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Abstract: Glioblastoma is the most frequent primary neoplasm of the central nervous system and
still suffers from very poor therapeutic impact. No clear improvements over current standard of care
have been made in the last decade. For other cancers, but also for brain metastasis, which harbors
a very distinct biology from glioblastoma, immunotherapy has already proven its efficacy. Efforts
have been pursued to allow glioblastoma patients to benefit from these new approaches, but the
road is still long for broad application. Here, we aim to review key glioblastoma immune related
characteristics, current immunotherapeutic strategies being explored, their potential caveats, and
future directions.
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1. Introduction

The incidence of glioblastoma (GBM) is 7.23 cases per 100,000 patients a year, and
the outcome is very poor, with a median survival of less than 2 years [1]. These numbers
translate the devastating reality of current GBM clinical management and the desperate
need for better therapeutics.

However, since the 2010s and the first clinical trial proving the efficacy of immunother-
apy for solid tumors, the field of oncology has radically changed for some cancer indica-
tions, with unprecedented survival improvement. Still, GBM has not benefited from these
novel therapies yet. Even though, in the past, the central nervous system (CNS) was consid-
ered to be immune-privileged [2], we now may characterized it to be immune-specialized.
The efficacy of immunotherapy on the CNS is proven, as activity against brain metastasis,
mostly from melanoma or lung cancer, has been widely described [3]. To that matter, the
location of the tumor on the CNS may not be the sole limiting factor, but rather the intrinsic
immuno-suppressive characteristics of GBM.

Here, we will discuss the reasons for this setback by first describing key GBM charac-
teristics, then potential targets and specific immunotherapeutic strategies developed and
tested in clinical trials. Finally, we will address future directions that should pave the way
for the improvement of immunotherapy for GBM.

1.1. GBM Characteristics
1.1.1. Molecular Alterations and Subtypes

The pathological description of GBM is described by the WHO classifications and
is comprised of histological and molecular alterations [4]. GBM corresponds to grade 1V,
the most aggressive type of gliomas, originating from glial cells. Primary GBM initially
presents as grade IV, as opposed to secondary GBM originating from lower grade tumors.
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Primary GBM (Isocitrate dehydrogenase (IDH) wild type) has a worse prognosis com-
pared to secondary GBM [5]. The Cancer Genome Atlas Program (TCGA) led to a better
understanding of GBM’s molecular characteristics, and revealed the presence of different
molecular subtypes [6]. Despite the low clinical implications of molecular subtypes, due
to the high heterogeneity of GBM tumors [7], it helped to identify common and shared
genomic alterations, which helped to develop rationally designed pre-clinical models of
GBM by targeting the same genomic alterations. For example, the SB28 is a syngeneic
mouse model developed by targeting mutations attributed to the proneural subtype (p53,
RAS and PDGF) [8] or the spontaneous model PDGF-B—driven glioma, which targets the
PDGF pathway [9,10]. Deeper understanding of molecular characteristics also impacted
on GBM description and diagnosis. The cIMPACT-NOW classification empowers the 2016
WHO classification with broad genomic integration [5]. Analysis of the methylome also
proves its clinical implication, as it can help to reclassify tumors to the right category [11].
Mutational load is directly liked to immunotherapy as it can lead to the generation of
neoantigens (NeoAg), which are known to be immunogenic [12]. Correlation between the
tumor mutational burden (TMB) and the response to immunotherapy has been described,
but GBM belongs to the category of tumors with low TMB [12]. Other factors, such as a
low expression of antigen (Ag) presentation in MHC molecules, are described in GBM,
therefore leaving more challenges to generating an effective immune response [13].

