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Chapter

Immunotherapy against Gliomas

Mathew Sebastian, Bayli DiVita Dean and Catherine T. Floves

Abstract

Immunotherapy has been demonstrably effective against various cancers,
particularly those in the hematopoietic system and those with a high tumor-specific
antigenic burden. Unfortunately, the development of immunotherapeutic strategies
has proven more challenging against central nervous system (CNS) malignancies
due to several unique characteristics of brain tumors that pose extraordinary barri-
ers. To date, there is a lack of phase III trials demonstrating improved progression-
free survival (PFS) and/or overall survival (OS) using immunotherapies in brain
cancers. However, a better mechanistic understanding of current resistance to
immunotherapies along with data from novel innovative techniques to overcome
these barriers has been encouraging. This chapter gives an overview of current
immunotherapies in the development of brain cancers. We will evaluate the present
studies available in the clinical setting and any of their potential findings. The chap-
ter will also discuss pertinent preclinical strategies whose translation for human use
would potentially prove efficacious or provide invaluable scientific discovery.
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1. Introduction

Primary malignant brain tumors remain one of the most lethal and clinically
challenging of all cancers. Despite comprising only an estimated 1.3% of all new
cancer cases, brain tumors represent one of the highest causes of cancer mortality
with 18,600 (3.1%) deaths predicted in 2021 [1]. Glioblastoma (GBM) is one of the
most common and aggressive of the primary malignant adult brain tumors with
a median survival of less than 21 months despite standard of care which includes
surgical resection, targeted radiation therapy, high-dose chemotherapy, and tumor-
treating fields [2-8].

Cancer immunotherapies have emerged as new therapeutic mainstaysin a
variety of cancers [9-14]. However, the unique characteristics of brain tumors pose
extraordinary barriers that, thus far, have foiled efforts and the success of immuno-
therapeutic approaches. These characteristics include high tumor heterogeneity and
relatively few coding mutations [15, 16], an immunosuppressive microenvironment
[17-23], a relative lack of immune effector cell types [19, 24], and relative isolation
from systemic circulation because of the blood-brain barrier [25-29]. This chapter
will discuss some of the current immunotherapy types with emphasis on the promi-
nent clinical trials for each and the limitations observed.

However, despite a lack of phase III trials demonstrating improved progression-
free survival (PFS) and/or overall survival (OS) in many of these immunotherapies,
incremental progress continues to be made in brain malignancies in both the clinical
and preclinical settings. Novel immunotherapeutic strategies and combinations are
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currently being tested in the preclinical setting. This chapter will also discuss novel
preclinical strategies to enhance immunotherapies, including modified chimeric
antigen receptor (CAR) T cells, small molecular inhibitors that target immunologic
pathways, and combinatorial checkpoint approaches.

2. Current immunotherapies
2.1 Cancer vaccines

Cancer vaccines involve exogenous administration of tumor antigens that can
stimulate an adaptive immune system against tumor cells. The basic requirements
for cancer vaccines include the delivery of tumor-specific antigens to antigen-pre-
senting cells (APCs) such as dendritic cells (DCs), DC activation, activation of both
T cell subsets and infiltration into the tumor microenvironment to exert durable
responses [30]. Vaccine strategies have been employed against primary brain tumor
targets using a variety of antigen substrates, including peptides, full-length pro-
teins, RNA, and DNA in various formulations including antigens alone, antigens
in combination with various local or systemic adjuvants, or dendritic cell vaccines.
Though vaccination strategies have demonstrated a survival benefit in early phase
clinical trials, there have yet to be any phase III clinical trials in patients with GBM
demonstrating survival benefit. However, vaccination strategies continue to hold
great promise with the rationale and hope that they would stimulate effective
tumor-specific immunity, target tumor cells but not normal brain, and provide
immunological memory against tumor recurrence [31].

2.1.1 Single peptide vaccines

Multiple single peptide vaccines have been generated to target a variety of
tumor antigens including mutated isocitrate dehydrogenase 1 (IDH-R132H),
survivin, Wilms Tumor 1 (WT1), and epidermal growth factor receptor variant
III (EGFRVIII). Peptide vaccinations are highly specific and provide the benefit of
reduced off-target effects, preventing autoimmune toxicities.

Mutated IDH1 defines a molecular subtype of diffuse glioma. A phase I trial of
an IDH1(R132H)-specific peptide vaccine was conducted in 33 patients with newly
diagnosed WHO grade 3 and 4 astrocytomas [32]. This study met its primary safety
endpoint and demonstrated a three-year progression-free rate of 63% and a three-
year death-free rate of 84% [33]. This study assessed intratumoral inflammatory
reactions associated with the use of vaccines by the presence of pseudoprogression.
Intriguingly, this study found high frequencies of pseudoprogression, 37.5% in
the treatment group compared to 16.7% in a molecularly matched control cohort,
indicating intratumoral inflammatory reactions. In one patient with pseudopro-
gression, the analysis found that a cluster of T cells was dominated by a single
IDH1(R132H)-reactive T cell receptor.

Survivin is an anti-apoptotic protein expressed in malignant gliomas. One early
phase study assessed the survivin peptide vaccine in nine patients with survivin-
positive malignant gliomas and found it to be safe and tolerable [34]. The treatment
group had a median PFS of 17.6 weeks and a median OS of 86.6 weeks compared to
an analysis of phase II chemotherapy trials of patients with recurrent glioma with
a PFS of 10 weeks and OS of 30 weeks [35]. A phase II trial was initiated with the
survivin peptide vaccine in 63 participants with newly diagnosed glioblastoma
[36]. In 2020, a trial update found 96.8% of patients did not experience disease
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progression within 6 months with a 93.5% survival rate a year after diagnosis [37].
This is an ongoing study:.

