripheral immune cells into brain parenchyma
is tightly regulated by the BBB. Under non-pathological
conditions, microglia (resident macrophages arising
from embryonic progenitor cells) represent the lone func-
tional immune cell present within this tissue.’¢ However,
tumor development increases permeability of the BBB,
resulting in tumor infiltration of macrophages and, to
a lesser extent, lymphocytes. Recruitment/activation of
immune-suppressive cells is driven by enhanced secretion
of pro-inflammatory cytokines noted in GBM tumors, in-
cluding IL-10,%7 transforming growth factor beta (TGF-p),%8
and chemokine ligand 2.5°

Tumor infiltrating lymphocytes (TILs), representing less
than 1% of the total tumor immune cell infiltrate,®® in-
clude both pro- and antitumor populations. Classically,
CD8+, cytotoxic lymphocytes (CTLs), and CD4+T cells ex-
hibit antitumor activity. However, the TIL population in
GBM generally lacks substantial CTL infiltration, and CD4+
populations have increased coexpression of CD25 and/or
the transcription factor forkhead box P3, distinguishing
them as immune-suppressive regulatory T cells (Tregs).
The presence of Tregs in human GBM patients has been
reported as a negative prognostic factor,®’ and their secre-
tions of IL-10 and TGF-3 act to polarize macrophages toward
the immune-suppressive M2 phenotype.

Tumor-associated macrophages (TAMs), including
myeloid-derived suppressor cells (MDSCs) and M2 polar-
ized macrophages, make up the bulk of the tumor immune
cell infiltrate and are a hallmark of high-grade gliomas.®?
Hypoxia induced expression of programmed death ligand
1 (PD-L1)8% on TAMs directly impedes proper CTL function
upon binding to its cognate receptor, PD1. Expression of
arginase 1 (ARG1) in MDSCs indirectly impairs CTL func-
tion via depletion of key nutrients,? as described below,
as well as via production of nitric oxide due to enhanced
expression of induced nitric oxide synthase.5®

Various environmental factors common to the GBM
TME, including hypoxia and nutrient depletion, limit CTL
function and contribute to the immune-suppressed TME.
Hypoxia, a distinguishing characteristic of GBM, contrib-
utes to GBM morphology as well as immunosuppression.
Pseudopalisading, a histologic signature of GBM, arises
as an adaptation to hypoxia via overexpression of hy-
poxia inducible factor 1 alpha (HIF-1a).%667 Qverexpression

1253
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Fig. 3 Factors that limit immunotherapy efficacy include heterogeneity of cancer cells, immunosuppressive cells such as myeloid derived cells
and macrophages, hypoxia and vascular proliferation, and the blood—brain barrier.

of HIF-1a has also been shown to enhance recruitment of
MDSCs to the TME,®8 which can further influence immune-
suppressive environmental factors through nutrient de-
pletion. As a hallmark of MDSC suppressive function,
ARG1-dependent depletion of L-arginine has a profound
negative effect on CTL function.®* Glioma cell expression
of indoleamine-2,3-dioxygenase (IDO) further shapes the
nutrient-depleted TME as tryptophan catabolism drives
production of kynurenine.®® Reduced tryptophan levels,
as well as presence of kynurenine catabolites, impede CTL
function and promote T-cell anergy.’%72 Interestingly, IDO
has been found to “protect” GBM from chemoradiation
by preventing vascular activation and complement-
dependent tumor destruction. Li et al demonstrated that
IDO blockade synergized with chemotherapy and radia-
tion in murine glioma models by upregulating vascular cell
adhesion molecule 1 on vascular endothelium within the
tumor and widespread deposition of complement.”®
Immunomodulating drugs targeting these immune-
suppressive mechanisms may augment existing immuno-
therapies. Recent failures of single intervention strategies,
likely influenced by the GBM TME, signal the need for
novel treatment modalities relying on combinatorial ther-
apies. These approaches aim to either reprogram the TME
or reshape its constituents and may have broad influence
due to the noted interrelation of factors contributing to
immunosuppression in GBM. At present, efforts directed
against immune-suppressive factors such as IDO, IL-10,
TGF-p, and chemokines, as well as approaches targeting
infiltrating immune cells, are ongoing.”* However, the
safety, tolerability, and pharmacologic properties of
immunomodulatory agents in combination with immuno-
therapy will likely determine the chance that an enhanced
beneficial effect over monotherapy is observed. Synergy
in efficacy through combinatorial approaches will need to
be balanced with increased risk of toxicities arising from