1.1.2. Immune Specialization

From an immunological point of view, the CNS draws specificities in the well de-
scribed cancer immunity cycle [14]. First of all, the blood-brain barrier (BBB) limits the
interactions between the two compartments that can limit cell migration from blood to
the CNS. Nevertheless, we now have robust data proving the T cell efflux to the CNS,
particularly through the o431 integrin [15]. Moreover, cytokines can transiently open the
BBB, such as nitric oxide (NO) or tumor necrosis factor (TNF), and GBM can also locally
disrupt the BBB [16]. Still, physical factors such as the antibody (Ab) size need to be taken
into account for optimal drug delivery [17], even though radiolabeled Abs are clearly
shown to locate at the tumor site, such as in brain metastasis [18]. Secondly, the CNS
lacks conventional draining lymphatics, but evidence points towards adapted drainage
to deep cervical lymph nodes [19,20]. Conventional dendritic cells (DCs) are also missing
in the brain parenchyma, which is populated by an important proportion of microglia
cells that can also present antigens [21]. Still, the GBM tumor microenvironment (TME)
is mostly immunosuppressive due to the high proportion of myeloid cells, such as tumor
associated macrophages (TAMs), and, particularly, the M2 phenotype highly represented
in GBM [22]. M2 TAMs have pro-tumoral activity through the secretion of immunosup-
pressive molecules such as transforming growth factor 3 (TGFf), interleukin 10 (IL-10),
vascular endothelial growth factor (VEGF), or matrix metalloproteinase (MMP)-2 and
MMP-9 [23]. TAMs are an active field of research, and are also described to be unpolarized
with an MO phenotype, and therefore would represent an ideal target for reprogram-
ming [24]. GBM cells can also secrete TGFf(3 that can further induce regulatory T cells
(Tregs), which amplifies the immune suppression [25]. The enzyme indoleamine-pyrrole
2,3-dioxygenase (IDO) is another suppressive factor in the GBM TME that will degrade
tryptophan, an amino acid needed to promote T cell growth and survival [26]. Taken
together, immunological specificities of the CNS, characteristics of the GBM tumor itself,
and the TME lead to an unfavorable immune state with sparse T cell infiltration [27-29],
which can classify GBM as an immunologically cold tumor.

1.1.3. Cellular Pathways

Detailed molecular description of GBM led to the identification of alterations of
well-known cellular pathways (such as PI3K, AKT, mTOR, p53, EGFR, IDH, MET, FGFR,
BRAF, and TERT) that could potentially be actionable with tyrosine kinase inhibitors
(TKI) or other therapeutics. We will not address the issues of the clinical trials in this
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review, as it has already been thoroughly done elsewhere [30] and presents no clinical
breakthrough. Ongoing trials may still lead to specific approaches for selected patients
with GBM. For example, in pleomorphic xanthoastrocytoma, the targeting of BRAFY600
in patients presenting the mutation led to a survival increase compared to a placebo [31].
Moreover, patients suffering from neurofibromatosis type 1-associated brain tumors could
benefit from an MEK inhibitor, as reviewed previously [32].

1.2. Current Treatment

The standard of care (SOC) treatment for GBM evolved in 2005 with the combined
approach, showing the efficacy of radio-chemotherapy with temozolomide (TMZ) after
maximum safe surgical removal [33,34]. Since then, no therapeutic improvement could
be brought to the patients suffering from GBM except with tumor treating fields (TTFs),
which improved survival from 16 months in the maintenance temozolomide group (TMZ)
versus 20.9 months for the maintenance TMZ plus a TTF [35]. Still, the TTF approach
has not been widely adopted because of a lack of understanding of the underlying mode
of action, and the differences between first and second line efficacy [36]. Moreover, the
O6-alkylguanine DNA alkyltransferase (MGMT) promoter needs to be methylated for
optimal TMZ sensitivity [37]. Inevitably, all GBM will recur, and no effective treatment
has been identified in this setting. Bevacizumab, an anti-VEGF Ab improves progression
free survival (PFS), but not overall survival (OS) [38], and lomustine is the most used
molecule at recurrence in selected patients [39]. The choice of therapy at recurrence is
mainly based on the ability of patients to tolerate more chemotherapy, and if cerebral
edema is predominant, bevacizumab would be the preferred choice. Still, many clinical
trials have attempted to improve SOC with protocol intensification [40-42], or to iden-
tify new therapies such as tyrosine kinase inhibitors (TKI) [30], but none of them could
radically change the clinical course of GBM. As such, we might need to get back to GBM
tumor biology to better identify GBM vulnerabilities and strategies to exploit them, such
as through synthetic lethality, as identified for PTEN deficient gliomas, for example [43].
In the following sections, we will explore different strategies to target the GBM immune
specificities mentioned above and tested in clinical trials. We will try to identify poten-
tial weaknesses of specific approaches and hypotheses to enhance future research. We
will purposefully not list all clinical immunotherapies for GBM, as the readers can re-
fer to previous extensive reviews [44].We will rather select key clinical trials assembled
in Table 1.

Table 1. Key clinical studies with different immunotherapeutic modalities for GBM.

