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Abstract

Despite recent advances in cancer therapeutics, glioblastoma (GBM) remains one of the most difficult cancers to
treat in both the primary and recurrent settings. GBM presents a unique therapeutic challenge given the immune-
privileged environment of the brain and the aggressive nature of the disease. Furthermore, it can change phenotypes
throughout the course of disease—switching between mesenchymal, neural, and classic gene signatures, each with
specific markers and mechanisms of resistance. Recent advancements in the field of immunotherapy—which utilizes
strategies to reenergize or alter the immune system to target cancer—have shown striking results in patients with
many types of malignancy. Immune checkpoint inhibitors, adoptive cellular therapy, cellular and peptide vaccines,
and other technologies provide clinicians with a vast array of tools to design highly individualized treatment and
potential for combination strategies. There are currently over 80 active clinical trials evaluating immunotherapies for
GBM, often in combination with standard secondary treatment options including re-resection and anti-angiogenic
agents, such as bevacizumab. This review will provide a clinically focused overview of the immune environment
present in GBM, which is frequently immunosuppressive and characterized by M2 macrophages, T cell exhaustion,
enhanced transforming growth factor-@3 signaling, and others. We will also outline existing immunotherapeutic
strategies, with a special focus on immune checkpoint inhibitors, chimeric antigen receptor therapy, and dendritic
cell vaccines. Finally, we will summarize key discoveries in the field and discuss currently active clinical trials, including
combination strategies, burgeoning technology like nucleic acid and nanoparticle therapy, and novel anticancer vac-
cines. This review aims to provide the most updated summary of the field of immunotherapy for GBM and offer both
historical perspective and future directions to help inform clinical practice.
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Introduction

Gliomas are primary cancers of the central nervous sys-
tem (CNS) and are comprised of several distinct sub-
types. They are the most common brain tumors in adults
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(6 per 100,000 people for all gliomas), and the most
common subtype glioblastoma (GBM) is also the most
lethal (incidence, 3 per 100,000 people) [1]. Gliomas
can be organized into three main progenitor cell classes:
astrocytomas, ependymomas, and oligodendrogliomas.
These subtypes are genetically and clinically distinct and
respond differently to treatment strategies. Generally,
ependymoma is considered separately from astrocytoma
and oligodendroglioma. Astrocytomas are the more com-
mon variety of the two (1.3 per 100,000 (astrocytoma) vs
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0.5 per 100,000 (oligodendroglioma)) [1]. Gliomas have
historically had a very poor prognosis, with the most
aggressive subtype, GBM having a dismal median sur-
vival time of approximately 1 year. While outcomes have
improved in the last few decades [2, 3], by a few months,
current treatment strategies leave much to be desired.

The molecular biology and cellular identity of glio-
mas, particularly GBM, have been highly studied over
the last few decades, with promising advancements [4,
5]. The World Health Organization (WHO) has revised
its classification of gliomas in 2016 [6], which took into
account the improved understanding resulting from
advances in genomic medicine that occurred over the
previous 20 years. The major subclassifications combine
both gross pathologic and molecular diagnostic criteria,
as summarized by various excellent reviews [4—6]. In
general, grade II and III astrocytomas are 1p/19q non-
deleted and either IDH-1 (isocitrate dehydrogenase-1)
wild type or mutant, whereas grade II and III oligoden-
drogliomas are 1p/19q co-deleted and IDH-1 mutant [6,
7]. GBM was classified as either primary (arises de novo,
IDH wild type, with mutations in telomerase reverse
transcriptase [TERT], epidermal growth factor receptor
[EGFR], and phosphatase and tensin homolog [PTEN]),
or secondary (progresses from a grade II or III astrocy-
toma, IDH mutant, with mutations in tumor protein 53
[TP53], and alpha-thalassemia/mental retardation syn-
drome X-linked [ATRX] gene). Recent updates focus on
differences in biology that correlate with IDH status to
delineate IDH mutant tumors (astrocytoma WHO Grade
IV) vs IDH wild-type tumors (glioblastoma) [8, 9].

GBM is the most commonly diagnosed intracranial gli-
oma, accounting for about half of all new diagnoses in the
USA each year [6, 7]. This is also the most aggressive type
of glioma, with 5-year survival rates ranging from 0.5 to
5.8%, depending on the study [2, 7]. Some prognostic fac-
tors correlate with improved survival, including a higher
Karnofsky performance status (KPS) score (>70 is benefi-
cial), extent of initial tumor resection (gross total resec-
tion is the standard of care), and younger age at diagnosis
(<65 years) [10-12]. Unfortunately, despite an improved
understanding of etiology and outcomes, GBM has a
population median survival of only 13.5 months with
aggressive therapy [2].

Standard-of-care treatment

Standard-of-care treatment for newly diagnosed GBM
includes maximal safe surgical resection followed by
fractionated radiotherapy of 60 Gy in 30 fractions with
concurrent temozolomide (TMZ) chemotherapy, a
DNA-methylating agent, and tumor-treating fields [2,
13]. Tumor resection is based on imaging characteristics,
and a standard “gross total” resection refers to removal of
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the contrast-enhancing and necrotic central portions of
the tumor on MRI (magnetic resonance imaging) or CT
(computed tomography) scan [14, 15]. Despite aggressive
resection techniques, GBM will almost always recur due
to tumor infiltration along normal white matter tracts
in the brain, which can be visualized via MRI as edema-
tous regions in adjacent or distant parenchyma. This T2
intense/FLAIR  (fluid-attenuated inversion recovery)
hyperintense of a scan region contains viable tumor cells,
which are treated using postoperative chemotherapy
and radiation protocols, even in gross total resections.
Unfortunately, supratotal resection that includes part of
the FLAIR hyperintense region has not been shown to
improve survival beyond that of a traditional gross total
resection [14].

Other strategies that improve survival in some patients
are considered extended standard-of-care protocols.
For example, the anti-vascular endothelial growth fac-
tor (VEGF) antibody bevacizumab (Avastin®) has shown
improved progression-free survival and overall survival
in clinical trials when used in GBM. This treatment is
approved for use by the Food and Drug Administration
(FDA) in recurrent GBM and is often used off-label for
treatment of radiation necrosis [16, 17]. A second adjunct
technology, tumor-treating fields, administers electro-
magnetic pulses that interfere with mitotic bundling
in the tumor through a device worn on the head. This
treatment has shown some survival benefit and is now
FDA-approved and included in the standard of care [18,
19]. However, with maximal standard treatment includ-
ing tumor-treating fields, the median survival has only
extended to a maximum of 20.7 months in clinical trials
based on a recent systematic review [2, 16, 20—22].

The unique immunosuppressive talents of GBM

Given the limited impact of standard-of-care therapy on
survival, immunotherapy and genetic/personalized medi-
cine may be the future of GBM treatment. Unfortunately,
due to low mutational burden on average and the isola-
tion of the central nervous system (CNS), GBM does not
present a significant amount of neoantigen to immune
surveillance mechanisms, making it difficult to target in
a broad immunological sense, such as with checkpoint
inhibition [23, 24]. In comparison with other tumor
types, GBM as a whole has a low degree of mutational
or deletional neoantigen, generally in the bottom half of
broad tumor categories [25]. However, even when muta-
tional burden is moderate or high, there is not a mean-
ingful increase in checkpoint molecule expression or
immune cell infiltration [24, 25]. Genetic mutation, either
intrinsic or acquired following the use of alkylating agents
(such as TMZ), can result in a more immunosuppressive
tumor microenvironment (TME) [23, 26]. Additionally,
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since GBM can be heterogeneous, individual tumors may
contain immunologically distinct subtypes, each of which
will respond differently to treatment [23, 26].