Wilms Tumor 1 (WT?1) is a pleiotropic transcription factor with functional roles
in GBM that range from driving cellular proliferation [38] to inhibiting apoptosis
[38, 39]. An uncontrolled nonrandomized phase II trial of WT1 peptide vaccination
for patients with recurrent WT1-positive GBM was conducted with 21 patients. This
study demonstrated that the vaccination was safe and produced a clinical response
with a median PFS period of 20.0 weeks, median overall survival after initial
vaccination of 36.7 weeks, and a 6 month PFS of 33.3% [40]. The median PFS and
median OS found in this study were said to be comparable to various combination
regimens of chemotherapy and/or radiotherapy.

Epidermal growth factor receptor (EGFR) amplification is enriched in the
classical subset of GBM and is seen in 57.4% of primary GBM patients [41, 42].
Epidermal growth factor receptor variant III (EGFRVIII) regulates EGFR activity by
inducing the expression of EGFR ligands [43]. A phase II trial assessed the immu-
nogenicity of an EGFRvIII-targeted peptide vaccine [44]. The 6-month PFS after
vaccination was 67% (versus 59% in the historical cohort) with a median overall
survival of 26.0 months (versus 15.0 months in the matched control group) [45].
However, no benefit was observed in a randomized phase III trial [46]. Further
analysis found significant loss of EGFRVIII expression in a subset of patients with
tumor tissue available at recurrence in both those that received the vaccine and in
those receiving standard-of-care chemoradiation [47].

To date, single peptide vaccines have yet to lead to clinical benefit in phase III tri-
als in brain cancers. The EGFRvIII work hints that the selection of a single molecular
target as a peptide vaccine might be inadequate to overcome the considerable chal-
lenges of tumor antigen down-regulation and tumor heterogeneity. Thus, targeting
multiple targets could lead to robust durable responses. Thus, studies investigating
multi-peptide vaccines, with several tumor antigen targets, have now been initiated.

2.1.2 Multipeptide vaccines

To identify multiple tumor-associated peptides for immunotherapy, a study
set out to assess the potential of using HLA-associated tumor peptidomes as a
source of tumor-associated antigens to be used in immunotherapy [48]. The
components found gave rise to the multipeptide vaccine IMA950. A phase I/1II set
out to assess IMA950 and its 11 tumor-associated peptides which include brevican
(BCAN); chondroitin sulfate proteoglycan 4 (CSPG4); fatty acid-binding protein
7, brain (FABP7); insulin-like growth factor 2 messenger mRNA-binding protein
3 (IGF2BP3), neuroligin 4, X-linked (NLGN4X); neuronal cell adhesion molecule
(NRCAM), protein tyrosine phosphatase, receptor-type, z polypeptide 1 (PTPRZ1);
tenascin C (TNC); Met proto-oncogene (MET); baculoviral IAP repeat-containing
5 (BIRCS); and hepatitis B virus core antigen [48]. In this study, IMA950 was
adjuvanted with poly-ICLC (polyinosinic-polycytidylic acid stabilized with poly-
lysine and carboxymethylcellulose) [49]. The multi-peptide vaccine was used in 19
patients, 16 with GBM and 3 with grade III astrocytoma. Results showed a median
overall survival of 19 and 17 months for the whole cohort and GBM patients-only,
respectively, with a PFS of 68% at 6 months for the whole cohort and 69% for GBM
patients only when calculated from the study entry [50]. There was no mention of
a historical control group used as a comparator in this study. Due to the findings in
this study, a follow-up trial is actively recruiting patients with recurrent GBM to
test IMA950/poly-ICLC alone or in combination with pembrolizumab, a checkpoint
inhibitor that will be discussed later [51].
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Another multi-peptide vaccine was generated based on observations of three
tumor-associated antigens that were observed to be highly expressed in pediatric
gliomas. This vaccine targets the peptide epitopes of EPH receptor A2 (EphA2;
atyrosine kinase), interleukin-13 receptor alpha 2 (IL-13Ra2), and survivin.

This study was conducted in 26 pediatric patients with diffuse brainstem gliomas
(BSG) or high-grade gliomas (HGG) [52]. Results showed a median survival

of 13.3 months from diagnosis in the overall cohort with a median survival of

12.7 months in the BSG group and a median survival of 25.1 months in the HGG
group. Though no historical control group was discussed in this phase I study, the
authors mentioned that for children with BSGs, current therapies at the time failed
to increase median overall survival beyond 9-12 months [53].

Though these studies are showing promising results, the lack of clear indication
of efficacy and eventual tumor progression in these phase I-III trials may be attrib-
uted to the multiple obstacles in place by brain cancers including the high degree of
heterogeneity of antigenic expression, an outgrowth of subclones not expressing
the antigens, lack of major histocompatibility complex molecules and/or an immu-
nosuppressive tumor microenvironment.

2.1.3 Dendritic cell (DC) vaccines

The aforementioned peptide cancer vaccines require uptake and activation of
endogenous antigen-presenting cells (APCs) such as DCs. These DCs then present
antigens to tumor-specific T cells leading to T cell activation. To circumvent the
reliance of endogenous DC antigen loading and activation, some studies utilize DC
vaccines and load DCs ex vivo with a variety of tumor antigens including autologous
tumor lysates, tumor-associated peptides, and tumor-associated viral antigens.
DC vaccines have a variety of advantageous characteristics making them an ideal
choice for antitumor vaccines. They are considered to be the professional APC and
most effective in sensitizing naive T cells to specific antigens. They also are able
to cross-prime, allowing them to present exogenous antigens for presentation on
major histocompatibility complex (MHC) class I molecules, activating cytotoxic T
lymphocytes.

