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Abstract

Purpose of review More effective therapies for glioblastoma are urgently needed. Immu-
notherapeutic strategies appear particularly promising and are therefore intensively
studied. This article reviews the current understanding of the immunosuppressive glio-
blastoma microenvironment, discusses the rationale behind various immunotherapies,
and outlines the findings of several recently published clinical studies.

Recent findings The results of CheckMate-143 indicated that nivolumab is not superior to
bevacizumab in patients with recurrent glioblastoma. A first-in man exploratory study
evaluating EGFRvIII-specific CAR T cells for patients with newly diagnosed glioblastoma
demonstrated overall safety of CAR T cell therapy and effective target recognition. A pilot
study evaluating treatment with adoptively transferred CMV-specific T cells combined with
a CMV-specific DC vaccine was found to be safe and resulted in increased polyclonality of
CMV-specific T cells in vivo.

Summary Despite the success of immunotherapies in many cancers, clinical evidence
supporting their efficacy for patients with glioblastoma is still lacking. Nevertheless, the
recently published studies provide important proof-of-concept in several areas of immu-
notherapy research. The careful and critical interpretation of these results will enhance our
understanding of the opportunities and challenges of immunotherapies for high-grade
gliomas and improve the immunotherapeutic strategies investigated in future clinical
trials.
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Introduction

Glioblastoma is the most common malignant primary
brain tumor and ~ 12,000 patients are diagnosed with
this tumor in the USA each year [1]. Despite enormous
research efforts to better understand the pathobiology of
this incurable disease and develop more effective thera-
pies, the established standard of care therapy has
remained unchanged for more than a decade [2]. Prog-
nosis for patients with glioblastoma remains poor with a
median survival time of 14.9 months and 5-year overall
survival rates of only 5.5% [1]. Fueled by the success of

immunotherapies for many non-CNS cancers, the idea
of harnessing the immune system to treat glioblastoma
has gained great interest over the past years. Various
immunotherapeutic strategies are currently evaluated
including immune checkpoint blockade, anti-tumor
vaccination, and cellular therapies. Here, we review the
current understanding of the immunosuppressive pro-
cesses in the glioblastoma tumor microenvironment
and the immunotherapeutic strategies that are currently
being investigated.

The immunosuppressive tumor microenvironment in
glioblastoma

Glioblastomas create an immunosuppressive tumor microenvironment which
allows tumor cells to escape from immune surveillance and effectively disrupts
and modulates effector immune cell function via multiple mechanisms.

Change in the expression of surface molecules on glioma and glioma stem cells

Glioma cells downregulate the presentation of cellular antigens via the MHC
class I and MHC II pathways [3, 4]. Instead of classical HLA class [ molecules
(HLA-A, HLA-A, and HLA-C), GBM cells express non-classical HLA class 1
molecules such as HLA-G and HLA-E. HLA-G affects the function of tumor-
infiltrating lymphocytes [5]. The upregulation of HLA-E and lectin-like
transcript-1 (LLT-1) on glioma cells impairs the function of natural killer
(NK) cells [6-8]. In addition, glioma cells express Fas ligand (FasL, CD95)
which, upon binding to the receptor Fas, induces apoptosis in tumor infil-
trating lymphocytes [9].

Upregulation of STAT3 and key immunosuppressive cytokines in glioblastoma

Hypoxia-mediated upregulation of signal transducer and activator of transcrip-
tion 3 (STAT3) is one of the hallmark pro-oncogenic alterations in glioblasto-
ma. STAT3 activation in glioblastoma cells and glioma stem cells (GSCs)
induces the production of key immunosuppressive cytokines including TGF-
B, IL-6, IL-10, and IL-23 with important downstream effects on immune cell
composition and immune cell activity in the glioma microenvironment [10-
12]. In dendritic cells, STAT3 activation leads to reduced antigen presentation
[13] and downregulation of CD40, CD80, CD86, and MHCII [14e]. Antigen
presentation by these dendritic cells in the presence of IL-10 and TGF-p induces
FoxP3 expression in CD4" cells and leads to recruitment of regulatory T cells
(Tregs) to the tumor [15]. STAT3 therefore represents an attractive treatment
target and preclinical studies have demonstrated that STAT3 blockade results in
upregulation of the co-stimulatory molecules CD80 and CD86 and increases
the secretion of the pro-inflammatory cytokines [16, 17]. Unfortunately, this
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has not yet translated into successful clinical therapies for patients with glio-
blastoma although the development of small molecular inhibitors is ongoing
[18-20].