Generally, GBM can be classified into three genetic
profiles: proneural/neural, classical, and mesenchymal,
correlating to changes in the gene expression patterns
of platelet-derived growth factor receptor alpha (PDG-
FRA)/IDHI, EGEFR, and neurofibromatosis type 1 (NF1),
respectively [27, 28]. Each subtype has distinct genetic
and phenotypic signatures in the immune microenvi-
ronment that alter their behavior [29]. The proneural/
neural and classical subtypes tend to have a lesser degree
of immunosuppression and also fewer proinflammatory
genes activated vs the mesenchymal subtype, and they
may exist in the tumor alongside the mesenchymal sub-
type [27]. Of the subtypes, mesenchymal is considered
the most aggressive and can be induced by DNA dam-
age or the infiltration and signaling cascades of innate
immune cells, particularly immunosuppressive M2 mac-
rophages [26, 30, 31]. Mesenchymal transition from
another subtype is associated with highly elevated levels
of tumor-associated macrophages (TAMs) and tumor-
infiltrating T cells [31]; the upregulation of the NF-«xB
pathway via increased TNF-a (tumor necrosis factor-a)
signaling in the TME; and deactivation of NF1 [26, 32].
The immunological differences between subtypes are
underlined by the significant variations in response to
treatment [27]. Moreover, analysis of the immune envi-
ronment transcriptome has determined that differences
in GBM can occur in short-term vs long-term relapse,
regardless of therapy such as radiation and temozolo-
mide-based chemotherapy [26]. GBM is a very adaptive
tumor that quickly responds to treatment pressure via
genotypic and phenotypic changes, which contributes to
its high recurrence rates.

The CNS offers some advantages to GBM because it
is an immunologically isolated and relatively privileged
location, according to traditional doctrine. However,
recent evidence has shown that there is a connec-
tion between the CNS and the systemic immune envi-
ronments, and studies indicate that robust immune
responses do exist in the brain. The classic Medawar
experiment showed that a skin allograft placed in the
brain does not trigger significant systemic immune
response unless there was a prior injection of a periph-
eral allograft [33]. This suggests that the systemic
immune system can be primed to respond to antigens
located in the CNS under specific conditions. While
antigen presentation is limited in the brain, there is
an active connection between the brain tissue and
the lymphatic system through glymphatic channels,
which were discovered via MRI in 2018 [34]. Addition-
ally, meningeal drainage to the systemic lymph via the
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cervical lymph nodes allows for immunological sur-
veillance of the brain tissue [35-38]. These glymphatic
channels likely house the dendritic cell and neutrophil
nests that are implicated in autoimmune neurologic
inflammation and antigen presentation to the periph-
eral immune system; these nests are potential targets
for future novel therapeutics [39, 40]. Neutrophils have
been preliminarily implicated in helping drive GBM
progression through ferroptosis mechanisms [41]. The
role that dendritic cells and neutrophils play in GBM
progression and the TME remains poorly understood
and an area of active investigation, as summarized by
excellent reviews [42, 43].

Moreover, the glioma cells induce changes in the local
environment that result in chemoresistance and immune
escape, both via signaling and cytoarchitecture altera-
tions. For instance, tumor cell proliferation can create
new basement membrane, extracellular matrix compo-
nents, and new blood vessels de novo, secondary to the
downstream effects of tumor-associated fibroblastic
cells and the secretion of VEGF and other factors. This
re-engineering protects the tumor against treatment and
immune invasion. For example, pericytes are a key com-
ponent of the blood—brain barrier (BBB) and often derive
from GSCs (glioma stem cells) [44]. Additionally, it has
been shown that while some portions of each GBM have
a disrupted BBB (for example, surrounding the highly
necrotic areas), there are portions with an intact bar-
rier, creating nests of cells that are highly resistant to
many chemotherapeutic drugs [45]. Together, these and
other factors lead to incredible resistance to conven-
tional chemotherapy among glioma. Significant efforts
to induce leakiness of the BBB via various mechanisms
and induce therapeutic sensitivity utilize various mech-
anisms including targeting pericytes [46], ultrasound
treatments [47], and nanoparticles [48], and some ongo-
ing clinical trials in glioma involve these approaches
[INCT02766699].

In addition to inducing structural changes, tumor cells
can alter the immune compartment of the TME and cre-
ate an immunosuppressive environment that promotes
therapeutic resistance, tumor aggression, and tumor cell
mobility and proliferation. For example, a large propor-
tion of gliomas secrete IL-33 (interleukin-33), which
promotes recruitment of innate immune cells to create
a tumor-promoting microenvironment [49]. Location
within the relatively immune-privileged CNS is key to
GBM resistance to immunotherapy, and significant work
is ongoing to study the components of the environments
mediating this resistance. The mechanisms employed by
GBM to induce an immunosuppressive environment and
reduce immune surveillance are quite plentiful and are
summarized in Fig. 1 and described below.
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Fig. 1 Visual representation of the immune escape mechanisms of glioblastoma. Utilizing a combination of glioma stem cell actions, cytokine and
molecular signaling, and direct cell-cell interactions, the tumor cells are able to evade immune cells and continue their proliferation. Figure made

One specific pathway that has been significantly
explored in GBM is the TGF-B (transforming growth
factor-f3) signaling pathway. It is known to be an active
protumorigenic cytokine within the brain TME [50-52].
There is evidence that GBM can acquire mutations that
allow escape from TGF-B tumor suppressive effects and
actively encourage the protumorigenic effects [50, 53—
55]. TGE-P signaling is important in invasiveness, angio-
genesis, and local immune suppression for GBM tumor
cells. In addition, it works through a variety of mecha-
nisms to maintain the stemness of GSCs [50, 51, 53].

TGE-B comes in three isoforms, TGF-$1/2/3, where
each has distinctive roles within the signaling pathways
for different cells and cell types [55]. The molecule’s sign-
aling pathway is dependent on a membrane serine/threo-
nine kinase complex that phosphorylates members of the
Smad family of proteins to drive transcriptional changes
in the cell [55-57]. There are a variety of TGF-f} recep-
tors and Smad proteins, allowing TGF-p to have a vari-
ety of effects within the body [55, 58]. TGF-f increases

GBM tumor invasiveness through deregulation of growth
factor receptor expression, increasing levels of VEGF
secreted by the tumor, and differentiating local epithelial
cells into mesenchymal-type cells with reduced expres-
sion of cell adhesion molecules [51, 53, 59].

Pools of TGF-B exist in the cellular milieu in latent
forms, namely the large latent complex tied to the extra-
cellular matrix [55, 60], or tied to the glycoprotein-A rep-
etitions predominant (GARP) transmembrane domain,
expressed on effector immune cells such as Tregs, B
cells, and platelets [61-65]. GARP acts as a membrane-
bound and soluble activator of TGF-f via dissociation
of latency-associated peptide (LAP) from TGF-f mol-
ecules, enabling signaling through receptor binding [65].
GARP acts as a potentiator of active TGF-p release from
regulatory T cells in the human body and normally pro-
motes immune tolerance [66, 67]. However, it has been
shown to be significantly upregulated in GBM and other
aggressive human cancers, and research has linked it to
promoting an epithelial-to-mesenchymal transition and
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increased tumor immune evasion [62, 65, 67—-70]. Along
the same vein, platelets have been extensively shown to
suppress CD8 + T cell immunity in the context of TGF-f
signaling via GARP and actively promote cancer progres-
sion and aggressiveness, but can be targeted in vivo to
enhance tumor control [61, 65, 71]. There has been evi-
dence published as well that GBM patients have higher
peripheral platelet counts, especially when the tumor is
progressing [72, 73]. These findings may explain some
facets of GBM immune evasion because of the significant
degree of intratumoral hemorrhage and necrosis, spilling
platelets into the tumor microenvironment.

TGF-B and its downstream signaling pathway have
significant immunosuppressive effects on both the adap-
tive and innate immune systems, especially in the GBM
TME. Among the various mechanisms that GBM can
manipulate, TGF-P pathways are among the best studied,
but active ongoing research continues to uncover other
mechanisms of promise, discussed later in the review.

Because of the relative lack of efficacy of prior thera-
pies, there have been many attempts at novel treatments,
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looking for therapeutic potential in immunotherapy, vac-
cines, and other modalities. We will review the major
categories of these potential therapies and the science
behind them.