A phase I trial of the DC vaccine DCVax-L was completed which loads autolo-
gous DCs with tumor lysate from newly diagnosed or recurrent GBM participants
[54]. In this trial that enrolled 23 patients, the 1-year survival rate was 91% with a
median OS of 31.4 months from the time of initial surgical diagnosis. The authors
compared this median OS to the median OS of 18.6 months found in a large study
of GBM patients who underwent tumor resection and chemoradiotherapy [55].
However, the study noted that it was unclear whether the extended survival of
participants is a direct result of the vaccine effects or good responses to follow-up
therapies after failing the vaccine [56]. DCVax-L has since gone on to a large phase
III clinical trial with 331 participants with the primary endpoint of PFS and the
secondary endpoint of OS [57]. Preliminary results of the study reveal a median OS
of 23.1 months from surgery in the overall intention-to-treat population (ITT) and
34.7 months from surgery in patients with a methylated O°-methylguanine-DNA-
methyltransferase (MGMT) gene promoter. The authors compared the median OS
in the ITT population to a median OS of 15-17 months from surgical intervention
typically achieved with a standard of care in past studies. The PFS was not evalu-
ated in this interim analysis. In this blinded interim survival analysis, the authors
found that patients were living longer than expected and that this warrants further
follow-up and analyses [58].

ICT-107 is another DC vaccine loaded with synthetic tumor-associated peptides
of antigens commonly overexpressed in CD133-positive cancer stem cells that
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includes Erbb2 (HER?2), second tyrosinase-related protein (TRP-2), glycoprotein
100 (gpl00), melanoma-associated antigen 1 (MAGE-1), IL-13Ra2, and absent
in melanoma 2 (AIM-2). In a phase I trial of 21 participants who were HLA-A1 or
HLA-A2-positive and with newly diagnosed GBM (n = 17), recurrent GBM (n = 3),
or with a brain stem glioma (n = 1), the median PFS was 16.9 months with a median
OS of 38.4 months. These results suggest a correlation with prolonged OS and PFS
though no comparator group or historic controls were mentioned [59]. The same
group then conducted a phase I randomized, double-blind, placebo-controlled
study using ICT-107 in 124 participants with newly diagnosed GBM following
resection and radiotherapy with concomitant temozolomide [60]. The primary
endpoint of median OS was not increased but a significant increase in the PFS by
2.2 months was observed in the intent-to-treat population treated with ICT-07
(11.2 months versus 9 months) [61]. A phase III trial was halted due to insufficient
financial resources [62].

Another pair of studies made use of the immunodominant cytomegalovirus
(CMV) antigen phosphoprotein 65 (pp65) in their DC vaccines. This antigen
is expressed in GBM but not in normal brains [63]. The first was a randomized
blinded phase I clinical trial in 12 patients with newly diagnosed GBM who received
pre-conditioning in the form of tetanus/diptheria toxoid (a potent recall antigen)
or unpulsed mature DCs before bilateral vaccinations with DCs pulsed with CMV
pp65 RNA [64]. Td pre-conditioning led to a significant increase in both median
PFS and median OS compared to the DC alone cohort which had a median PFS and
OS of 10.8 and 18.5 months (consistent with patients treated with standard of care)
[65]. A later study from the same group evaluated DCs pulsed with CMV pp65 RNA
along with dose-intensified temozolomide (TMZ) and adjuvant GM-CSF [64].
Here they observed a median PFS of 25.3 months and a median OS of 41.1 months
in the treatment group compared to 8.0 months and 19.2 months in historical
controls, respectively [66]. A phase Il randomized, blinded, placebo-controlled
trial of DCs pulsed with CMV pp65 and Td is underway with a target of 120 patients
[67]. Another phase II trial utilizing DCs pulsed with CMV pp65 was recently
completed with results pending which is assessing whether basiliximab, a mono-
clonal anti-CD25 antibody, may inhibit the functional and quantitative recovery of
T-regulatory cells after TMZ-induced lymphopenia in newly diagnosed GBM [68].

The potential for DC vaccines is vast in their ability to generate antitumor
immunity however, to date, they have provided suboptimal and overall unsatisfac-
tory clinical benefits in large trials. Work now includes methods to improve in vitro
APC generation [69, 70], improve DC vaccine activity with additional treatments
[65], and increase inflammation at the vaccine site [56, 66, 71]. It is now thought
that the next major advances in DC vaccines will come from their combination with
other immunotherapies such as checkpoint inhibitors [20].

2.2 Immune checkpoint inhibitors

The principal breakthrough in cancer treatment over the last 15 years is the
introduction of immune checkpoint inhibitors (ICIs) blocking the immune check-
points programmed death 1 (PD-1), programmed death-ligand 1 (PD-L1), and
cytotoxic lymphocyte antigen 4 (CTLA-4). Immune checkpoints are negative regu-
lators of T-cell immune function and are central for the modulation of physiological
immune responses and the maintenance of self-tolerance. T cells are created in the
thymus where they undergo positive and negative selection and undergo apoptosis
if they fail to recognize self-MHC or bind too strongly to MHC with self-peptides.
This process is called central tolerance [72]. T cells that appropriately respond to
MHC molecules are then sent into the circulation where they eventually interact
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with APCs displaying mutated self-proteins (in cancers) or foreign antigens (in
infection) [73]. However, central tolerance is sometimes incomplete and some T
cells escape and become autoreactive. To prevent autoreactivity, there are multiple
inhibitory checkpoint pathways that regulate the activation of T cells at multiple
levels during an immune process called peripheral tolerance [74].

Central to cancer immunotherapy is that tumor cells can take advantage of
peripheral tolerance and hijack these checkpoint mechanisms, inhibiting T cells
from attacking. The arrival of checkpoint inhibitors in 2011 introduced a new
mechanism to treat cancer and revolutionized cancer management in a variety of
solid tumors [75-78]. There are now several FDA-approved monoclonal antibodies
against solid tumors including ipilimumab targeting CTLA-4, pembrolizumab, and
nivolumab targeting PD-1, and atezolizumab and durvalumab targeting PD-L1.
However, despite numerous articles describing preclinical efficacy of checkpoints
in central nervous system (CNS) tumors, activity against brain metastases from
melanoma and non-small-cell lung cancer [79, 80], and multiple studies describ-
ing increased PD-L1 expression in GBM [81, 82], no FDA approval has occurred
for immune checkpoints in GBM. Here, we will discuss some of the phase III trials
that have occurred with immune checkpoint inhibitors, what has been learned, and
where the research is going.