Transforming growth factor (TGF)-p secretion is one of the key immuno-
suppressive cytokines secreted by glioma cells and leads to upregulation of
FoxP3 in CD4" cells thereby promoting their differentiation into Tregs [21,
22]. TGF-B-mediated activation of the SMAD/ATF1 pathways also dampens
effector CD8" T cell function by downregulating IFN-y and granzyme B pro-
duction. TGF-p has further been described to impair NK cell function via
downregulation of NKG2D, a key molecule for NK cell activation. Despite
encouraging preclinical work suggesting that TGF-p inhibition increases immu-
nogenicity in murine glioma models [23, 24], the TGF-p inhibitor galunisertib
was not more effective than lomustine for patients with recurrent glioblastoma
in a randomized phase II study [25].

Lastly, increased interleukin-10 (IL-10) secretion in glioblastoma impairs
antigen presenting cell (APC) and effector T cell function and promotes Treg
activity and proliferation [26]. Other immunosuppressive cytokines include
prostaglandin E, (PGE,) which suppresses lymphocyte proliferation [27] and
monocyte chemoattractant protein-1 (MCP-1, CCL2) which promotes Treg
recruitment [28, 29].

Recruitment of immunosuppressive cells to the glioblastoma microenvironment

Tregs are characterized by FoxP3 and CD25 (IL-2a) expression and suppress the
activity and proliferation of effector T cells via the production of the immuno-
suppressive cytokines TGF-B and IL-10. They comprise up to 15% of cells within
the tumor [30] and the degree of tumor infiltration by Tregs has been correlated
with tumor grade and prognosis [31-33].

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells that
originate from the bone marrow and are recruited to the glioma microenviron-
ment, mainly driven by upregulation of hypoxia-factor-1ac (HIF-1a) in the
tumor [34, 35]. Through increased secretion of arginase I, nitric oxide (NO),
and other reactive oxygen species (ROS), MDSCs induce apoptosis of activated
T cells and further stimulate the proliferation and recruitment of Tregs [36, 37].

Glioblastomas are also heavily infiltrated by CD45"#" monocytes/
macrophages and CD45'°% microglia. These cells have been reported to com-
prise up to 30% of the tumor mass and the extent of tumor infiltration by these
cells may correlate with prognosis [38, 39]. Monocytes/macrophages and brain-
resident microglia are extraordinarily difficult to distinguish phenotypically and
therefore have been categorized based on their response to key cytokines: While
IFN-y and GM-CSF increase inducible nitric oxide synthase (iNOS) expression
in the pro-inflammatory M1 phenotype, IL-4 and M-CSF induce secretion of
arginase I, TGF-B, matrix metalloproteinase (MMP)-2, and MMP-9, 1L-10,
thereby characterizing the immunosuppressive M2 phenotype [40-42¢]. In
the glioblastoma environment, macrophages have been described to be pre-
dominantly shifted towards the pro-tumor M2 phenotype [43] and the binding
of colony-stimulating-factor (CSF)-1 to CSF-1 receptor (CSF-1R) on macro-
phages appears to induce this shift from M1 to M2 [44]. It is important to note,
however, that the various activity states of macrophages and microglia remain
incompletely understood and in fact, the M1/M2 classification concept has
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recently been challenged [42e, 45]. Our understanding of the role of macro-
phages and microglia in glioblastoma will therefore continue to evolve.