Immunotherapy for GBM

Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICIs) represent the most
widely studied category of immunotherapeutics for
GBM (Fig. 2). ICIs have shown efficacy in clinical trials
for many different malignancies, both in adjuvant and in
neoadjuvant settings, with overall durable results [74—
79]. Profound responses have been seen in patients with
melanoma and non-small cell lung carcinoma (NSCLC)
using therapies targeting the programmed death
(ligand)-1 (PD[L]-1) and cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4) signaling pathways [77]. PD-1 is a sur-
face receptor expressed by activated T cells that interacts
with PD-L1, which is expressed by a wide range of cells
within the body [80]. The binding of PD-1/PD-L1 down-
regulates the T cell receptor (TCR) and CD28 signaling
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Fig. 2 Visual representation of various available immunotherapies that have been studied in glioblastoma. Figure made and published via paid
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(among other mechanisms), which inhibits T cell effector
activities and drives the development of an immunosup-
pressive environment [80—83]. GBM expresses elevated
levels of PD-L1, making it an attractive potential target
for immunotherapy trials [84—86]. And indeed, anti-
PD-1 treatment has been shown in a laboratory setting
to allow transition from an M2 to an M1 macrophage
phenotype and a proinflammatory environment, provid-
ing promising translational background [87]. However,
another group demonstrated that while CD8+T cell and
aDC1 activation improved with anti-PD-1 treatment, the
immunotherapy was not able to overcome this M2 mac-
rophage polarization [88]. In spite of promising back-
ground science, PD-1/PD-L1 immunotherapy trials with
GBM have not been fruitful to date.

The first extensive evaluation of PD-1/PD-L1 immu-
notherapy in GBM was the CheckMate 143 trial, which
evaluated 369 patients with recurrent GBM who received
either nivolumab (an anti-PD-1 monoclonal antibody) or
bevacizumab [17]. There was no significant difference in
median overall survival (OS) (9.8 months nivolumab vs
10.0 months bevacizumab), and the objective response
rate to treatment was higher in the bevacizumab group.
Nearly 1 in 5 patients in this trial had treatment-related
adverse events [17]. Two ongoing trials are currently eval-
uating the role of nivolumab in newly diagnosed GBM:
CheckMate 548, in which patients receive either standard
of care (RT +TMZ) or standard of care plus nivolumab;
and CheckMate 498, in which patients receive either
RT +TMZ or RT + nivolumab [81]. As of 2020, however,
Bristol Myers-Squibb announced that the CheckMate 548
trial would not meet its primary endpoint (progression-
free survival [PFS] and OS) based on an independent
review of their data in the overall randomized population
[89]. While many trials are still underway to evaluate the
impact of checkpoint inhibitors on GBM, it was discov-
ered that TMZ therapy can disrupt PD-L1 expression in
recurrent GBM [90, 91], which may explain the nega-
tive results seen in trials evaluating nivolumab for recur-
rent GBM. Analysis of immunotherapy in the setting of
dexamethasone administration also revealed significant
worsening of clinical outcomes in patients treated with
dexamethasone +immunotherapy, specifically PD-(L)1
therapy [92]. Moreover, another study showed that dexa-
methasone suppression can be overcome by strong CD28
stimulation or CTLA-4 blockade [93]. These are critical
findings that must be considered going forward, because
many GBM patients are on chronic or even permanent
dexamethasone treatment to deal with the edema related
to the tumor invasion and RT, and future clinical trials
must deal with the physiologic effects of the steroid.

CTLA-4, also known as CD152, is a high-affinity recep-
tor for B7 that induces negative costimulatory signaling
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on activated T cells [94]. It is upregulated on activated
regulatory T cells (Tregs) and non-Treg T cells and sup-
ports an immunosuppressive environment by inducing
immune tolerance [95]. CTLA-4 blockade has shown
durable results in many types of cancer including mela-
noma, NSCLC, and renal cell carcinoma (RCC), possibly
secondary to intratumoral Treg depletion [75, 96, 97]. The
CTLA-4 blocker ipilimumab is currently being evaluated
in GBM [NCT04323046, NCT04396860, NCT04817254].
Omuro et al. published the Phase I exploratory cohort of
the CheckMatel43 trial [NCT02017717], showing that
ipilimumab was safe in combination with nivolumab
[98]. Whether the CTLA-4 inhibitors will yield long-term
advantage over the current standard of care remains to
be seen. Further trials of various checkpoint inhibitors
are ongoing and are listed in Table 1.

While immune checkpoint inhibitors hold great prom-
ise for treating tumors in the primary and recurrent set-
tings, their use is not without risk. Although widespread
success has been reported when using ICIs against other
cancers, many reports also describe therapy-induced
immune-related adverse events (irAEs). This is a cate-
gory of side effects encompassing a broad range of events
from minor rashes to fatal pneumonitis and liver failure
[99-101]. The National Comprehensive Cancer Net-
work recently updated their guidelines on the diagnosis,
monitoring, and management of adverse events related
to checkpoint inhibitors [101], and it will be important
for clinicians to monitor for irAEs, especially since treat-
ment with TMZ has a significant risk of myelosuppres-
sion and many clinical trials offer standard of care with
the addition of immune checkpoint blockade. These risks
are reflected in the numbers of patients who suffer from
irAEs in clinical trials. For example, an ongoing phase I/
II clinical trial [NCT03174197] of the PD-L1 antago-
nist atezolizumab with TMZ and RT reported interim
results showing that, while there was modest efficacy of
the treatment, over half of the 60 patients enrolled thus
far had Grade 3 or higher adverse events that were likely
related to treatment [102]. These events were most com-
monly noted as elevated liver function tests and lympho-
penia. An improved understanding of risks associated
with ICIs and combination therapies will be critical to
support treatment decision-making.

Innate immune cell-based therapies

The innate immune system is a key component to the
immunosuppressive TME of GBM, helping to drive
tumor immune escape and progression of the tumor.
TAMs are pivotal cells in the TME. Microglia are the
dominant brain parenchymal immune cells under
healthy conditions and derive from embryologic pro-
genitor cells that associate themselves with the CNS.
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Historically, it was believed that the immune cells in
the cerebrospinal fluid and meninges were derived from
circulating populations. However, according to recent
work, both macrophages/monocytes and B cells in the
meninges and cerebrospinal fluid can be traced back
to local skull and vertebral bone marrow populations,
which are distinct from the circulating pools of these
cells [36, 103]. There is a significant difference between
the healthy brain immune environment and the tumor-
associated immune environment. In GBM, TAMs
include some resident microglia, but overwhelmingly
consist of invading bone marrow-derived macrophages
[104-106]. However, resident microglia can take on a
proinflammatory phenotype via a TGF-f dependent
mechanism, and while they make up a small percent-
age of the TAMs, they provide an important stimulus to
the tumor to allow progression [107]. The number and
density of these cells within the GBM TME correlate
with grade of glioma, with GBM having the highest pro-
portion [108]. Previously, these TAMs were thought to
express an M2 immunosuppressive phenotype because
of their ability to secrete TGF-B and IL-10, but more
recent studies have shown that they are a combination
of M1 and M2 phenotypes, expressing both immuno-
suppressive (e.g., TGF-B, IL-10) and inflammatory (e.g.,
TNF-a, CXCL10) molecules, as well as factors that pro-
mote angiogenesis and breakdown of the extracellular
matrix (e.g., VEGF, matrix-metalloproteinases) [104,
109-111]. TAMs also support the mesenchymal phe-
notype in GBM, through a variety of mechanisms. For
instance, TAM’s secret oncostatin M (OSM) upregu-
lates the OSM receptor on the tumor cells and activates
STAT3 signaling [112]. This induces a mesenchymal
transition of the GBM cells, increasing for tumor inva-
siveness. Animal models that knockout TAMs have
reduced glioma invasion and tumor [105]. Thus, TAMs
are critical for oncogenesis and a promising target for
immunotherapeutic research.

Myeloid-derived suppressor cells (MDSC) also play
a dynamic role in the immune response to GBM.
MDSCs are a subset of myeloid cells (CD33THLADR™)
and are known to be increased in patients with can-
cer, including GBM [113, 114]. They exist in three
subsets: neutrophilic (CD33"HLADRCD15%),
monocytic (CD33"HLADR CD14%), and immature
(CD33"HLADR CD14"CD157), each of which has
a distinct infiltration pattern in the TME [114, 115].
MDSCs can induce T cell dysfunction via mechanisms
including increased arginase production which leads to
decreased L-arginine and reduced T cell function [116]
and increased reactive oxygen species production [113].
MDSC s are increased in the blood of GBM patients, and
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their infiltration into the TME induces immunosuppres-
sive effects [113-116].