2.2.1 Phase 111 trials

One randomized phase III study assessed the effect of nivolumab versus beva-
cizumab (anti-vascular endothelial growth factor A) in 439 patients with recurrent
glioblastoma [83]. The study found no statistical difference between the median OS
of nivolumab monotherapy (9.8 months) and bevacizumab (10.0 months) [84].
Interestingly, this study observed that corticosteroid use at baseline seemed to be
associated with worse outcomes in the nivolumab group. This may be due to the
direct effects of corticosteroids on T cell function which may abrogate activation or
priming of the immune system.

Additionally, a phase III study compared nivolumab versus temozolomide in
newly diagnosed patients with unmethylated MGMT GBM [85]. In 2019, Bristol-
Myers Squibb announced that the study did not meet its primary endpoint, which
assessed overall survival [86].

Another randomized phase III single-blind study set out to compare TMZ plus
radiation therapy combined with nivolumab or placebo in newly diagnosed patients
with MGMT-methylated glioblastoma [87]. In 2019, Bristol-Myers Squibb provided
an update that the nivolumab group did not meet one of its primary endpoints,
progression-free survival, but that the data monitoring committee recommended
continuing the trial to allow the other primary endpoint, overall survival, to mature
[88]. The final results are pending.

It remains to be seen whether the lack of demonstrated efficacy of checkpoint
therapeutic efficacy is due to difficulty getting to the tumor site or the tumor
itself. Though it has been shown that T cells can traffick to the CNS, the relatively
immune-privileged CNS may prove to be a limitation if checkpoint inhibition must
enter into these tumors to be effective [20]. However, at least one study demon-
strated clinically meaningful intracranial efficacy with ipilimumab combined with
nivolumab in patients with melanoma with untreated brain metastasis, suggesting
that immune checkpoint strategies can target tumors located intracranially [80].
Lack of effective checkpoint strategies in primary CNS tumors could be due to a
variety of challenges that interplay with one another. First, glioblastomas gener-
ally are considered cold tumors, lacking intratumoral inflammatory cells though
this is also considered to be heterogenous. Lack of efficacy could also be due to
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the relatively low mutational burden since it has been consistently shown that
malignancies with a high burden of clonal neoantigens have a higher response rate
to checkpoint inhibition [89]. Also, the high degree of heterogeneity found within
gliomas, makes specific immunological targeting difficult. Lastly, the observed
systemic T cell dysfunction and sequestration imposed by an intracranial tumor
remain another domineering challenge as this singly does away with the require-
ment of a viable T cell compartment for immune checkpoints to act on [90].

Though multiple challenges must be overcome for immune checkpoint inhibi-
tors to overcome glioblastoma specifically, a better understanding of treatment
resistance in addition to many promising synergistic combinatorial approaches
will provide important incremental advances to efficacy. Finally, as seen in other
solid tumors, resistance to immune checkpoint blockade leads to upregulation of a
host of alternative inhibitory immune checkpoint molecules that are currently also
being targeted in ongoing clinical trials. These new inhibitory immune checkpoint
targets potentially offer increased therapeutic targets to be used as single agents or
in combination with other immunotherapies [91].

2.3 Adoptive cellular therapy (ACT) immunotherapy

Immunotherapy can be considered active or passive. The difference between
each centers on how they modulate the immune system. Active immunotherapy,
such as the aforementioned vaccines, relies on the process of endogenous immune
cells activation, producing a durable response and generation of immunological
memory. Passive immunotherapy, however, produces an immediate response due
to the administration of cytokines, antibodies, or immune cells. A form of passive
immunotherapy is adoptive cellular therapy (ACT) which specifically allows for the
ex vivo generation and expansion of autologous immune cells that can then be given
back to patients. This section will first discuss the non-specific adoptive cellular
therapies such as lymphokine-activated killer (LAK) cells and natural killer (NK)
cells followed by adoptive T cell therapies.

2.3.1 Lymphokine-activated killer (LAK) cells

LAK cells were thought to be a promising candidate for adoptive cellular thera-
pies due to their ease of generation (culturing peripheral blood lymphocytes in the
presence of IL-2), rapid expansion, the long shelf life in vitro, and tumor lysing
capabilities [92]. These characteristics and favorable results in other cancers led to
a phase I/1I clinical trial in adult patients with recurrent or progressive supratento-
rial malignant glioma who were candidates for reoperative surgery. In this study,

19 eligible patients underwent craniotomy with debulking and placement of LAK
cells and IL-2 in a reservoir inserted in the tumor resection cavity. Compared to an
institutional historical control group of GBM after reoperation with a median OS of
28 weeks, LAK-treated patients had a median OS of 53 weeks. After treatment, the
1-year survival was 53% compared to less than 6% in a control contemporary che-
motherapy group after reoperation suggesting improved long-term survival [93].

Another phase I/II trial was initiated in 40 patients with GBM who had
autologous LAK cells placed in the tumor cavity. Findings from this study showed
a median survival from the original diagnosis of 17.5 months compared to
13.6 months in a contemporary age-matched group [94]. The same group conducted
a phase II trial with LAK cell treatment in 33 GBM patients who had not experi-
enced clinical or radiographic evidence of progressive disease during or shortly
after completion of initial therapy which showed a median survival from diagnosis
of 20.5 months with a 1-year survival of 75%. The authors stated that 20.5 months
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median survival is 88% longer than the 12-month survival associated with GBM
and 33% longer than the 15-month median survival observed in the clinical trials
that established the benefit of temozolomide therapy [95].