multi-agent therapies. Finally, heterogeneous immune-
suppressive mechanisms within the TME likely vary tumor
to tumor, which implies that a tailored approach may be
required for maximum efficacy.

Mutational Burden, Immunogenicity, and
Heterogeneity

Tumors harboring higher mutational burden are associ-
ated with tumor neoantigens driving cytotoxic responses
against tumor cells. The mutation loads of patients with
metastatic melanoma or non-small-cell lung cancer, for
example, were shown to be significantly associated with
response to checkpoint blockade,’®’® whereas poorly im-
munogenic tumors such as pancreatic and prostate can-
cers with low mutation load show greater resistance to
checkpoint inhibition.”” The threshold for what is high or
low tumor mutation burden is subjective and researchers
have found that within histology types, the tumors in the
top 10% of tumor mutation burden had improved sur-
vival when treated with immune checkpoint inhibitors.”®
Of note, this study excluded glial tumors. Therefore, the
total mutation burden can vary but more is still associ-
ated with potentially better response to certain immuno-
therapy platforms. Similarly, GBMs exhibit a relatively
low mutational rate and are considered “cold” tumors
with reduced immunogenicity. Immunoediting by tumor
cells to reduce mutational immunogenicity can also be a
mechanism of acquired treatment resistance.”®%9The one
exception to this rule is the rare glioma with a mismatch
repair deficiency (dMMR) or microsatellite instability
(MSI).8" These tumors, like other dMMR/MSI tumors (as
commonly noted in colon or lung carcinoma), have a high
mutational burden and show better response to immune
checkpoint blockade.



Metabolic Derangements

Malignant brain tumors reprogram pathways of nutrient
acquisition and metabolism to meet their bioenergetic
and biosynthetic demands. The most predominant meta-
bolic reprogramming is increased glycolytic flux. Immune
evasion and metabolic reprogramming are now well rec-
ognized hallmarks of cancer and are considered to be
functionally linked. Similar to cancer cells, T cells initiate
metabolic regulation to drive their activation and effector
functions.®? This metabolic switch impacts greatly the
TME, which in turn acts as a major barrier for successful
targeting of cancer by antitumor immune cells. Activated
T cells engage aerobic glycolysis, consuming a massive
amount of glucose, and blocking glycolysis reduces their
activation. Cancer and immune cells share similarities in
nutrient utilization, particularly glucose, and engage sim-
ilar metabolic regulation to sustain survival, proliferation,
and other key functions. Tumor glycolytic activity has been
associated with poor prognosis and low tumor infiltration
and activation of T cells in multiple types of cancer.8Tumor
cell energetics dictate the metabolic landscape of the TME.
For example, malignant glioma cells express tryptophan-
2,3-dioxygenase (TDO) due to activation of prostaglandin-E
(PGE4).8*TDO induces intratumoral PGE2 metabolism re-
sulting in an immunosuppressive environment due to in-
duction ofTregs®® and inhibition of effectorT cells.8

Altered metabolic characteristics of GBM lead to
intratumoral heterogeneity and immunosuppression that
contribute to the failure of immunotherapy. The brain
tumor microenvironment provides local restraints via
metabolic competition suppressing antitumor immunity,
specifically inhibiting infiltration and tumoricidal func-
tions of host and adoptively transferred tumor-reactive T
cells. Host or transferred tumor infiltrative T cells not only
have to surpass the conventional immune checkpoints but
must also face a wide range of metabolic checkpoints that
shape their energetic behavior and dampen their function.
Strategies to rewire and restore the metabolic fitness and
flexibility of immune cells will likely improve efficacy of
immunotherapeutic approaches. Modulation of cellular
metabolism holds great promise, using combinatorial ap-
proaches of metabolic disruptors with immunotherapy.
The metabolic status of the patient or the tumor may be
predictive of treatment sensitivity and may be used to
stratify patients.8’