Clinical Trial Phase Indication Treatment Control Sequence Outcome Ref
Immune Checkpoints Inhibitors
CheckMate 143 . . At recurrence No impact 2020
NCT02017717 1 RGBM Nivolumab Bevacizumab  \ ) monotherapy on OS [45]
CheckMate 498 P GBM Nivolumab . . No impact
NCT02617589 111 MGMT u RT TMZ + RT Nivo + RT, then Nivo on OS
CheckMate 548 I P GBM Nivolumab TMZ + RT TMZ + RT, then No impact
NCT02667587 MGMT m TMZ + RT TMZ + Nivo on OS *
. Nivo, surgery, then
Neo-nivo P GBM . . . . 2019
NCT02550249 I R GBM Nivolumab None NIV'O (+TMZ + RT 0S:7.3m [46]
if primary)
NCT02852655 I R GBM Pembrolizumab Pembrolizumab +Pembro, then OS: 13.7 vs. 2019

Neoadj + adj adj Surgery, then Pembro 75m* [47]
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Table 1. Cont.

Clinical Trial Phase Indication Treatment Control Sequence Outcome Ref
Vaccines
ACT-IV P GBM . . Surgery, RT + TMZ, No impact 2017
NCT01480479 1 EGFRvIIl+ | eptide vaccine Placebo then vaccine on OS [48]
IMA-950 I P GBM TAA peptide None Surgery, RT + TMZ, 0S: 19 2019
NCT01920191 HLA-A2+ vaccine then vaccine mo * [49]
DCVax-L Tumor lysate Surgery, RT + TMZ, 0S: 23.1 2018
NCT00045968 1 P GBM DC vaccine Placebo then vaccine mo * [50]
CAR-T Cells

R GBM EGFRVIII CAR-T CAR-T infusion ) . 2017
NCT02209376 I EGFRvIII+ cell (2nd gen) None at progression ©S: 8 mo [51]

Lymphodepleting
R GBM EGFRVIII CAR-T chemotherapy, then 0S: 6.9 2019
NCT0145459% I EGFRVIII+ cell (3d gen) None CAR-T infusion mo * [52]

+ IL-2 support
Oncolytic Virus

IT administration

NCT01491893 II R GBM PVSRIPO None of PVSRIPO Oi;%S 2[(5);?
at recurrence

. IT administration

NCT02798406 1I R Glioma DNX-2401 None of DNX-2401 05:9.5 2018

. *
malignant + surgical resection mo [54]

Abbreviations: TAA, tumor-associated antigen; P GBM, primary glioblastoma; R GBM, recurrent glioblastoma; HLA, human leukocyte
antigen; OS, overall survival; MGMTu, MGMG unmethylated; MGMTm, MGMG methylated; Nivo, nivolumab; Pembro, pembrolizumab;
RT, radiotherapy; TMZ, temozolomide; CAR-T, chimeric antigen receptor T cell; DC, dendritic cell; IT, intra-tumoral; adj, adjuvant;
* OS data should be taken with reserve as it was not the primary endpoint of the study.

2. Current Knowledge
2.1. Immune Checkpoints Inhibitors

Immune checkpoints are key molecules regulating immune activation, some of them
being negative regulators [55]. By blocking it with immune checkpoint inhibitors (ICI),
immune response can be unleashed. Immune regulatory molecules can be expressed by the
tumor cells or immune cells. Ab blocking the PD-1/PD-L1 axis and the CTLA-4 molecule
are the most studied and already clinically approved ICI for multiple cancer indications
such as melanoma or lung cancer. Recent clinical trials specifically tested their efficacy for
GBM. The first phase III study, CheckMate 143, evaluated nivolumab (anti-PD-1) in patients
with recurrent GBM [45]. In this study, the control group was treated with bevacizumab,
and the primary end point of OS was not improved with ICI. Two other phase III trials,
CheckMate 498 [56] and 548, evaluated nivolumab and radiotherapy compared to SOC
in primary GBM, either in MGMT unmethylated or methylated, respectively. None of
them could identify the efficacy of ICI, but complete data are not yet published. The only
significant improvement of OS with ICI was observed in a phase II clinical trial when
pembrolizumab was introduced in a neo-adjuvant setting. In this study with recurrent
GBM, both groups received pembrolizumab as an adjuvant treatment, but the OS was
13.7 months in the group receiving one injection before surgery, compared to 7.5 months in
the control group [47]. Another study also tested neo-adjuvant anti-PD-1 for recurrent GBM,
but could not show clinical benefit with an OS of 7.3 months [46]. The impact of the positive
neo-adjuvant study is important, as it is the first time we have observed survival impact
with ICI in GBM patients. Higher Ag load at the time of therapy initiation might allow
broader adaptive immunity activation. Insofar as partial or even subtotal resection leaves
less tumor tissue, it is potentially more controllable by the immune system. Moreover, in
the recurrent setting, all patients have received TMZ, which has been described to induce
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hypermutated GBM [57] and could therefore potentiate to ICI. Unfortunately, we do not
have data on the TMB of patients, which could impact on the response. However, recent
work discredits the idea of better ICI response of hypermutated GBM when it has been
induced by previous TMZ treatment [58]. The explanation could be that, if chemotherapy
can increase the number of mutations, it will lead to polyclonality, which will not support
better immune response [59]. To that matter, case reports have identified hypermutated
GBM induced by mismatch repair gene mutations with contrasting response to ICI [60].