Overall, the use of LAK has since fallen out of favor [20, 96]. In phase III
randomized trial of IL-2 with or without LAK in the treatment of patients with
advanced renal cell carcinoma (RCC), the addition of LAK did not improve the
response rate against RCC [97]. It is thought the efficacy of LAK cell ACT is due to
the amplification of a subset of therapeutic cells found in the peripheral blood that
are reactive against tumors [96]. Thus, the use of tumor-infiltrating lymphocytes
(TILs; discussed later), which are more specific to the target tumor, might have
better potential.

2.3.2 Natural killer (NK) cells

The NK cell ACT field is rapidly expanding in both biological understanding
of NK cells, including their distinct immune checkpoints [98, 99] in addition to
clinical development of NK cell ACT. These cytotoxic cells are part of the innate
immune system and have many advantageous characteristics which include rapid ex
vivo activation and expansion without the use of autologous tumor cells and are not
MHC restricted [100]. It is recognized that NK cells target other cells types based
on a lack of MHC-I expression [101]. Glioblastoma is known to employ immune
evasion tactics including downregulation of MHC-I [102-104] which may make it
amenable to ACTs using NK cells.

An early preliminary trial was conducted in nine patients with recurrent
malignant gliomas using autologous NK cells injected into the tumor cavity, using a
reservoir system, and intravenously. This study found that NK cell therapy was safe
with some clinical benefit demonstrating three patients with partial response (50%
decrease in tumor volume), two with a minor response (25% decrease in tumor
volume), seven with progressive disease (increase of 25% in tumor volume), and
four with no change [100].

Currently, there is at least three phase I trials in the process utilizing NK cells in
high-grade gliomas [105-107].

2.3.3 Tumor-infiltrating lymphocytes (TILs)

As mentioned before, ACT allows for ex vivo generation and expansion. During
expansion, several modifications and enhancements can occur to confer advanta-
geous characteristics in antitumor activity. T cells can be positively selected based
on specificity to tumor antigens and increased effector function. Or, they can also
be transduced to express specific tumor-associated T cell receptors (TCRs) that,
though MHC-restricted and MHC-dependent, can target intracellular antigens.
Alternatively, T cells can be modified to express chimeric antigen receptors (CARs)
for specific tumor cell surface proteins.

As the name implies, tumor-infiltrating lymphocytes are thought to have
undergone in vivo recognition of their cognate antigen and migration into the
tumor. Thus, the administration of autologous TILs have produced durable objec-
tive responses in patients with advanced melanoma [108]. However, TILs are less
feasible in GBM owing to the difficulty in isolating and expanding them [109] and
T cell exhaustion while within the tumor microenvironment [110]. A more feasible
approach is the aforementioned targeting of the ubiquitously expressed human
CMV antigen pp65 in GBM tissue [111]. This approach was conducted in an early
phase clinical trial and was able to successfully expand CMV-specific T cells from
13 out of 19 patients of which 11 received all four T-cell infusions and found that
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the median overall survival of these patients since the first recurrence was 403 days.
The overall median OS in this study was >57 weeks (a range of 19-345 weeks) and

a median PFS of >35 weeks (a range between 15.4-254 weeks). No comparator
group or historic controls were mentioned in this early phase trial. Interestingly,
molecular profiling of CMV-specific T cells from the patients revealed distinct gene
expression signatures which correlated with their clinical response [111]. Another
phase I randomized study was initiated in 22 CMV-seropositive, newly diagnosed
GBM patients. This study assessed CMV pp65-specific T cells that were generated ex
vivo with autologous CMV pp65 RNA-transfected DCs with or without a CMV-DC
vaccination [112]. Though this study was not powered to detect differences between
cohorts with regard to PFS and OS, the study found an association between higher
IFNy*, TNFa*, and CCL3" polyfunctional, CMV-specific CD8" T cells and OS [113].

2.3.4 Chimeric antigen receptors T cells (CAR T cells)

A major recent advancement in adoptive cellular therapies has been the develop-
ment of chimeric antigen receptors as a means for T cells to bypass MHC restriction,
and dependence and have specificity for a cell surface antigen. CAR T cell therapy
recently received approval targeting CD19 in B cell leukemia and lymphoma
[114]. CAR T cells are genetically modified to express an extracellular single-chain
variable fragment that specifically recognizes a tumor cell’s surface antigen. The
extracellular binding fragment is bound to intracellular signaling domains and/or
co-stimulatory domains that allow for T cell activation when the fragment is bound
to its cognate antigen. CAR T cells have the advantage of recognizing target antigens
independent of HLA and also disregarding tumor cell immunoevasion by MHC
expression reduction.

A phase I safety study was conducted using autologous CAR T cells targeting
EGFRvIII in 10 recurrent EGFRvIII* GBM patients [115]. The median OS was
251 days (~8 months; PFS could not be calculated due to the confounding factor of
neurosurgical intervention in most of the patients). No specific historical controls
were mentioned though the authors stated that GBM patients with significant
residual disease after surgery have an average survival that is around ~6 months.
The group demonstrated that EGFRVIII specific CAR T cells were found in the
brain tumor and exerted antigen-directed activity. They also found that most of
the patients had decreased expression of EGFRVIII in tumors resected after CART
therapy [116].

Another member of the family of EGFR-related receptor tyrosine kinase is
HER2. HER?2 is commonly overexpressed in high-grade gliomas [117-120]. A phase
I dose-escalation study was initiated to assess the safety and antitumor efficacy
of autologous HER2-specific CAR T cells in 17 patients with progressive recur-
rent GBM [121]. This study found that though HER2-specific CAR T cells did not
expand, they were detected in peripheral blood for up to 12 months. They found
that eight patients had clinical benefit from either partial response or stable disease.
The median OS was 11.1 months from the first CAR T cell infusion and 24.5 months
from diagnosis with an 18-month OS of 29.4% [122]. As a comparator, this study
mentions achieving similar outcomes as another study that used bevacizumab and
lomustine where the median OS was 12 months with an 18-month OS of 20% [123].