One clinical study showed that neutrophilic MDSCs
from the blood of newly diagnosed GBM patients
had strong T cell suppressive effects in vitro, includ-
ing reduced proliferation and reduced IFN-y produc-
tion [115]. They also found that both blood-derived
and tumor-derived MDSCs produce PD-L1 and can
induce the expression of PD-1 from tumor-associated
CD4 +effector memory T cells, functionally exhaust-
ing them and reducing their function [115]. Raychaud-
huri et al. demonstrated that depletion of MDSCs from
GBM patients partially restored the T cell proliferation
and elevated IFN-y in the blood [113]. Additionally, they
showed that plasma levels of granulocyte colony stimu-
lating factor (G-CSF) were increased in GBM patients,
which is key for recruitment of the MDSCs to the tumor
microenvironment. Another study demonstrated that
macrophage migration inhibitory factor secreted by
GSCs helps upregulate MDSC activity and promotes
GBM immune evasion [117]. MDSCs can also affect
B cell function. MDSCs also play a major role in B cell-
associated immune suppression in the GBM microen-
vironment via transfer of membrane-bound PD-L1 to
the B cells via both direct cell-cell contact mechanisms
and through extracellular vessel signaling [118]. In this
same study, 40% of the glioma samples were positive for
regulatory B cells, which express PD-L1 and CD155 and
produce immunosuppressive cytokines TGF-f and IL10
[118].

These preclinical studies informed a phase 0/ clinical
trial using metronomic capecitabine as an immunomod-
ulator in order to investigate the effects of chemother-
apy on the TME following resection [NCT02669173].
Capecitabine has been shown to reduce intratumoral
MDSCs when given in a low-dose, time-dependent fash-
ion [117, 119]. Eleven patients received varying doses of
capecitabine for 5-7 days prior to surgery for a recurrent
GBM, followed by low-dose capecitabine and bevaci-
zumab as maintenance therapy [119]. Preliminary reports
found a decrease in the numbers of circulating MDSCs
over time in the patients receiving higher doses as well as
an increase in inflammatory infiltrate including CD8+T
cells and NK cells in the TME based on flow cytometry
[119].

Dendritic cells (DC) may also serve as a therapeu-
tic vehicle in GBM. DCs are antigen-presenting cells
that phagocytose foreign (or self) antigens display them
for detection by other immune cells, through a process
called antigen cross-presentation [120]. They help gen-
erate immunity to foreign and auto-antigens and are
vital in activating both the innate and adaptive immune
responses in cancer [121, 122]. They activate the immune
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system by presenting antigens to T cells, directly inter-
acting with B cells and NK cells, and by creating inflam-
matory and activating cytokines [122]. In cancer, they
can acquire a tumor-infiltrating DC (TIDC) phenotype,
which is broadly characterized as immunosuppressive
with decreased antigen presentation and increased regu-
latory membrane ligands/receptor expression [122, 123].
They are present in the brain TME and are influenced
by intratumoral expression of various factors, including
fibrinogen-like protein-2 (FGL2) from the tumor cells
and upregulation of Nrf2 in conventional DCs [124, 125].
Various preclinical models have demonstrated that DC
activity can be upregulated by supplementing with stim-
ulatory cytokines, such as IL12, double-stranded DNA
segments, tetanus toxoid, and CCL3, which may portend
a promising role for DCs in GBM therapy [126, 127].
Recently, DCs have become heavily developed as a cellu-
lar platform to deliver antigen-specific vaccines to GBM
patients [121, 128].

Prior attempts at DC-directed therapy have yielded
mixed results for GBM. Typically, producing a DC vac-
cine treatment involves incubating the autologous
patient-derived DCs with the antigen(s) of interest in the
presence of stimulating chemokines. These activated DCs
are then reinfused back to the donor to induce their anti-
disease effects. A variety of targets have been utilized,
and many trials are ongoing. A common emerging target
for DC therapy is the cytomegalovirus (CMV)-derived
antigen pp65. CMV DNA has been demonstrated to be
present in various cancers and has been implicated in
oncogenesis and oncomodulation [129]. Pp65 and other
CMV antigens have been proven to be expressed by
about 90% of GBM samples, but not normal brain tissue
[130, 131]. Thus, it is an attractive target for immuno-
therapies. Reap et al. treated CMV-seropositive patients
with newly diagnosed GBM using a vaccine containing
both CMV pp65-specific T cells and CMV pp65-RNA-
loaded DCs and found that adding DCs to the regimen
increased the T cell polyfunctionality compared to T cells
only. With this polyfunctionality came improved survival,
although the study was not powered to determine a dif-
ference between cohorts in OS or PFS [130].

A series of trials was performed for GBM with
anti-CMV pp65 DC vaccines, each utilizing differ-
ent pretreatment regimens before administration of
the vaccine to patients. In the ATTAC-Td trial, Mitch-
ell et al. treated newly diagnosed GBM patients with
a DC vaccine against CMV pp65, after pretreatment
with tetanus toxoid. These patients survived longer
than expected, and three of them had not progressed
at time of publication (over 36 months since their treat-
ment) [127]. This led to a second trial from the same
group, ATTAC-GM utilizing GM-CSF as the compared
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pretreatment, which was double the cohort size and
showed a 30% long-term survival rate as well [132].
The addition of GM-CSF pretreatment to the vaccine
showed significant benefit for the patients, thought to
be secondary to immunological priming. Long-term
analysis of these two trials showed that the median OS
for ATTAC-Td and ATTAC-GM was 37.7 months and
38.3 months, which are significantly longer than histor-
ical cohorts and matched cohorts receiving standard of
care [133]. Akasaki et al. treated newly diagnosed and
recurrent GBM post-resection via cervical intrader-
mal injection of fusion cells created from both autolo-
gous GBM cells and autologous DCs. PFS and OS in
the recurrent group were 10.3 and 18.0 months, while
newly diagnosed patients were 18.3 and 30.5 months,
respectively [134]. The key takeaways from the trials
listed thus far are that immunoreactive primers (GM-
CSE, tetanus toxoid) are not only favorable but also
required, because creating that inflammatory environ-
ment increases the likelihood of antigen presentation
from the vaccine, activating the immune response.
Another popular DC vaccine strategy is the incuba-
tion of the patient-derived DCs with synthetic peptides
based on analysis of tumor antigens and often includes
several targets given the heterogeneous nature of GBM
[135]. The DCs are created via isolation of monocytes
from patient sera, then stimulation with IL-4, GM-CSEF,
then TNF-a, and finally by adding the peptides (derived
from autologous tumor lysate or synthetically produced)
to the DCs in a pulsed fashion to improve antigen pres-
entation [136]. This technology has been standardized,
and DC vaccines are now commercially available. For
instance, ICT-107 is a six-peptide DC vaccine which
has been developed for GBM patients [136]. It contains
the peptides HER2, TRP-2, gp100, MAGE-1, IL13Ra2,
and AIM-2, all of which have been shown to be overex-
pressed in GBM and by GSCs [136, 137]. A Phase I trial
demonstrated clinical safety as well as improved median
PES and OS, 16.9 and 38.1 months, respectively [136].
Evidence of successful GSC targeting was noted via the
decrease in CD133 positivity in patients with recurrence.
A Phase II, placebo-controlled trial of the ICT-107 vac-
cine in 124 patients, however, only showed a 2.2 month
increase in PFS of patients receiving the vaccine vs the
placebo and did not show a significant difference in over-
all survival [135]. In this trial, patients received standard
of care, then the vaccine weekly for 4 weeks, and then
12 months of adjuvant TMZ. Maintenance vaccinations
occurred at 1, 3, and 6 months, then every 6 months
thereon. Even though there was no OS improvement in
the full cohort, there was suggestion that HLA-A1+vs
HLA-A2 + status of the patients along with MGMT pro-
motor methylation status had significant effects on the
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outcome of the patients. This is likely related to differ-
ence in HLA recognition of the antigens. (gp100, HER2/
neu, IL13Ra2, and TRP-2 are HLA-A2 + antigens, while
MAGE-1 and AIM-2 are HLA-A1 + antigens.)