Immune checkpoints in glioblastoma

Cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) is predominantly
expressed by T cells in secondary lymphoid organs and is upregulated upon
immune activation. Binding of CTLA-4 to its ligands CD 80 (B7.1) or CD86
(B7.2) leads to reduced activation and proliferation of effector T cells and
increases the activation and recruitment of Tregs and MDSCs to the glioblasto-
ma microenvironment [46].

Programmed cell death (PD)-1 is expressed and upregulated in T cells, other
immune cells, and tumor cells. The PD-1 receptor has two ligands, PD-L1 (B7-
homologue 1, B7-H1) and PD-L2 (B7-homologue 2, B7-H2). While PD-L1 is
found on immunosuppressive Tregs, tumor-associated macrophages, and other
cells within the tumor microenvironment including tumor cells [47], PD-L2
expression is restricted to reactive immune cells such as dendritic cells and
macrophages [48]. Binding to of either ligand to PD-1 results in reduced
function and proliferation of effector T cells [49, 50] and augments the activity,
proliferation, and recruitment of Tregs to the tumor [51]. PD-L1 expression
levels in glioblastoma range from 7.8 to 37.5% of tumor-resident cells and
appear overall lower as compared to other cancers [52-57].

Other inhibitory checkpoint molecules in the tumor microenvironment
include T cell immunoglobulin and mucin-domain containing-3 (TIM-3) and
lymphocyte-activation gene 3 (LAG-3). TIM-3 is a surface marker expressed on
TH1 cells and is considered a marker of T cell exhaustion which induces T cell
apoptosis upon binding to its ligand galectin-9 (Gal-9) [58]. In glioblastoma,
TIM-3 expression levels have been correlated with tumor grade and functional
status [59, 60]. Anti-TIM-3 therapy was recently demonstrated to increase
survival when combined with anti-PD-1 blockade and radiation in a murine
glioma model [61]. LAG-3 is a membrane molecule upregulated on tumor
infiltrating lymphocytes and LAG-3 binding to MHC class IT on APCs and
tumor cells results in reduced T cell and NK cell activation [62]. While LAG-3
upregulation has been reported to have important pro-oncogenic implications
in other cancers including melanoma [63], there are no preclinical studies to
date characterizing the role of LAG-3 in glioblastoma.

In addition to these immunosuppressive checkpoint molecules, a number of
stimulatory checkpoint markers have been identified. CD137 (4-1BB) acts as a
co-stimulatory protein of the T cell receptor (TCR) and promotes T cell activa-
tion and proliferation. CD137 stimulation has been demonstrated to increase
survival in murine glioma models when used in combination with anti-CTLA4
antibodies and radiation [64]. Similarly, OX40L is a co-stimulatory molecule of
the TCR and its expression in gliomas has been correlated with improved
survival. The induction of OX40L expression improved survival in a murine
glioma model [65].

IDO and tryptophan metabolism

There has been a growing interest in studying the effects of altered tumor
metabolism on tumor growth and the immunosuppressive tumor environ-
ment. The indoleamine-2, 3-dioxygenase (IDO) is a key enzyme of tryptophan
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metabolism and metabolizes tryptophan into kynurenine. Increased
kynurenine levels appear to induce T cell anergy and immune cell apoptosis
[66]. IDO has been found to be upregulated in up to 90% of gliomas and is
associated with higher grade, shorter survival, and increased recruitment of
Tregs and MDSCs to the tumor microenvironment [67-69]. Simultaneous
targeting of IDO, CTLA4, and PD-L1 resulted in durable treatment responses
in a murine glioma model [70]. Therefore, IDO inhibitors are currently ex-
plored for patients with high-grade gliomas, either as single agent
(NCT02052648) or in combination with other immune checkpoint inhibitors
(NCT03192943, NCT02658890).