As GBM are full of TAM that expresses PD-L1 [22], the use of anti-PD-L1 Ab could
also potentially induce antibody-dependent cell-mediated cytotoxicity (ADCC) to further
enhance the response. A first study with recurrent GBM combined anti PD-L1 (avelumab)
with axitinib, but did not meet its activity threshold of 50% PFS at 6 months [61]. The
MEDI4736 study evaluated durvalumab, another anti-PD-L1 Ab, with SOC for primary
MGMT unmethylated GBM, and showed OS improvement to 15.7 months, but only when
compared with historical controls [62]. Multiple other immune checkpoints exist, such
as GITR, TIGIT, CD27, LAG-3, CD137 (or 4-1BB), and CTLA-4, and their blockade was
also tested, mostly in association with anti-PD-1, which showed efficacy in pre-clinical
glioma mouse models [63—67], but clinical trials are still ongoing. In the end, ICI have
already been widely tested for GBM and did not lead to practice changing observations.
The highly positive hint of ICI impact on GBM when pembrolizumab was added prior
to surgery encourages us to pursue the clinical optimization of ICI therapy. However, as
GBM cells present few NeoAg, enhancing the recognition phase, i.e., with vaccination, may
be necessary to initiate the immune reaction.

2.2. Vaccines

Different types of tumor vaccine exist, and all aim to induce humoral or cellular
response against tumor Ags. They can be directed against tumor associated antigens
(TAAs), which are host antigens aberrantly expressed on tumor cells, or tumor specific
antigens (TSA), which are derived from mutations specific to the tumor cells leading to
NeoAgs. Vaccines can either target one or multiple peptides from both categories, and
can be administered either simply with an adjuvant, or loaded in DC. Many clinical trials
evaluated the efficacy of DC vaccines, but only one was a phase III trial. DCVax-L evaluated
a tumor lysate DC vaccine in association with SOC compared to SOC with a placebo for
primary GBM [50]. At recurrence, all patients were allowed to receive the DC vaccine,
leading to 90% of the patients being treated with the therapy after cross-over. Based on
an intention-to-treat analysis, the OS was 23.1 months, and up to 34.7 months for MGMT
methylated patients. Unfortunately, the analysis is still preliminary as PFS data are not
available, even though it was the primary endpoint, and OS data are also incomplete as the
interim analysis includes only 33% of patients [68]. Thus, complete data analysis is needed
to draw any conclusion from this trial.

Peptide vaccination is another option exploited, for example, in the IMA-950 trial.
In this study, vaccines contained multiple epitopes expressed in GBM samples [69]. This
set of synthetic peptides administered with the TLR3 agonist poly-ICLC adjuvant was
combined with SOC. The therapy was safe and could elicit immune reaction and reports
an OS of 19 months [49]. Results are still preliminary but prove the safety and feasibility
of the IMA-950 vaccine. Limitations of peptide vaccination include the HLA restriction
and expression, to ensure the exposure of injected epitopes. Moreover, because TAA
are expressed by host cells, tolerance could be induced. Along that line, there is a ratio-
nale for combining vaccination with ICI, which is currently under evaluation with this
vaccine (NCT03665545).