Although synthetic peptide DC vaccines have been
given significant attention, trials of DCs primed with
whole tumor lysate have been performed as well.
Buchroithner et al. performed a Phase II study of Auden-
cel, a whole tumor lysate DC vaccine against GBM, and
found that there was no improvement in OS over the
standard of care [138]. Liau et al. published a Phase III
trial of DCVax-L, an autologous tumor lysate-pulsed
DC vaccine, in 331 patients. Patients were randomized
to either TMZ and placebo or TMZ and DCVax-L,
with crossover to the vaccine cohort permitted upon
recurrence. In the intention to treat analysis, mOS
was 23.1 months postoperatively. In subgroup analy-
ses, methylated MGMT (O6-methylguanine-DNA-
methyltransferase) promotor patients had an mOS of
34.7 months, while MGMT-unmethylated patients had
mOS of 19.8 months, and 186 patients had followed
up > 36 months postoperatively. [139]. While these stud-
ies show mixed results, the capability of the vaccine to be
customized to the patient’s own tumor cannot be under-
stated. When this technology progresses, this may offer
an avenue for personalized therapy.

DC vaccines remain promising because of their very
low side effect profile as currently published and their
high specificity to the antigens within the GBM. Their
ability to be customized to the patient in a safe and effi-
cient manner offers precision unparalleled by many other
treatment types. Additionally, they can be combined with
almost any other therapeutic drug to achieve many dif-
ferent goals. Their expansion into the sphere of oncology
will be robust, and they will be offered for many different
pathologies in the near future. The active trials for den-
dritic cell vaccines are listed in Table 2.

Peptide vaccines

Another class of immunotherapies are peptide vaccines,
which are created from published tumor-specific anti-
gens and induce a cytotoxic T cell response against the
tumor. For instance, epidermal growth factor receptor
variant III (EGFRvIII) is tumor-specific deletion of a por-
tion of the EGFR gene that causes constitutive activation
of the receptor [140]. This mutation is present in nearly
one-third of GBM, but not present in normal tissues,
making it a true tumor-specific antigen and therapeutic
target. In murine models, peptide vaccination against
EGFRVIII results in a robust antitumor response and
improved survival. The vaccine peptide rindopepimut
has been synthetically created based on a small amino
acid sequence surrounding the fusion site on EGFRVIII,

Page 11 of 30

conjugated to an immunogenic protein called keyhole
limpet hemocyanin, that serves as an adjuvant and acti-
vates both the humoral and cellular immunity [141]. It
was found to be potentially useful in GBM and has been
used in several trials. For instance, the phase II ACT II
trial showed promise, with no autoimmune reactions
generated, and improved PFS and OS compared to his-
torical controls [142]. A follow-up phase II trial, ACT
111, found that anti-EGFRVIII antibodies were efficiently
produced in patients, that PFS and OS were improved
compared to historical cohorts, and that patients could
safely receive rindopepimut treatment for an extended
period of time, over 3.5 years in this study [143]. ACT
IV, the randomized, double-blind phase III trial in newly
diagnosed GBM, was unable to reproduce a statistically
significant difference between rindopepimut vaccine-
receiving patients and those receiving the placebo vac-
cine [144]. This may be related to selective pressure
rindopepimut therapy placed on recurrent tumors to
self-select for cells without an EGFRVIII mutation and
immunologically escape the effects of the vaccine [142].

Rindopepimut was also trialed in the context of recur-
rent GBM. ReACT, a recently published phase II trial of
bevacizumab plus rindopepimut or placebo in recurrent
GBM, showed that patients receiving the peptide vaccine
had longer OS, better overall response rate, and were able
to come off of corticosteroid therapy more often com-
pared to the placebo [140]. These improved responses
correlated with higher anti-EGFRVIII titers in the trial.
The effects of bevacizumab and the rindopepimut may
synergize, secondary to bevacizumab’s known quality of
improving immunologic responses in preclinical mod-
els [145, 146]. Rindopepimut continues to be studied, in
concert with other immunotherapies, for GBM.

Other peptide vaccines are being investigated and show
significant promise. Heat shock protein peptide com-
plex-96 (HSPPC-96) is a common intracellular chaper-
one that binds tumor-associated antigens, and is able to
channel antigens into the MHC class I cross-presentation
pathway to prime antigen-specific CD8+T cells [147—-
149]. Bloch et al. studied a vaccine against HSPPC-96 in
a phase II study of 41 patients with recurrent GBM and
found that it was safe (only one vaccine-related adverse
event) and that there was 90% survival at 6 months and a
median OS of 42.6 weeks [150]. Ji and colleagues trialed
the HSPPC-96 vaccine combined with standard of care
in a phase I study of 20 patients with newly diagnosed
GBM. They reported no high-grade adverse events,
with a median PFS of 11 months and median OS of
31.4 months [147]. It is clear that other potential targets
exist within GBM, and these peptide or HSP-based vac-
cines can target them with the machinery of the patients’
native immune system.
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DC technology offers the possibility of personalized
peptide vaccines, made from autologous tumor cells that
are lysed and used to generate a patient tumor-specific
DC vaccine. In this method, the lysate content is ana-
lyzed in contrast to patient DNA and propensity to bind
to various receptors on antigen-presenting cells. Kod-
ysh et al. reported a phase I trial of a personalized pep-
tide vaccine derived from autologous tumor lysate plus
tumor-treating field therapy in 8 patients with recurrent
GBM. Antigens were collected from tumor samples after
initial biopsy or resection, and patients could receive up
to 14 vaccines in total [151]. They reported that median
overall survival has not been reached and that 12-month
PES and OS were 62.5% and 83.3%, respectively [151].
Another ongoing phase II trial that involves personal-
ized tumor lysate vaccines was published by Bota et al.,
who utilized patient plus three standardized prior GBM
patients’ antigens to create their vaccines, which were
administered with GM-CSE, cyclophosphamide, and
bevacizumab [152]. They demonstrated a median OS
of 12 months for their vaccine plus bevacizumab group
vs 7.5 months for placebo+ bevacizumab [152]. A third
group developed a personalized vaccine (GAPVAC) with
both mutated and unmutated antigens based on tumor
analysis and administered it to 16 patients, achieving a
29-month mOS and 14.2-month PFS [153].

Another group developed a personalized neoantigen
vaccine based on whole-exome sequencing and adminis-
tered it to eight patients in a prime-boost schedule. Six
patients completed the prime-boost, and overall sur-
vival was 16.8 months in their cohort of newly diagnosed
GBM [154]. There were few adverse events, and it was
noted that when patients did not receive dexamethasone,
there was significant CD4 + and CD8 + reactivity to the
neoantigens, with a significant memory population, and
a demonstrated ability to cross the blood—brain barrier
based on T cell receptor analysis [154]. Dexamethasone-
administered patients had a smaller degree of immuno-
genicity and worse response overall to the vaccine. This is
an exciting finding but also potentially problematic, given
the ubiquity of dexamethasone administration in GBM
to treat cerebral edema. More work will need to be done
to determine dexamethasone’s overall effects on vaccine
response.

Peptide vaccines provide novel targets for immuno-
therapy and proof-of-concept studies to identify upregu-
lated proteins in the tumor cells and targeting them with
peptide vaccines. As the technology matures, there will
be a wide range of options in place for patients and clini-
cians. Active clinical trials including peptide vaccines are
included in Table 3.
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Lymphocyte-based therapy

In addition to the innate immune system, tumor effects
on the adaptive immune system play an important role
in gliomagenesis. Most important, and most heavily
investigated, is the role of tumor-derived T cell altera-
tions in progression and immune evasion. Tumor cells
produce an environment in which immune escape func-
tions are much easier to achieve, through aberrant Treg
activation in the TME, as well as generalized decrease
in cytotoxic T cell effector functions [155]. Addition-
ally, GBM and other gliomas can sequester peripheral
circulating T cells in the bone marrow, causing relative
lymphopenia compared to non-GBM controls [156].
Since GBM has a small number of neoantigens/low
mutational burden [23, 26], it can reverse-engineer the
natural mechanisms of self-tolerance that are imprinted
into healthy T cells [155]. GBM and other cancers can
induce apoptosis in invading CD4% and CD8' T cells
through Fas/FasL signaling [155, 157, 158]. Not surpris-
ingly, a high proportion of CD8" T cells in the TME
confers a large survival benefit over lower levels of infil-
trate [159]. However, one group found that CD8' T
cells, while initially rapidly expanded in a trial of a den-
dritic cell vaccine, did not have a durable response in
patients who received TMZ chemotherapy [160]. This
suggests that the CD8" T cell environment in the TME
is fluid and subject to many different forces. For exam-
ple, recently, Mathewson et al. published an analysis of
31 patients with IDH mutant GBM examining potential
new inhibitory targets expressed on tumor-infiltrat-
ing T cells. They found that KLRB1 (an NK cell gene
that encodes CD161) has an inhibitory effect when
expressed by these T cells and that genetic silencing of
this and other NK cell genes can lead to improved anti-
tumor response [161]. Glioma cells can also select for
CD8+T cell-resistant clones within their tumor mass
and can undergo immunoediting processes and acquire
myeloid transcriptional programs to avoid attack from
CD8+T cells and further avoid immune attack [162,
163]. As time progresses, more abilities of glioma to
avoid adaptive immunity will be unearthed.