Immunotherapies for glioblastoma

Immune checkpoint blockade

Given the prominent expression of CTLA-4, PD-1 and their ligands in glioblas-
toma and fueled by the enthusiasm about the success of immune checkpoint
blockade in melanoma, non-small cell lung cancer (NSCLC), and other malig-
nancies, a multitude of clinical trials is currently evaluating the role of check-
point inhibitors either alone or in combination for newly diagnosed and
recurrent high-grade glioma. These include the anti-PD-1 antibodies nivolumab
(Opdivo) and pembrolizumab (Keytruda), the anti-PD-L1 antibodies
avelumab (Bavencio) and durvalumab (Imfinzi), and the anti-CTLA-4 antibod-
ies ipilimumab (Yervoy) and tremelimumab (formerly ticilimumab). In addi-
tion, alternative checkpoint-targeting antibodies such as the anti-LAG-3 anti-
body urelumab and an anti-CD137 antibody are investigated, either alone or in
combination with nivolumab (Table 1).

While the majority of these studies are still ongoing, the results of the first
clinical study evaluating PD-1 and CTLA-4 blockade in recurrent high-grade
gliomas recently became available. In the exploratory phase I part of Check-
Mate-143, the safety of nivolumab versus nivolumab combined with
ipilimumab was investigated. Because of dose-limiting toxicities predominantly
in the combination arm, the subsequent phase III part of the study investigated
nivolumab alone compared to bevacizumab. Unfortunately, the primary end-
point of superior survival with nivolumab was not met in this study given that
median overall survival for patients treated with nivolumab was 9.8 months
compared to 10 months for those receiving bevacizumab. Response rates were
8% with nivolumab and 23% with bevacizumab [71ee, 72ee].

In order to understand the reasons for failure of this study, it is important to
recognize some of the emerging key concepts that may influence the efficacy of
checkpoint blockade in cancer. One of these is the significance of PD-1 and PD-
L1 expression as a predictive biomarker of treatment response to PD-1/PD-L1
blocking therapy. In a phase I study exploring nivolumab in multiple cancer
types, 36% of patients with PD-L1 positive tumors (defined as > 5% of cells PD-
L1") demonstrated a treatment response whereas none of the patients with PD-
L1 negative tumors had a treatment response [73]. Similarly, progression-free
and overall survival were significantly prolonged in patients with NSCLC whose
tumors had a proportional PD-L1 expression >50% compared to patients
whose tumors had 50% proportional PD-L1 expression [74].

PD-L1 expression levels were also evaluated in CheckMate-143. Thirty-two
percent of the tumors expressed PD-L1 in < 1% of tumor cells and only 27% of
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patients had expression levels > 10% [71ee]. Under the assumption that the
level of PD-L1 expression in glioblastoma has similar implications as in other
cancers, the PD-L1 expression found in the patient population of CheckMate-
143 may therefore have been too low to result in a treatment response. How-
ever, if PD-1 and PD-L1 expression actually have a role as predictive biomarkers
that can identify glioblastoma patients who are likely to respond to checkpoint
blockade remains insufficiently understood at this time. This continues to be
investigated in the correlative studies accompanying many of currently ongoing
clinical trials.

A similarly important predictor of response to PD-1/PD-L1 targeting thera-
pies is the mutational load of the individual tumor. The abundance of genetic
alterations in a given tumor is thought to increase the amount of available
tumor-specific neoantigens to which a robust anti-tumor immune response can
be directed. This is supported by clinical evidence showing that patients with
colorectal cancer respond better to pembrolizumab if their tumors demonstrate
deficiency in DNA mismatch repair (MMR) enzymes [75]. Similarly, the muta-
tional burden in melanoma or NSCLC appears to correlate with response to
immune checkpoint blockade [76, 77]. Several case reports have demonstrated
that dramatic responses can also be seen in patients with glioblastoma who
have germline mutations in MMR genes [78] or POLE [79, 80]. Interestingly,
treatment with temozolomide has been associated with mutational loss of
MMR genes (MSH6, MLH1, and MSH?2) at time of high-grade glioma recurrence
[81-83]. Based on these results, several clinical trials are exploring the efficacy of
immune checkpoint inhibition in patients with hypermutated glioblastoma
(Table 1).

Other clinical studies are investigating checkpoint inhibition combined with
radiation (Table 1) because radiation has been demonstrated to increase the
pool of potential neoantigens and to improve MHC-I-mediated presentation of
these antigens by tumor cells and APCs [84, 85].