Similar to the aforementioned peptide and DC vaccines, there are CART
approaches targeting IL-13Ra2 due to its expression in a majority of adult and
pediatric GBM tumors but not in normal brains [124, 125]. One group demon-
strated that administration of IL-13Ra2-specific CAR T cells was feasible and
showed evidence for transient anti-glioma responses in two out of three patients
with recurrent GBM [126, 127]. The same group has initiated an ongoing phase I
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study utilizing IL-13Ra2-specific CAR T cell administration into the resected tumor
cavity and the ventricular system in patients with recurrent or refractory malignant
glioma [128]. A case report derived from this phase I study observed regression of
all CNS tumors along with concomitant increases in cytokines and immune cells in
the cerebrospinal fluid. Subsequent relapse was later found to be due to IL-13Ro2-
negative tumors [129].

These studies demonstrate the barriers found in targeting single antigens in
a highly heterogenous tumor. Newer approaches for enhanced CAR T therapy
efficacy will require targeting multiple antigens, a combinatorial approach with
other immunotherapies, or the development of CAR T cell designs that induce
significant epitope spreading [20]. Aside from antigen target constructs, current
work in CAR T therapy looks toward maximizing and maintaining the activity of
the administered CAR T cells to overcome barriers in the solid tumor microenviron-
ment [130]. As mentioned with cancer vaccines, the benefit will likely occur with
the combination of CAR T therapy and immune checkpoint blockade. Another
strategy is to express chemokine receptors in CAR T cells to improve their tumor-
directed trafficking (discussed below) or, conversely, express blocking chemokines
and receptors expressed by tumor cells to inhibit recruitment of inhibitory immune
cells. Another strategy is disrupting the tumor vasculature with anti-VEGFR CAR
T therapy. Strategies are also looking into the combination of depleting immune-
inhibitory cells to then allow for CAR T therapies to maintain durable responses.
Though CAR T therapy remains a promising therapy for GBM, further work is
needed to lead to clinical benefit.

3. Novel preclinical strategies
3.1 Targeting glioma stem cells (GSCs)

Glioma stem cells (GSCs) are a subpopulation of glioma cells with stem-like
properties. These cells are thought to promote tumor initiation, chemo- and radio-
resistance, and tumor invasiveness. GSCs were first defined by their expression of
prominin 1 or CD133, however, it was later discovered that CD133-negative cells
were also capable of causing tumor initiation. In addition, several different models
of GSC initiation have been proposed.

Vora et al. generated three different therapeutic modalities to target CD133"
GSCs and tested their efficacy using human GBM models. The first modality, a
CD133-binding IgG, was found to be ineffective at causing a significant reduction in
proliferation iz vitro and in vivo tumor burden. The second modality, a dual-antigen
T cell engager or DATE, specific for CD133 and CD3, caused significant tumor-
killing both iz vitro and in vivo. Finally, the CD133-specific CAR T cells provided
profound T cell proliferation and secretion of the anti-tumor cytokines IFNy and
TNFa upon co-culture with various human GBM cells. In addition, when mice were
intracranially injected with human GBM cells followed by subsequent intracranial
injection of CD133-specific CAR T cells, a significant reduction in tumor burden
and prolonged survival was observed relative to control-treated mice. Importantly,
they found administration of CD133-specific CAR T cells did not significantly
impair hematopoiesis [131].

An additional novel method of targeting GSCs is through the use of NK cells.
These cells are cytotoxic lymphocytes capable of killing target tumor cells. GSCs
have been shown to express activating ligands of NK cells, such as CD155 and
B7-H6. In addition, NK cells were shown to be able to lyse GSCs in vitro upon
co-culture with target GSCs. Contrarily, GSCs were found to promote NK cell
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dysfunction that was determined to be contact-dependent. Mechanistically, the NK
cell dysfunction was found to be mediated via TGFp-1 released by GSCs and upon
treatment with a TGF inhibitor, the dysfunction could be significantly diminished.
When evaluated in an iz vivo model of human GSC, the combination of allogeneic
NK cells and a TGFp inhibitor provided superior survival relative to any control
groups. These results suggest combinatorial NK cell therapy and TGFp inhibitor
may provide promising anti-tumor responses [132].

3.2 Modified CART cells

CAR T cells combine the single-chain variable fragment (scFV) of monoclonal
antibodies with the internal component of the T cell receptor. There are three main
generations of CAR T cells—first-generation CAR T cells include an scFV as well as
CD3( endodomain. The second generation built upon this by adding a costimula-
tory molecule such as CD28 or 4-1-BB to promote expansion. Finally, third-gen-
eration CAR T cells consist of an scFV, CD3(, as well as two or more costimulatory
molecules. CAR T cells, especially third-generation CAR T cells, have had great
success in patients with B cell malignancies [133].

However, single-agent CAR T cells have had limited success in patients with
CNS malignancies. This is likely due to several factors, including a high degree of
heterogeneity in the tumor microenvironment (TME), loss of antigen during tumor
progression, exhaustion of the CARs within the TME, and finally upregulation of
immunosuppressive molecules that inhibit CAR T cell killing [134].

Bielamowicz et al. utilized human GBM cells to identify three antigens expressed
on human glioma cells: HER2, IL-13Ra2, and EphA2. Single-agent CAR T cells,
bispecific CAR T cells targeting IL-13Ra2 and EphA2, as well as trivalent CAR
T cells specific for all three antigens were developed and tumor-killing was first
assessed in vitro. Upon coculture with target human glioma cells, secretion of IL-2
and IFNy were significantly higher upon treatment with trivalent CAR T cells
relative to nontransduced T cell controls. In addition, the specific lysis of target
cells was significantly greater when co-cultured with trivalent CAR T cells rela-
tive to controls. Efficacy was also evaluated using intracranially injected human
glioma cells followed by intracranial injection of single CAR T (targeting IL-13Ra2),
bivalent CART (targeting EphA2 and IL-13Ra2), trivalent CAR T cells (target-
ing HER?2, IL-13Ra2, and EphA2), or nontransduced T cell controls. The authors
found the trivalent CAR T cells provided superior anti-tumor efficacy relative to
controls [135].