Host Immunosuppression

One of the most important factors that limit immuno-
therapy efficacy in patients with GBM is the profound im-
munosuppression that exists at the time of diagnosis that
is worsened with standard-of-care treatment. Patients
with GBM are found to have T cells sequestered in the
bone marrow at the time of diagnosis.® Circulating T cells
are less responsive to activation, and intratumoral T cells
have an upregulation of markers of exhaustion (PD1,
CD39, TIM-3).8% This immunosuppression is only wors-
ened with standard treatment with temozolomide,®°® ra-
diation, and steroids.'>%* Therefore, agents that may seem
promising in preclinical models or in early-phase studies

Rahman et al. Adult immuno-oncology

as monotherapies may fail when given to a larger patient
population in which many people are severely immuno-
suppressed and receiving concomitant treatment with im-
munosuppressive therapies.

Efforts to fully understand the immune-deficient na-
ture of patients and the role of standard therapies are
now emerging. The importance of these factors was well
demonstrated in the small phase | trial testing personal-
ized neoantigen vaccines in patients with GBM.*' Patients
on corticosteroids did not have the ability to generate
polyfunctional T-cell responses to vaccination. These re-
sponses were seen in the 2 patients who were vaccin-
ated before being placed on steroids. Being able to fully
measure the efficacy of a treatment strategy will likely re-
quire evaluation of patients for functional immune defects
prior to enrolling,% as well as thoughtfully designed treat-
ment in combination with chemotherapy and radiation,
such as by leveraging the homeostatic lymphoproliferation
that follows lymphodepletive treatment.96-98

Clinical Trial Design for Brain Tumor
Immunotherapy

Immunotherapy for brain tumors was initially a niche field
where studies were mostly limited to evaluating immune
interventions in preclinical and translational studies.?%-103
However, over the last 10 years, immunotherapy has ex-
ploded as a major advance in many previously highly
malignant cancers. Reports of efficacy of T cell-based
therapy'%4-'% and ICIs'7-'%° for traditionally resistant solid
tissue malignancies'®"7 have invigorated immuno-
therapy research for brain tumors. Unfortunately, reports
from the initial studies have been disappointing.’?"8These
failures have underscored the need to better understand
limitations of the host and the tumor in patients with GBM
to better identify how to leverage immune-based therapies
in this patient population.

In this section we will discuss possible strategies moving
forward that have the potential to reduce treatment and
trial failures and will allow the research and clinical com-
munities to learn more from each trial investigating immu-
notherapy in the brain tumor patient population (Fig. 4A).

Strategies to Improve Success of Future Trials

The average time from inception of idea to release of a
drug to market is 14 years™® and requires $200 million to
$2.9 billion.' Given the expensive and long process of
regulatory approval and the limits on patent protection,
there has been a sense of urgency in testing these immu-
notherapy strategies. Therefore, the pressure to reduce the
time and cost of bringing therapies to patients remains a
high priority. This reality is especially relevant for patients
with GBM who continue to suffer from poor response to
treatment despite investigations of several novel thera-
peutic strategies.'?'-125

However, this time pressure must be balanced with the
need to understand the true biologic effects of immune-
based strategies on the host and tumor prior to testing
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comes. (B, C) Fishbone diagram for failure analysis in clinical trials.

in human patients. Based on failures of prior strategies
with small-molecule inhibitors and targeted therapies,
the key to success of immunotherapy in GBM will largely
depend on our ability to design thoughtful clinical trials
that are based on robust preclinical data, are hypothesis
based, and contain extensive correlative biologic studies.
Assessment of target antigen in patients prior to enroll-
ment is one example of a strategy that would increase the
likelihood of response to a particular immunotherapeutic
strategy. Although this strategy seems intuitive, the liter-
ature has several examples of drug failures in trials that
did not predicate enrollment based on tumor expression
of the treatment target. For example, suppression of the
dysregulated tyrosine kinase pathway in GBM has been
shown to have no correlation with expression of amplifi-
cation of EGFR.'?6 Even when this is performed, other pit-
falls can result in a failed trial. The EGFRVIII vaccine trial
enrolled patients with expression of the relevant mutation.
However, loss of the mutation from follow-up tissue anal-
ysis in early-phase trials was used as a proof of efficacy.
This approach can miss recognition of other pathways that
tumors may exploit and is an important lesson in the sig-
nificance of tumor editing.