Lastly, the average number of effector immune cells in the glioblastoma
microenvironment, in particular CD4+ and CD8+ T cells, may be too low to
result in an effective anti-tumor immune response even if the activity of these
cells can be augmented via checkpoint inhibition. Therefore, several clinical
studies investigate the combination of checkpoint inhibitors with vaccine or
viral vector-based strategies with the goal to increase T cell recruitment to the
tumor (Table 1). In addition, there may be a potential synergistic effect of
immunotherapies combined with targeted therapies. For example, CDK4 inhi-
bition appears to increase antigen presentation and decreases regulatory T cells
in the tumor microenvironment and therefore may lead to an improved anti-
tumor immune response when combined with PD1 inhibitors [86].

Vaccine strategies for glioblastoma

Anti-tumor vaccination strategies follow the idea that improved immunization
with tumor antigens augments recruitment of antigen-specific effector T cells to
the tumor. Vaccination strategies are inherently complex because they require
the optimal interplay of multiple factors including appropriate antigen selec-
tion, efficient presentation of these antigens by APCs, efficient expansion and
migration of immunized T cells to the tumor, and effective cytotoxic function of
these T cells in the tumor microenvironment.
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Tumor antigens used for vaccine development can be broadly catego-
rized into tumor-specific antigens (TSA) and tumor-associated antigens
(TAAs). TSAs are exclusively expressed on glioblastoma cells and typically
elicit a quite robust tumor-specific immune response with a low risk of
cross-reactivity. In high-grade gliomas, EGFRVIII represents the prototype
of such a tumor-specific antigen and ~30% of glioblastomas express this
mutation [87]. Based on the robust anti-tumor response seen in mice
treated with anti-EGFRVIII vaccination [88], the EGFRvIII-peptide vaccine
rindopepimut (Rintega) was developed and extensively studied in phase I
through phase III clinical trials for patients with newly diagnosed and
recurrent glioblastoma [89-93]. While the early-phase clinical studies
demonstrated general safety of the vaccine and impressive EGFRVIII-
specific humoral and cellular immune responses [91, 90, 93], an interna-
tional multicenter phase III clinical trial failed to demonstrate a survival
benefit when rindopepimut was added to standard radiochemotherapy
[94ee]. It has been speculated that the vaccine was ineffective because
the majority of tumors lost EGFRVIII expression over time. Antigen loss
and the intratumoral as well as interindividual heterogeneity are hallmark
characteristics of glioblastomas and illustrate additional immune escape
mechanisms.

Similarly, the IDH-1%"%?"" mutation found in 70% of diffuse gliomas and ~
5% of glioblastomas [95] harbors a tumor-specific neoantigen that was dem-
onstrated to be effectively presented by professional APCs and to generate a
robust mutation-specific CD4+ T cell response in a syngeneic mouse glioma
model [96]. NOA-16, a phase I clinical study is therefore exploring an IDH-
171321 targeting vaccine for patients with recurrent IDH-1%7?"" mutant high-
grade gliomas (Table 1).

In contrast, TAAs are native proteins that are overexpressed in glioblastoma
cells but also have limited expression in other tissues, e.g., survivin [97],
telomerase [98], HER2/neu [99], EphA2 [100, 101], and IL-13Ra [102]. The
low-level expression in other body tissues typically causes a certain level of
central immune tolerance and vaccination with these peptides therefore gener-
ates an overall weaker immune response but also lowers the risk of cross-
reactivity and auto-immune complications. In order to augment the anti-
tumor immune response and to reduce the chance of immune escape, various
vaccines combine different TAAs.