Several other modified CARs have shown increased efficacy relative to their
first-generation counterparts. Krenciute et al. modified IL-13Ra2-specific CART
cells to secrete IL-15, a cytokine that promotes activation, proliferation, and cancer
cell lysis. Relative to IL-13Ra2 CAR T cells that did not secrete IL-15 (first-genera-
tion), these second-generation CAR T cells showed increased lysis of target tumor
cells and increased proliferation iz vitro. In addition, when evaluated iz vivo, mice
treated with the second-generation CAR T cells had significantly increased PFS and
OS relative to those treated with the first-generation CAR T cells. The authors found
mice that succumbed to the tumor after treatment CAR T cell therapy downregu-
lated the expression of IL-13Ra2 [136].

In the context of neuroblastoma, disialoganglioside (GD2) represents a promis-
ing tumor-associated target for CAR T cell therapy. GD2 has been shown to promote
malignant phenotypes such as proliferation, migration, and invasion [137].Ina
phase I clinical trial, GD2-specific CAR T cells were evaluated in neuroblastoma
patients in combination with cyclophosphamide and fludarabine as well as the
checkpoint inhibitor, anti-PD-1 [138]. Although the therapy was found to be safe,

11



Brain Tumors

only modest anti-tumor responses were observed [139]. To improve upon the
efficacy of these CART cells, Moghimi et al. modified GD2-specific CAR T cells to
express B7H3 and found enhanced anti-tumor responses both in vitro and in vivo
relative to untreated controls. They go on to determine the enhanced efficacy is
likely due to improved metabolic function [140].

Another promising CAR T cell target for brain tumors is CD70. In terms of
normal immunology, CD70 is a co-stimulatory molecule expressed in activated
immune cells. However, Jin et al. found CD70 to be overexpressed in tumor samples
isolated from IDH wild-type low-grade glioma and GBM patients [141]. Using a
model of high-grade glioma, modified CD70 CAR T cells that express CXCR1 or
CXCR?2 improved T cell migration to the tumor site. In addition, survival of tumor-
bearing mice was improved when treated with CXCR1 or CXCR2 modified CD70
CARTT cells relative to unmodified CD70 CAR T cells [142]. Collectively, these
results suggest modified CAR T cells may hold promising anti-tumor responses
relative to their first-generation counterparts.

A huge limitation of CAR T cells is the eventual expression of exhaustion
molecules, leading to a lack of anti-tumor efficacy. Weber et al. recently utilized
transient periods of rest using a small molecule as well as dasatinib, a tyrosine
kinase inhibitor that inhibits T cell signaling. The authors utilized GD2.CD28¢ CAR
T cells in a model of human osteosarcoma. The use of rest in pre-exhausted CAR
T cells redirected their fate from a state of exhaustion toward a memory-like state.
Furthermore, in T cells that already acquired markers of exhaustion, the use of rest
reversed the exhaustion phenotype and caused epigenetic remodeling similar to
non-exhausted controls. CAR T cells subjected to intermittent rest through alter-
nating CAR expression or dasatinib-treatment demonstrated superior anti-tumor
effects. These findings have profound translational implications to improve thera-
peutic response using CAR T cells [143].

3.3 Small molecule inhibitor

Myeloid-derived suppressor cells (MDSCs) have been shown to be expanded in
the periphery of GBM patients [144]. MDSCs within the TME have been shown to
contribute to tumor immunosuppression via the secretion of immunosuppressive
molecules such as arginase 1 and inducible nitric oxide synthase (iNOS). Alban
et al. expanded upon these findings and found the monocytic subset of MDSCs
(mMDSCs) express high levels of CD74 and its ligand, macrophage migration
inhibitor factor (MIF). They used MN-166, a small molecule inhibitor of phospho-
diesterase capable of penetrating the blood-brain barrier to inhibit the CD74/MIF
interaction on myeloid cells and therefore prevent mMDSC formation. They found
MN-166-treated MDSCs prevented MDSC-mediated T cell suppression. In addition,
increased intratumoral CD8" T cells were found when tumor-bearing mice were
treated with MN-166. Despite no difference in survival being observed, the authors
suggest this therapy could combine well with activating immunotherapies [145].

Signal transducer and activator of transcription 3 (STAT3) is a transcription
factor shown to be upregulated in GBM and is correlated with decreased sur-
vival. Wightman et al. have shown treatment of GBM cells with IL-6 increased
phosphorylation and overall STAT3 expression. The authors used bazedoxifene, a
selective estrogen receptor modulator, to inhibit IL-6-mediated STAT?3 activation.
Importantly, they show treatment of GBM cells with bazedoxifene decreases mark-
ers of GSCs, such as SRY-box transcription factor 2 (SOX2) and octamer-binding
transcription factor 4 (OCT4). In addition, they demonstrate treatment of tumor-
bearing mice with bazedoxifene significantly prolongs survival relative to vehicle-
control treated mice [146].
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3.4 Gene therapy

Alghamri et al. recently published a thorough investigation of mutant versus
wild-type IDH (wtIDH) gliomas in both murine and human models. Focusing
on the murine data, the authors found wild-type IDH gliomas possessed more
suppressive CD11b*Ly6G* granulocytic MDSCs (gMDSCs) as well as increased
PD-L1, iNOS, and Arg1 relative to gMDSCs derived from mutant IDH (mIDH)
glioma bearing mice. Furthermore, murine mIDH glioma neurospheres were found
to secrete significantly more G-CSF relative to their wtIDH counterparts. This
increased secretion was determined to be caused by enrichment of H3K4me3 in
the Csf3 gene, which encodes G-CSF. Finally, when the immune-stimulatory gene
therapy herpes simplex virus 1—thymidine kinase/Feline McDonough sarcoma
(Fms)—Ilike tyrosine kinase 3 ligand (TK/FIt3L) was used in combination with
recombinant G-CSF (rG-CSF) in a wtIDH mouse model, a significant survival
benefit was observed relative to TK/Ft3L or rG-CSF alone [147].