In addition to assessment of the target, the ability
of patients to mount an appropriate immune re-
sponse against antigen is critical for the success of any
immunotherapeutic platform. Patients may be pro-
foundly immunosuppressed at the time of diagnosis,8%1%’
and this is further impaired with the standard radiation

and chemotherapy treatment.92128129 Ag previously dis-
cussed, steroids have the ability to significantly decrease
the ability of patients to mount antitumor immune re-
sponses.*! Additionally, patients with GBM have intrinsic
defects in T-cell function that prevent response to mi-
togen stimulation.®>'3 However, despite the recogni-
tion of the disease and iatrogenic immunocompromise,
ability to mount an immune response is not commonly
tested prior to enrollment in immunotherapy trials.
Studies have found that patients with an immunosup-
pressed phenotype have poorer outcomes regard-
less of treatment modality. For example, GBM patients
participating in the autologous HSP study had reduced
survival if they had PD-L1 expression on circulating my-
eloid cells.3* Measuring the ability of a patient to mount
an immune response can include tests such as cutaneous
testing to common bacterial antigens or testing periph-
eral blood lymphocyte responsiveness to mitogens.'3'
Stratifying enrollment of patients based on ability
to mount a response may be a strategy to identify
key factors associated with outcome of clinical trials
evaluating immunotherapy agents. Although immune
response measured peripherally may not correlate
with intratumoral effects, assessment of peripheral
blood response may define those with improved or re-
duced chance of having treatment efficacy.' Restated,
having a peripheral blood response to immunotherapy
is likely necessary but may not always be sufficient
for an immune response within an intraparenchymal



brain tumor. This strategy was elegantly demonstrated
in a neoantigen vaccine study where patients first un-
derwent vaccination using a “warehouse” of tumor
antigens while mutational analysis of patients’ tumors
and HLA binding predictions were performed. Patients
then received a second vaccine consisting of person-
alized neoepitope peptides. To receive the first set of
vaccines, the patients peripheral T cells were tested to
ensure they were reactive against the chosen antigens.*

Well-designed clinical trials may help to further inter-
rogate the correlation of peripheral with tumor immune
responses. For example, the recent neoadjuvant PD1
inhibitor trials demonstrated that patients with recur-
rent GBM who underwent treatment with neoadjuvant
PD1 inhibition prior to surgery demonstrated meas-
urable intratumoral genomic changes consistent with
an upregulation of T-cell function and IFN-gamma.4132
A future study emulating this design but also including
parallel measurement in peripheral blood could deter-
mine if limiting enrollment based on peripherally meas-
ured immune response should exclude patients who
would otherwise demonstrate benefit from a treatment
strategy that is only measurable from tissue analysis.The
“window of opportunity” trial design allows for analysis
of important biomarkers of response, drug penetration
into the tumor, and early intratumoral changes that lead
to the generation of insightful data to guide development
of promising treatments even if the study is underpow-
ered for a clinical efficacy.

The potential disconnect between tumor and periph-
eral immune responses in neuro-oncology patients
underscores the importance of obtaining tissue as an in-
tegral part of trial design. Tissue analysis is a powerful
tool to demonstrate a treatment effect or cause of failure.
More importantly, intratumoral changes inform mech-
anism of action and potential for combinatorial strategies.
Measuring tumor response also bypasses overdepend-
ence on utilizing imaging to determine a clinical effect. In
practice, dependence on MRI changes has inherent lim-
itations due to inability to distinguish treatment effect,
pseudoprogression, and true progression.’s® This often
leads to differential management strategies for various pa-
tients that potentially impact outcomes.