Tregs influence tumor immune escape by creating an
immunosuppressive environment via the production of
TGF-B and IL10, which decrease the ability of CD8+T
cells to effect their responses against cancer cells [164].
The GBM cells promote the survival and activity of Tregs
within the TME via expression of CCL2 (a Treg cytokine)
[104, 165], LSP-1 [166], STAT3 [167-169], HIF-fla
(hypoxia-inducible factor la) [170], and IDO (indola-
mine-2,3,-dioxygenase) [171, 172]. These changes make it
very difficult for the body to mount an effective immune
response to the GBM, because of significant immuno-
suppression and inability to activate cytotoxic T cell
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responses to the aberrant tumor cells. Considering these
many functions, Tregs are promising potential targets for
GBM immunotherapy.

Chimeric antigen receptor T cells (CAR-T) are geneti-
cally engineered T cells that possess artificial receptors
which are targeted to an antigen of choice [173, 174].
These cells are able to bind tumor-specific antigens
without a reliance on natural mechanisms of antigen
presentation, allowing for fully primed CAR-T cells to
infiltrate tumors and perform effector functions. First-
generation CARs were designed only to induce cytoly-
sis, but not proliferation and sustained activation of
T cells [175]. More recent developments have created
CARs that induce T cell activation, proliferation, and
cytokine release. Depending on the costimulatory path-
way through which these CARs activate the T cells, they
are deemed second generation (with a 4-1BB or CD28
co-stimulation domain) or third generation (containing
both 4-1BB and CD28 co-stimulation domains) [173,
175]. CAR-T cells have yielded responses in B cell malig-
nancies including acute lymphocytic leukemia (ALL)
and diffuse large B cell lymphoma (DLBCL) and have
received FDA approval in these cancer types [176, 177].
This has expanded their study, now being used on a vari-
ety of antigens across a high range of solid malignancies,
including GBM.

Various preclinical studies have determined that CAR-T
cells can be an effective therapeutic adjunct for GBM.
Clinical trials are ongoing. The most studied targets for
CAR-T in GBM so far have been EGFRvIII, HER2, and
IL-13aR2, and these have published clinical trial results
[178-182]. Weiss et al. demonstrated in an immunocom-
petent mouse model that NKG2D-directed CAR-T cells
infused peripherally can navigate to the site of the tumor
in the brain, produce little systemic side effects, and can
cure a fraction of the mice in vivo. In vitro, they observed
high IFN-y production and increased cytolytic activity
of these CAR-T cells against glioma cell lines [183]. They
also observed a synergistic effect with RT in these mice.
Yang et al. also used NKG2D-directed CAR-T cells to tar-
get GBM, showing high elimination of GBM cells and the
glioma stem cells within the tumor [184]. The preclinical
investigation has been extensive, and this has led to sig-
nificant clinical trial efforts as well. A summary of active
clinical trials for CAR-T and other lymphoid cell therapy
in GBM is presented in Table 4.

In a phase I trial of 10 patients with recurrent
EGFRVIII+GBM, O’Rourke et al. demonstrated that
EGFRvIII-directed CAR-T cells were safe and effective.
After a single peripheral infusion, they were able to show
that the CAR-T cells had engrafted in the peripheral
circulation, trafficked to the brain (confirmed by surgi-
cal samples post-infusion), and were able to proliferate
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(confirmed via Ki-67 testing) [185]. However, they deter-
mined that the GBM responded by downregulating
EGEFRVIII expression, avoiding therapeutic pressure. To
overcome this, one group infused IL-12 directly into
the tumor in a preclinical model, to encourage TME
changes as well as increased EGFR-VIII-CAR-T efficacy
[186]. With a similar purpose, Choi et al. and Nakazawa
et al. used CRISPR/Cas9 to genetically remove PD-1/
PD-L1 sensitivity in their EGFR-VIII-CAR-T cells, lead-
ing to highly increased responses in their murine model
without affecting the individual effector functions of the
CAR-T cells [187, 188]. Brown et al. utilized CAR-T cells
directed against IL-13Ra2 in a patient with metastatic,
recurrent GBM. They directly infused the CAR-T cells
into the intraventricular space in the patient’s CNS. The
response was profound (total regression of all lesions)
and durable (7.5 months after initiation of therapy) and
was coupled with a low side effect profile. Levels of sev-
eral inflammatory cytokines also increased tenfold over
baseline levels [179]. These CAR-T cells are being used in
an ongoing clinical trial [NCT02208362]. Another group
directed CAR-T at chlorotoxin, a scorpion-derived pep-
tide that is nontoxic to humans, that has been shown to
bind with high selectivity to GBM and not to surround-
ing normal brain [189]. These CAR-T cells showed in a
preclinical model highly precise targeting to the GBM
and regression of tumor without significant side effects
in orthotopic xenograft models [189]. Tang et al. dem-
onstrated that CAR-T directed at B7-H3, a transmem-
brane protein that is highly expressed on DCs and TAMs
in GBM (among other cancer types), was able to provide
significant tumor reduction in a preclinical model as well
[190]. There are many promising candidates for CAR-T
therapy targets in GBM, but large-scale clinical trials
showing sustainable results are yet to be performed.

As with any other medical advancement, side effects
can temper progress; this has been true of CAR-T ther-
apy as well. There has been significant use of CAR-T in
severe refractory hematologic malignancies, with reports
of significant side effects, most commonly cytokine
release syndrome (CRS) and neurologic toxicities [191,
192]. CRS after CAR-T is associated with fever that can
progress to arrhythmias, hypotension, hypoxia and even
respiratory failure, as well as other minor toxicities [191].
Neurologic toxicity, also called CAR-T-related encepha-
lopathy syndrome (CRES), can manifest as a variety of
neurologic or behavioral changes and can be as severe as
cerebral edema and death [191].

Natural killer (NK) cells are innate lymphocytes that
play a role in tumor surveillance and elimination via
direct cytotoxic effects and through production of
cytokines to inhibit cancer metastasis and proliferation
[193]. The consensus is that NK cells have significant
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activity against GSCs [194—196] and that they reduce sys-
temic metastasis propensity of the GBM cells, meaning
that they are potential therapeutic vehicles for GBM. Lee
et al. demonstrated that NK cells derived from human
donors were able to prevent and/or eliminate systemic
metastatic deposits of GBM in an orthotopic murine
model [197]. A paper from Friebel et al. showed that both
cytotoxic and immature NK cells infiltrate GBM, with a
smaller proportion of each type correlating to reduced
grade of tumor [198].

Recently, NK cells have been deployed in preclinical
models of cancer in a therapeutic role, similar to CAR-T
cells, because of their innate ability to identify/attack
abnormal self-cells and ignore healthy cells, through
MHC-I recognition [193]. Additionally, they can be cre-
ated with a chimeric antigen receptor (CAR-NK cells)
and infused like T cells, allowing for similar types of
therapies. It has been speculated that NK cells would be
a strong candidate for immunotherapeutics because of
the high expression of NKG2D ligands on both the GBM
cells and the glioma stem cells that promote tumorigen-
esis [199]. Close et al. demonstrated that NK cells pref-
erentially attack glioma stem cells rather than neural
progenitor cells in an in vitro assay when stimulated by
IL-15. Additionally, this group determined that tumor-
infiltrating NK cells had reduced expression of NGK2D,
NKp30, CD2, and other NK cell-specific surface recep-
tors known to participate in activation [200]. Crane et al.
determined that GBM can also induce NKG2DL expres-
sion in TAMs and peripheral blood monocytes, leading
to overall down-regulation of the NKG2D receptor and
reduced NK cell effector functionality [201]. These find-
ings suggest that GBM is able to robustly down-regulate
the effector mechanisms of NK cells that infiltrate the
TME. For example, Shaim et al. published that TGEF-
signaling through the av integrin axis causes down-reg-
ulation of NK cell function against glioma stem cells, but
this can be rescued through treatment aimed at this sign-
aling interaction [196].