Another approach is to target TSA, as they are not expressed by healthy tissues. Long
deletion in the EGFR locus leads to a variant of the EGFR receptor called EGFRVIIL This
NeoAg is present in approximately 30% [70] of GBM patients and represents an ideal
target for vaccination. ACT-IV, a phase III clinical trial studying the efficacy of peptide
vaccination for this particular target, failed to prove efficacy despite encouraging previous
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data showing immunogenicity [48]. The heterogeneous expression of the target and loss
of expression, even in the control arm, were major concerns that can explain the lack of
efficacy and question the real oncogenic role of this variant. To circumvent the possibility
of Ag loss, the GAPVAC trial aimed at developing a personalized vaccine targeting, at the
same time, multiple neoepitopes expressed by the tumor. Due to the time needed for the
production of such a vaccine, patients were first treated with a combination of unmutated
peptide vaccine, but still matched for their expression. Fifteen patients completed the
protocol, and the trial reports an OS of 29 months [71]. In this trial, despite all the mutations
analyzed from the 15 patients, only a few of them were predicted to be immunogenic, and
none of them could be confirmed to be presented by the tumor cells with mass spectrometry.
As a result, a maximum of 2 different NeoAg were included in the TSA vaccination for a
minority of patients (4/15), illustrating the limitations of such a technique for tumors with
a low mutational load.

In conclusion, if the proof of concept of immunization against GBM is acknowledged,
it still does not translate to clear clinical benefit. One particular limitation is the target
selection and potential loss of expression, even though multiplying target specificity in the
GAPVAC trial was not the solution to dramatically improve efficacy. Combination with
ICI, as is already being explored, is promising, as it could enhance the efficacy of the newly
activated lymphocytes to drive efficient immune reaction, even further if TAA are used.
Still, targeting the TME will be necessary, as it drives important immunosuppression at the
tumor site that even fully activated T cells may not bypass.

2.3. TME Targeting

As GBM tumors are embedded within an immune hostile environment, its modula-
tion may be necessary to enable better immune responses at the tumor site. One major
component of the TME are TAM, which represent up to 50% of the tumor cells [72] and are
mostly immunosuppressive, as mentioned before. TAM can be directly targeted through
the colony stimulating factor 1 receptor (CSF1R), which is a canonical marker of TAMs. This
receptor is necessary for TAM differentiation, proliferation, and activation. Blocking CSFIR
can re-educate TAM from M2 to the more anti-tumoral M1 phenotype [73]. Preclinical
data with the small molecule BLZ945 are very encouraging [10], and currently tested in
association with an anti-PD-1 Ab for solid tumors, including GBM (NCT02829723). Another
trial evaluating CSF1R inhibition in association with nivolumab was conducted, but shares
no results [74], and a clinical trial evaluating a small molecule PLX3397 inhibiting CSFIR
failed to show activity on GBM [75].

Additionally, stimulation of the CD40 pathway can activate TAM to become tumorici-
dal [76]. In that way, agonistic anti-CD40 stimulation was promising in a pre-clinical model
of pancreatic cancer [77-79], and is currently being tested as an intra tumoral injection in
association with an immunotoxin targeting EGFR [80].

TAM phagocytosis is controlled by multiple layers. If M1 macrophages are considered
anti-tumoral and with effective phagocytic functionality, molecules such as CD47 can be
expressed by tumor cells and send a “do not eat me” signal to TAM. Therefore, strategies
to block this pathway with antagonistic Ab are well described [81]. For human GBM,
CD47 is found to be expressed [82], and antagonistic Abs in pre-clinical models show some
activity [83]. One of the major issues of CD47 as a target is its expression on physiological
red blood cells, but off-tumor effect can be controlled with bi-specific Abs [84]. Still,
no clinical trials are currently evaluating anti-CD47 for GBM at this time. Due to their
abundance in GBM, there is interest in targeting TAMs, as they perform a broad sampling
of the highly heterogeneous tumor, and, because they can cross-present peptides to T cells,
they could bridge innate to adaptive immunity [85].

By targeting VEGF, the Ab bevacizumab is also targeting the TME, and is approved in
some countries as a second line treatment. As mentioned before, it does not improve OS,
only PFS [38], and is currently tested in association with multiple other therapies.
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Targeting the TGF pathway has also been tested with the small molecule galuniser-
tinib, in monotherapy or in association with lomustine, for recurrent GBM, but no efficacy
was described [86]. Other strategies such as the antisense oligonucleotide trabedersen (AP
12009) were tested to inhibit TGFf signaling [87], but with no clinical efficacy. IDO inhibi-
tion is also being evaluating for GBM, supported by encouraging pre-clinical results [64],
still, no clinical data are available.