Cause-and-Effect Analysis

When analyzing negative clinical trial outcomes, the per-
formance of a cause-and-effect analysis may help im-
prove future trials by clarifying factors that may have
contributed to the lack of success. Such failure anal-
ysis approaches have been pioneered by engineers in
product design and quality control. One of the most es-
tablished methods to examine and document failures is
the “Fishbone Diagram” that was developed by Kaoru
Ishikawa (such graphics are often called Ishikawa dia-
grams). These failure analysis diagrams illustrate the di-
verse and often disparate inputs to a system that can lead
to failure in a single graphical image.The primary advan-
tages to this type of analysis are that they allow a quick
visual representation of the major causal contributors, fa-
cilitate identification of major contributors that may have

Rahman et al. Adult immuno-oncology

been overlooked, and suggest areas where more anal-
ysis, control, or precision may improve outcomes.

Development of a robust diagram to analyze clinical
trials will be iterative and time-consuming but will provide
a formulaic method to compare trials and carry forward
lessons learned from one trial into the planning stages
of new trials. Fig. 4B, C illustrates a starting point that at-
tempts to capture causal contributors to success and pro-
vide a first-order diagram. In these diagrams the various
dominant contributors are grouped into individual ribs;
here this is shown as time, toxicity, target, tumor, termi-
nation, transport, and treatment. Each of the ribs off of
the backbone should capture the major contributors as
a group, which will have a series of subbranches with in-
creasingly specific contributors. As an example:

Time—dose schedule, drug half-life, tumor measure-
ment frequency, duration of study

Toxicity—liver, kidney, heart, other organs and systems

Target—genes, microenvironment, cell surface proteins,
immune cell checkpoints

Tumor—type, characterization, biopsy results, size, loca-
tion, heterogeneity, complexity

Termination—end criteria, imaging decision points, con-
trols, study arms, adverse events

Transport—drug distribution, drug availability, blood-
brain barrier, delivery approach

Treatment—combination schedules, radiation, proton,
diet, surgery.

Root cause analysis has an extensive history in en-
gineering, product development, manufacturing, mar-
keting, and process control. Once adopted, this process
of methodically capturing and preserving various factors
that influence the success or failure of a trial is preserved
as a record for future development. Based on past ex-
periences across disparate fields, it is highly likely that
building from lessons learned, and developing a robust
framework from which to evaluate the success and fail-
ures of clinical trials, will improve the quality and out-
comes of future trials.

Conclusion

Recent years have witnessed remarkable advances and
breakthroughs in cancer immunotherapy. However, immu-
notherapy approaches to treat brain cancer have yielded
modest results at best, emphasizing the need for a more
thoughtful approach when translating preclinical ideas to
the clinical arena and designing clinical trials. Based on
what we have learned from prior and current studies, we
advocate the following:

e Robust preclinical testing focused on validating mech-
anism and effect in more than one model system

e Targeting more than one antigen or induction of mul-
tiple parallel immune processes as single antigen
targeting has a high chance of failure

e Leveraging “window of opportunity” trial design to
allow for in-depth tissue analysis after treatment is
delivered to allow for collection of biologic activity of
therapy
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e Stratification to evaluate patient capability to mount
clinically relevant systemic immune response

e Preclinical or clinical rationale to support combinatorial
therapy prior to testing in patients

e A priori determination of clinically relevant effect size
prior to a clinical trial

e Root cause analysis after every clinical trial to interro-
gate success and failures to inform future trials

The future of immunotherapy for GBM will depend on our
ability as a research and medical community to critically
assess the work we have already produced to inform the
path forward. Therefore, we should ensure that every trial
provides new knowledge about the disease and moves be-
yond “Does it work?” as the only question that trials an-
swer. Using platforms such as the Remission Summit to
bring patient advocates, family survivors of brain cancer,
researchers, oncologists, radiation oncologists, patholo-
gists, and neurosurgeons together toward the common
goal of finding durable treatment strategies for patients
with GBM is a key step in this direction.
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