However, in light of GBM’s ability to weaken their
immune signaling, NK cells have also been implicated
as a key player in the potentiation of various immuno-
therapies in GBM. As an example, Pellegatta et al. pub-
lished an analysis of their phase II DC cell vaccine trial
that demonstrated highly expanded NK cell infiltrates in
patients that had PFS > 12 months [160]. As NK cell tech-
nology continues to expand, we will likely see combina-
tions of personalized NK cells and other cells, including
CAR-T cells, DC cells, or others, to treat cancer with the
full force of the immune system.
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Viral vector therapy

Viral therapy represents another route of intensive
research in regard to immune therapy for GBM, and
many clinical trials have been performed so far for dif-
ferent mechanisms of vector action. Oncolytic viral vec-
tors take advantage of a virus’ native ability to replicate
and lyse cells and combines it with genetically engi-
neered safeguards to ensure that tumor cells are lysed
and invoke a strong immune response in the region of
the cancer, via release of neoantigens and damage-asso-
ciated molecular patterns [202-205]. Moreover, the
virus can be created with the goal of delivering genetic
therapy, key inflammatory mediators, or other mole-
cules that will aid the patient’s native immune system in
reacting to the tumor [206]. Often, virus selectivity for
cancer cells relies on proteins that are overexpressed by
the cancer but are poorly expressed or unexpressed in
the normal surrounding cells, but can take the form of
other targeting mechanisms as well. Most commonly,
the viruses are herpesviruses, reoviruses, pox virus, or
adenoviruses which are subjected to varying degrees
of genetic engineering [203, 207]. The research con-
tinues to expand the available vectors, however, with
two recent publications highlighting the use of the
Zika virus for targeting of GBM tissue [208, 209]. The
evidence for oncolytic viral therapy in GBM has been
increasing in depth over the last two decades, with
fifteen active clinical trials at the time of this review.
Excellent reviews of completed trials have been pub-
lished [203, 207], and this review will focus on high-
lights of major trials and active trials. Active trials are
listed in Table 5.

With regard to recent publications of completed
trial data, a few recent ones in particular are key to the
understanding of the current state of viral therapy for
GBM. Desjardins et al. published their phase I trial of 61
patients with recurrent GBM who received intratumoral
infusions of PVSRIPO, a recombinant poliovirus that rec-
ognizes CD155, the poliovirus receptor which is highly
expressed on GBM cells [210, 211]. They demonstrated
that 21% of patients had an overall survival that was
greater than 36 months in their trial, significantly higher
than historical controls [210]. These data informed the
creation of a phase II clinical trial of PVSRIPO with the
addition of anti-PD1 therapy with pembrolizumab for
patients with recurrent GBM [NCT04479241]. Another
key trial published by Lang and colleagues utilized DNX-
2401, an oncolytic adenovirus with tumor selectivity via
inactivation of the E1A gene which prevents viral repli-
cation in normal cells which have a functional Rb (ret-
inoblastoma) signaling pathway [202, 212]. This trial
involved 37 patients with recurrent malignant glioma,
and in 25 patients in the safety and dose escalation arm
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20% of patients survived > 3 years after the administration
of the viral vector [202]. They found the treatment to be
safe (no dose-limiting toxicity was found) and were able
to demonstrate that there was a shift to a T;;1 response,
overall reduction in CD4" T cells, and an overall increase
in CD8" T cells, indicative of an improved immune
response [202].

Geletneky et al. published another phase I trial of
rat H-1 parvovirus (H-1PV) used intratumorally in 18
patients with recurrent GBM and found that they were
able to achieve an overall survival of 72% at 1 year, and
a median overall survival of about 15 months [213, 214].
They had no dose-limiting toxicities and found a mildly
increased T cell response in the further resected tumors
in this cohort [213, 214]. In a trial of another species of
virus, Markert et al. evaluated the effects of G207, an
oncolytic HSV-1 (herpes simplex virus-1) virus that has
key deletions not allowing the viral ribonucleotide reduc-
tase to function outside tumor cells, in nine patients with
recurrent, progressive GBM. They demonstrated that
there were no dose-limiting toxicities and patients sur-
vived a median 7.5 months from their inoculation with
the virus [215]. G207 has also been studied in pediatric
high-grade gliomas, as recently published by Friedman
and colleagues as a phase I clinical trial. They treated 12
patients, with or without radiation, via intratumoral infu-
sion with G207, and found clinical responses in 11 of 12
patients, with median overall survival of 12.2 months and
4 of 11 patients still alive at 18-month follow-up [216,
217]. The data from this trial informed a larger phase II
clinical trial currently ongoing [NCT04482933].

The group of Fares and colleagues set out to do things
a little differently. They recently published a phase I, first-
in-human, dose escalation trial of a new oncolytic adeno-
virus NSC-CRAd-S-pk7, which is delivered to the tumor
via a neural stem cell vehicle [218]. This mechanism
takes advantage of the natural affinity of neural stem
cells to cross the blood brain barrier, enter the tumor
bed, and proliferate there [219, 220]. Fares et al. treated
their patients with the neural stem cells loaded with
viral vector, and then the patients received standard of
care 10-14 days later. Their median PFS was 9.1 months
and median OS was 18.4 months, with no treatment-
related deaths [218]. The results of this trial will inform
large phase II and III clinical trials, per the report of the
authors.

Adenovirus vectors can also be used to deliver immu-
notherapy to brain tumors. For example, Kieran et al. per-
formed a phase I clinical trial of gene-mediated cytotoxic
immunotherapy (GMCI) using the adenovirus AdV-tk,
which was injected into the tumor bed at the time of sur-
gery, and followed it with 14 days of valacyclovir [221].
The purpose of the valacyclovir is to induce cell death via
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direct targeting of the infected tumor cells, and immu-
nogenically prime the TME. Their results are promising.
Of eight total patients receiving the GMCI, three patients
lived longer than 24 months after injection, with the two
longest-lived surviving 37.3 and 47.7 months [221]. This
approach combines the actual cytotoxic effects of the
viral vector with an immune system-stimulating effort,
with the combination theoretically improving the global
response to the tumor.

Viral vectors are an ongoing area of research in the
sphere of GBM. They hold great promise as potential
cures, with several examples of long-standing response
and high degrees of quality of life in these patients,
and have little in the way of side effects thanks to their
exceptional specificity to the tumor cells. However,
there remains the task of identifying which patients will
respond to viral vector therapy up front, to allow for the
patients to be funneled to other treatment types if they
are able. Some research has been performed regard-
ing this specific topic and is summarized in an excellent
review [222], but the biomarkers and other factors that
may predict response to oncolytic viral therapy are yet to
be reliably elucidated.

Nucleic acid-based therapy
Lastly, therapies that fall under the umbrella of genetic
material-driven mechanisms of action are burgeoning
and have some exciting clinical trials worth noting in this
review. For example, oligonucleotide-based therapy offers
a wide range of therapeutic options for cancer. Because
of the ability to engineer the oligonucleotide exactly to
a genetic sequence that would be unique to the tumor
rather than the native cells, there can be exact specific-
ity for this type of agent in a treatment course. One such
agent is IMV-001, which is an siRNA antisense oligo-
nucleotide that targets the insulin-like growth factor-1
(IGF-1) receptor, a constitutively overexpressed onco-
genic receptor in GBM that offers resistance to apopto-
sis and radiation for tumor cells [223, 224]. This drug was
combined with autologous GBM cells in a phase I clini-
cal trial of 33 patients with newly diagnosed GBM [225].
The analysis showed a median PFS of 11.6 months overall
and 17.1 months in patients receiving the highest dose.
In patients who were eligible for the Stupp protocol, a
median overall survival of 38.2 months was noted [225].
Another example is the phase I trial utilizing two engi-
neered DNA plasmids (INO-5401 and INO-9012) in
combination with an anti-PD-1 antibody cemiplimab to
deliver therapy [NCT03491683]. INO-5401 is a plasmid
encoding hTERT, WT-1, and PSMA, while INO-9012
encodes IL-12, and they are given via electroporation to
ensure their uptake [226] hTERT refers to human tel-
omerase reverse transcriptase gene which is commonly
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mutated and overactive in GBM [227]. WT-1 is Wilms’
tumor-1, an oncoprotein that is highly expressed in GBM
and is considered a tumor-associated antigen [228, 229].
PSMA refers to prostate-specific membrane antigen,
which is found in the neovasculature within the body of
a GBM [230]. The grouping, together with cemiplimab,
is theorized to activate the immune system’s response
against these specific antigens, which are not normally
expressed on healthy cells. This combination was given to
52 patients, and in cohort A (adjuvant RT/TMZ only, no
maintenance), there was 84% survival at 12 months, and
T cell evaluation demonstrated responses to the plasmids
[226]. Cohort B’s results (cohort A treatment (chemora-
diation) plus maintenance chemotherapy with TMZ have
yet to be published.