SL-701 for example is a multi-peptide vaccine targeting IL-13Ra2, survivin,
and EphA2. A multicenter phase I/II clinical study evaluating the safety and
efficacy of this vaccine is currently under way (Table 1) [103]. ICT-107 repre-
sents a dendritic cell (DC) vaccine that is generated by pulsing DCs with a
synthetic TAA cocktail containing the peptides AIM-2, MAGE-1, TRP-2, gp100,
HER-2, and IL-13a2. In a single-arm phase 1 pilot study, a robust immune
response to gp100 and HER2 was observed and median progression-free and
overall survival appeared prolonged compared to historical controls [104]. This
prompted further evaluation of ICT-107 in a multicenter double-blinded phase
IIb study randomizing patients to receive DCs pulsed with the TAA cocktail or
unpulsed DCs. While progression-free survival appeared prolonged in the
treatment arm, the trend towards improved overall survival in the treatment
group was not statistically significant. However, a possible survival benefit was
seen in the subgroup of HLA-A2 positive individuals [105]. Therefore, a phase
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I clinical trial was launched in 2016 accruing HLA-A2 positive patients only.
Unfortunately, further patient enrollment was halted in 2017 due to funding
issues.

Other vaccines target viral antigens expressed in malignant gliomas such as
the cytomegalovirus (CMV) antigens immediate early-1 (IE1), phosphoprotein
65 (pp65), and glycoprotein B (gB) [106-108]. In addition to CMV peptides,
CMV mRNA can be used to load and activate DCs. In a randomized and
blinded pilot study, DCs were pulsed with CMV pp65-lysosomal-associated
membrane protein (LAMP) mRNA either with or without preconditioning of
the vaccination site by tetanus toxoid (Td) injection. This study demonstrated
prolonged survival in patients receiving the DCs in conjunction with the Td
booster [109]. A multicenter, randomized, blinded, and placebo-controlled
phase 1II study is currently underway to further investigate the efficacy of this
vaccine (Table 1).

In addition, heat-shock protein (HSP)-96 has been demonstrated to bind
TAAs in the tumor microenvironment. A vaccine targeting the HSP-96 peptide
complex (HSPPC-9) has therefore been studied in early-phase clinical trials and
was demonstrated to generate robust humoral and cellular antitumor responses
[110, 111]. A randomized phase II clinical trial investigating this approach was
recently reported as being negative (Table 1).

Lastly, personalized vaccination strategies are currently explored. The general
safety and feasibility of this approach has been demonstrated in several pilot
clinical studies using DC vaccines generated by DC exposure to antigens isolat-
ed from autologous tumor lysates [112, 113]. In a phase I dinical study for
newly diagnosed glioblastoma patient, a personalized neoantigen cancer vac-
cine is manufactured by combining autologous tumor-specific peptides with
the immunoadjuvant agent poly-ICLC (Table 1). In melanoma patients, this
approach was recently demonstrated to result in an effective anti-tumor T cell
response [114ee]|. While the advantages of individualized, tumor-specific anti-
tumor vaccination appear obvious, the production of these vaccines is labor-,
time-, and cost-intense. In addition, there is at least a theoretical risk of auto-
immunity given that the tumor-lysate may contain self-antigens expressed in
other body tissues.

Cellular therapies

Adoptive T cell transfer involve the isolation of tumor-specific T cells from
tumor or tumor-draining lymph nodes, the expansion of these cells ex vivo
followed by their intravenous infusion back to the patient [115, 116]. This
concept has recently gained new momentum when it was demonstrated that
therapy with ex vivo expanded CMV-specific T cells resulted in encouraging
progression-free and overall survival in patients with recurrent glioblastoma
[117]. Most recently, a pilot study evaluated the combination of CMV pp65-
specific T cells with a CMV pp65 RNA-loaded DC vaccine compared to treat-
ment with CMV-specific T cells alone and demonstrated encouraging survival
times in the treated individuals [118ee]. Further studies evaluating CMV-
specific T cell therapies are under way (Table 2).