3.5 Combination checkpoint inhibition

Tumor-treating fields (TTFs) work as a non-invasive anti-cancer therapy via
alternating electric fields. As stated earlier, TTFs are already FDA-approved for
GBM in combination with temozolomide. Voloshin et al. expanded upon these
findings and found TTFs elicited tumor cell death in murine models of lung and
colon cancer. In addition, the authors found TTFs could induce maturation of bone
marrow-derived DCs. Furthermore, using an orthotopic model of murine lung can-
cer, the combination of TTFs and the ICI, anti-PD-1, was found to reduce growth
relative to control-treated mice. This anti-tumor effect was found to be mediated by
the expansion of macrophages, DCs, and CD8" T cells within the TME. In addition,
when subcutaneous colon cancer-bearing mice were treated with anti-PD-1, TTFs,
or the combination, a reduction in tumor growth was observed in combination-
treated mice relative to controls. Combination-treated mice were found to have
a decrease in intratumoral DCs and macrophages but increased CD3"CD4" and
CD3"CD8" T cells. These results suggest the combination of an ICI such as anti-PD-1
and TTFs could enhance anti-tumor responses in the context of brain tumors [148].

As stated earlier, ICI as monotherapies has had limited success in patients with
CNS-derived malignancies. Therefore, several groups are evaluating combinatorial
ICI approaches to enhance anti-tumor effects. Flores et al. found the combination
of lineage-negative hematopoietic stem and progenitor cells (HSPCs) and the ICI,
anti-PD-1 provided significantly prolonged survival relative to HSPC or anti-PD-1
monotherapy. The authors found the enhanced survival is likely due to increased
secretion of IFNy by T cells in the TME. In addition, they found the CCR2" HSPCs
were the population responsible for providing the enhanced anti-tumor efficacy.
Interestingly, they observed that utilizing CCR2" HSPCs in the context of an adop-
tive cellular therapy (ACT) platform, which combines tumor RNA-pulsed DCs,
tumor-reactive T cells, and radiotherapy, significantly enhanced survival relative to
ACT using bulk lineage-negative HSPCs. These results suggest these CCR2" HSPCs
cells may be combined with various types of immunotherapies to enhance anti-
tumor efficacy [149].

Alternatively, Flores-Toro et al. identified an expansion of CCR2" myeloid cells
within the TME using two models of intracranial glioma. The authors used a small
molecule inhibitor of CCR2, CCX872, in combination with the ICI, anti-PD-1
to enhance survival using a murine model of high-grade glioma as well asa GSC
model. They went on to determine this mechanism of anti-tumor efficacy was likely
due to a combination of reduced recruitment of Ly6C" myeloid cells to the TME,
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an increase in intratumoral CD4", CD8*, CD3" IFNy" cells, and a reduction in CD8"
TIM3* PD-1" T cells relative to vehicle control-treated mice [150].

Finally, Sabbagh et al. used novel combinatorial immunotherapy approach to
enhance anti-tumor efficacy. They utilized low-intensity pulsed ultrasound (LIPU)
to open the BBB for better penetration of various therapeutics. Although LIPU as
monotherapy did not provide a robust anti-tumor response, when combined with
anti-PD-1, enhanced median survival was observed relative to IgG control-treated
mice. In addition, the authors used EGFRvIII-specific CAR T cells in combination
with LIPU and found increased trafficking of administered CAR T cells to the TME
as well as enhanced survival relative to CAR T cells alone. These results suggest
utilizing combinatorial immunotherapeutic approaches with LIPU may lead to
enhanced anti-tumor efficacy [151].

4. Conclusions

Malignant brain tumors pose a unique and difficult set of challenges including
high tumor heterogeneity and tumor antigen loss, low mutation burden, an immu-
nosuppressive microenvironment, systemic T cell dysfunction, and relative isola-
tion from systemic circulation due to the blood-brain barrier. These overwhelming
obstacles have, thus far, limited immunotherapy efficacy. Despite these hurdles,
immunotherapies are making incremental advances to overcome these challenges
simultaneously [152, 153]. New developments are occurring in the peptide vaccine
platforms by the conjugation with toll-like receptor agonists which can enhance
activation of DCs to elicit tuned immune responses [154-156]. Studies are also
moving forward to focus on targeting multiple antigens simultaneously to combat
tumor antigen loss in CAR T therapy [157]. Other groups are working on address-
ing the immunosuppressive tumor microenvironment and T cell exhaustion with
several studies underway in a variety of cancers that combine vaccines and immune
checkpoint inhibitors [158]. In the CAR T therapy arena, groups are overcoming
T cell exhaustion by knocking out the checkpoint molecules [159, 160], endowing
CART cells with the capabilities of secreting anti-PD-L1 antibodies [161], and
linking the PD-1 extracellular domain to the CD28 intracellular domain to lead to an
activation signal instead of inhibition [162, 163]. Other groups are working on over-
coming the blood-brain barrier challenge by using laser interstitial thermal therapy
or the aforementioned low-intensity pulsed ultrasound to cause local disruption
and permeability which may increase trafficking of therapies to the tumor site [151,
164, 165]. These approaches utilizing various combinations and novel technologies
may provide solutions to the aforementioned obstacles.

In summary, the next advances in immunotherapies for CNS malignancies will
come from enhanced foundational understanding of immune cells and the tumor
microenvironment, better mechanistic understandings of current immunotherapy
resistance, increased rational combinations of current immunotherapies with
complementary mechanisms of action, and novel immunotherapeutic approaches.
Together, the above-mentioned clinical studies and novel preclinical work provide
an optimistic future in cancer with much-needed improvement in patient survival.
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