Nucleic acid-based therapies hold great promise because
they offer the ability for highly specific targeting of tumor
genes and gene products. The recent success with mRNA
vaccine for COVID-19 underscores the potential for
mRNA technology in cancer immunotherapy [231]. There
is a lot more to be learned about these therapies and their
potential efficacy and/or side effects in vivo in humans. A
large number of clinical trials will likely open in the next
decade as an increasing number of biotechnology compa-
nies gain and perfect the ability to manufacture these com-
pounds. Current active trials are listed in Table 6.

Future perspective

Future of Inmunotherapy

Although a wide range of immunotherapeutic inter-
ventions have shown promising results in preclinical
models, many of these have not translated into effec-
tive or durable responses in the clinic. Many interven-
tions focusing on combination immunotherapy can be
used to increase the immune response; these strate-
gies in GBM have been reviewed elsewhere [232]. The
principle and practice of combination immunotherapy
in general oncology has also been comprehensively
reviewed recently [205]. Below, we highlight some key
examples of preclinical data and active clinical trials in
the field of GBM and immunotherapy.

Hung and colleagues used murine GBM models to
demonstrate blocking both PD-1 and T cell immuno-
receptor with Ig and ITIM domains (TIGIT), which is
upregulated specifically in the GBM and cervical lymph
nodes of both humans and mice, and demonstrated
increased survival over PD-1 blockade alone [233].
They found that combining multiple routes of immune
stimulation overcame some of the mutational abil-
ity of GBM. Another group demonstrated that target-
ing CXCR4 and PD-1 concurrently showed promise in
murine models, with the combination regimen leading
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to decreased MDSC infiltration and improved CD4/
CDS8 T cell ratios in the tumor [234].

There have been extensive studies combining immune
checkpoint blockade with immune-activating viral
therapy as well. Speranza et al. combined anti-PD-1
treatment in a murine glioma model with intratumoral
infusion of an adenovirus vector designed to lyse tumor
cells and increase immune response [235]. This strategy
demonstrated higher survival rate and T cell memory
responses upon tumor re-challenge [235]. Saha et al.
combined anti-PD-1 and anti-CTLA-4 antibodies were
used with an IL-12 expressing oncolytic herpes simplex
virus to cure GBM in a GSC-based murine model [236].

Several clinical trials examining combination immu-
notherapy are underway. In the TEM-GBM  trial
(NCTO03866109), hematopoietic stem cells are trans-
duced with a lentivirus that drives IFN-a expression in
Tie-2-positive monocytes [237]. This combines a novel
cell-based therapy and viral delivery of genetic therapy,
in addition to immunomodulatory cytokine therapy. This
trial has not yet reported any dose-limiting toxicities
[237]. Another ongoing trial [NCT04003649] combines
anti-IL13Ra2 along with nivolumab and ipilimumab in
patients with recurrent GBM. This strategy combines
CAR-T cells, as previously shown effective by Brown and
colleagues [178, 238], with the promising effects of ICIs.
This will theoretically prime the TME and down-regulate
tumor-associated lymphocytes while simultaneously
allowing for CAR-T mediated cytotoxicity against the
tumor. Both trials are excellent examples of how the sci-
ence will progress from our present state.

In the future, autologous glioma cell lysate and other
personalized medicine tactics will be used to attack
the tumor at an individual, tumor-specific level. Many
personalized peptide and dendritic cell-based thera-
pies are being evaluated in clinical trials [includ-
ing NCTO04888611, NCT04201873, NCT03223103,
NCT01204684, NCT02820584, NCT03395587,
NCT03879512, NCT04277221, NCT04801147]. As
this technology develops, there will be a commensurate
increase in the ability of modern oncology to prolong the
survival of glioma patients. Additionally, personalized
medicine capabilities are unleashed with the advance-
ment of oligonucleotide and other nucleic acid-based
therapies, including the mRNA vaccine technology pop-
ularized with the coronavirus vaccines of the current
pandemic.

Due to the rise of immunotherapy and many novel
agents, clinicians must take great care to appraise all the
available clinical trials and weigh their potential benefits
against traditional chemotherapy and radiation. This
involves identifying patients that are interested and eli-
gible for clinical trial participation. Key factors affecting
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Table 6 Active clinical trials involving nucleic acid-based therapies

Page 22 of 30

NCT Phase Intervention Target population Location Samplesize Key outcomes

NCT02766699 Phase|  Nanoparticles containing Recurrent glioblastoma USA 20 Safety, MRI evaluation, recom-
doxorubicin tied to bispecific mended phase 2 dose, OS
antibodies (EGFR(V)-EDV-Dox)
that are specific to the tumor
cells of the patients

NCT03491683 Phase I/l INO-9012 (DNA plasmid for Newly diagnosed glioblas- USA 52 Adverse events, OS, change in T
IL-12), INO-5401 (WT1 antigen, toma cell phenotypes
PSMA, hTERT genes) delivered
via electroporation of cells, in
combination with cemiplimab,
with RT/TMZ

NCT03750071 Phase I/l VXMO1 (DNA plasmid vaccine  Recurrent glioblastoma Germany 30 Adverse events, PFS, OS, MRI
for VEGFR-2) and avelumab response, duration of response
(anti-PD-L1)

NCT04485949 Phasellb IGV-001 (IGF-1R antisense oli-  Newly diagnosed glioblas- USA 93 PFS, OS, MGMT status effect,
gonucleotide with autologous  toma functional changes, adverse
cell antigens) vs placebo with events
TMZ/RT

NCT04573140 Phase I/l Autologous tumor mRNA and  Newly diagnosed pediatric USA 28 Production feasibility, safety,

pp65 LAMP mRNA-loaded

liposomal vaccine glioblastoma

high-grade glioma and adult

MTD

participation in clinical trials include presence of Ameri-
can Society of Clinical Oncology (ASCO)-related comor-
bidities (e.g., hypertension, Alzheimer’s disease, and prior
cancer), travel distance required to receive treatment,
amount of paperwork and number of visits related to
the trial, and fear of randomization, among many oth-
ers [239-241]. The responsibility for enrolling patients
who are interested in clinical trials falls primarily on the
clinician. Having a knowledge of the various options for
clinical trials, their potential side effects, and the centers
offering them allows a clinician to ensure that the patient
can be well informed and make a choice on their care for
themselves. As the understanding of the immune sys-
tem progresses, new and innovative potential therapies
will present themselves to oncology. Clinicians must stay
abreast of the literature and understand the options for
their patients, to provide the best possible care for their
present and future patients.

Conclusion

The rapid adoption of immunotherapy in the sphere of
oncology shows the ability of the translational medi-
cine apparatus to take basic science advancements and
implement them safely and effectively in humans. Clini-
cians must use these advancements to provide continu-
ally improved care to their patients, and as the range
of options increases, it becomes more difficult to stay
ahead of the myriad clinical trials and newly approved
drugs each year. As the populace becomes more
informed and more highly educated, a wider breadth
of background knowledge will allow the physician or

provider to correctly guide the patient toward treat-
ments that will improve their survival, hopefully with
good quality of life. We hope that this review provides
the opportunity for providers to familiarize themselves
with the current state of the science on immunotherapy
of GBM.
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