An alternative strategy to utilize tumor-specific T cells is the generation of
chimeric antigen receptor (CAR) T cells. CAR T cells are genetically modified T
cells that express a CAR construct consisting of an extracellular ligand
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recognition domain often derived from a monoclonal antibody which is linked
to an intracellular signaling domain typically derived from a signaling subunit
of the T cell receptor (CD3¢,). Additional co-stimulatory endodomains enhance
T cell cytokine production, expansion, and in vivo persistence. Upon recogni-
tion of the CAR-specific target antigen, CAR T cells are activated and proliferate
and recruit other immune cells via cytokine and chemokine secretion. Impor-
tantly, the target recognition is independent of MHC presentation and the same
CAR construct therefore can be used as an “off the shelf” product [119]. CART
cells targeting CD19 were demonstrated to be extraordinarily successful in the
treatment of B cell acute lymphoblastic leukemia (B-ALL) and chronic lympho-
blastic leukemia (CLL) [120, 121].

CARs targeting glioblastoma-relevant antigens have been developed,
including IL13Ra2 [122], Her2 [123], EGFRVIII [124, 125], and EphA2
[126]. In an exploratory cohort of a first-in human clinical study investi-
gating an anti-EGFRVIII CAR, nine of ten patients had progressed at 1-year
of follow-up. Evaluation of tumor tissue resected at time of recurrence
demonstrated that EGFRvIII-specific CAR T cells could be detected in small
amounts in the tumor environment and EGFRVIII expression was lost over
time. While this provided indirect evidence for successful CAR T cell
trafficking to the tumor and effective antigen targeting, it again demon-
strated antigen loss to be an important mechanism of immune escape in
glioblastoma. Moreover, these tumors demonstrated increased PD-L1 and
IDO expression and increased tumor infiltration with Tregs [127ee]. The
overall safety and potential efficacy of CAR T cells targeting IL13Ra2 was
demonstrated in a small case series and a single case report [128, 129].
More recently, a phase I clinical study demonstrated the overall feasibility
and safety of a HER2-CAR in patients with recurrent glioblastoma [130ee].
Based on these encouraging results, several ongoing clinical trials continue
to investigate the safety and efficacy of CAR T cell therapy for patients with
glioblastoma (Table 2).

Oncolytic viruses

This strategy exploits the ability to modify certain viral vectors such that they
selectively infect tumor cells, intracellularly replicate and induce tumor cell
lysis, thereby allowing the release new infectious particles to the tumor micro-
environment. In addition, they frequently induce an inflammatory response
and upregulate PDL1 expression [131]. Commonly used viral vectors include
oncolytic herpes simplex virus (0HSV), oncolytic measles virus (oMV), reovirus,
polio virus, and conditionally replicating adenoviruses (CRAdVs) [132-137].
Several ongoing clinical trials investigate the value of immunotherapy utilizing
viral vectors alone or in combination with checkpoint inhibitors for patients
with recurrent and newly diagnosed glioblastoma (Table 2). In addition, viral
vectors can be used to introduce therapeutic genes into the tumor cells. These
genes most often encode for metabolic enzymes such as the thymidine kinase
(TK) which then serves to transform a subsequently administered prodrug such
as ganciclovir or flucytosine into cytotoxic agents within the tumor microenvi-
ronment [138, 131]. In addition, genes encoding for pro-inflammatory cyto-
kines such as IL-2, IL-4, IL-12, IEN-v, and IFN-$ can be transferred to the tumor
using various viral vectors [139-143]. Viral vector therapies are explored in
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several ongoing clinical trials either alone or in combination with checkpoint
inhibitors (Table 2).

Summary and future directions

Glioblastoma represents the most aggressive primary brain tumor and progno-
sis remains dismal despite the best current standard of care treatment. High-
grade gliomas are well known to create an immunosuppressive tumor micro-
environment through the alteration of cellular surface markers, the secretion of
immunosuppressive cytokines, the activation of immune checkpoint inhibitory
pathways, and the recruitment of immunosuppressive Tregs and MDSCs to the
tumor. The recently published results of early-phase clinical studies exploring
various immunotherapeutic strategies provide important proof-of-concept and
support the continued investment in immunotherapies for high-grade gliomas.
Nevertheless, the critical evaluation of these study results will be necessary to
uncover conceptual and methodological difficulties and will be prerequisite for
the improvement of the immunotherapeutic strategies investigated in future
clinical studies.
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