Tregs exerts an immunosuppressive role, and are described as invading GBM. As
CTLA-4 is expressed on Tregs, anti-CTLA-4 Ab could potentially induce ADCC of Tregs [88].
Given that IL-2R is essential for Treg function [89], blocking it with the daclizumab Ab,
concomitantly with EGFRVIII vaccination, showed a reduction of circulating Tregs in a
pilot study [90].

Radiotherapy (RT) is part of the SOC for GBM, but also has interesting immune activity.
It can lead to Ag release, and increase CD8 tumor infiltration to further sensitize to ICI
therapy in pre-clinical GBM models [63,64]. Furthermore, activation of the CGAS/STING
pathway with RT leads to innate immunity activation [91], but careful selection of dose
and fraction are needed as they can have contrasting effects on the immune system [92].
For example, RT will lead to CXCL-12 and CSF-1 tumor cell secretion [92], which promotes
TAM infiltration and tilts the balance towards pro-tumoral. Moreover, the engulfment of
apoptotic cells leads to a tolerance of TAM [85]. Based on this, rational combination with
every type of immunotherapy, but particularly ICI and TAM targeting, seems rational, and
radiation is often included in current clinical trials.

Intriguingly, cancer associated fibroblasts (CAF) have been identified in GBM patients
while they were presumably absent of CNS tumors. Now, some reports describe the pres-
ence of CAF with immunosuppressive effects, such as promoting glioma initiating cells
growth and TAM polarization towards M2 [93,94]. Moreover, identification of CAF in GBM
samples, but not from unaffected brain tissues in autopsy studies, further support their
existence in vivo, rather than being only a genomic finding artefact. If CAF’s immunosup-
pressive function is confirmed, it will certainly be necessary to co-target it with TAM to
ensure broader control of the TME. In short, immune-favorable TME is needed for efficient
immunotherapy. The complexity of interactions in the TME are being deciphered with a
combination of different modalities, but most importantly, evaluation of TME immune state
is strongly needed in current and future clinical trials to help orient optimal combinations.

2.4. Adoptive Cell Therapy

As host immune response can be difficult to elicit in patients with GBM, engineering
an immune activation in autologous T cells can circumvent this issue. Adoptive transfer of
circulating autologous T cells, natural killer (NK) cells, or tumor-infiltrating T cells (TILs),
expanded and/or activated in vitro before re-infusion, have been developed for cancer
immune-therapy and already tested in GBM, but none of these trials led to significant
survival improvement. One major issue is the lack of specificity of the infused cells. Even
for TIL therapy, we know that only a minority of TILs are tumor specific [95], and if they
can be expanded in vitro, they are highly exhausted and poorly functional [96].

CAR (chimeric antigen receptor)-T cells, on the other hand, are developed to specifi-
cally target tumor cells. Studies with EGFRVIII targeting CAR-T cells have been conducted
showing the feasibility of such technology for GBM [51]. Particularly, CAR-T cells have
been found at the tumor site, still with no objective clinical response. A major issue with
CAR-T therapy can be off-tumor on-target effect. We reported unexpected CD19 expression
in brain mural cells, providing insights on the mechanism of the severe neurotoxicity
observed in the clinic [97].

One caveat of single Ag targeting, as identified with the EGFRVIII vaccine, is the
loss of expression and the immune escape of tumor cells. To that matter, co-targeting
multiple epitopes, either with co-expression on the same CAR-T cell or by combining
multiple monovalent CAR-T cells, is currently being explored in other cancers [98], but
also in GBM by targeting EGFRVIII, IL13R«2, HER2, or EphA2 [99]. Pre-clinical studies
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shows that mathematical models can help us to determine the optimal combination of
targets [100], and confirms that co-targeting multiple epitopes with the same CAR-T cell
can increase the selectivity and activation of a specific CAR-T, without leading to more
exhaustion [101]. Other targets are also in development, such as CD133, which is a cancer
stem cell marker. A recent study described the development of anti-CD133 CAR-T cells and
their efficacy in preclinical models. We now await clinical trials to see if targeting CD133+
cells would enhance the durable response. In fact, direct lysis of these treatment resistant
and self-populating glioma cells could have an impact on tumor control [102]. Still, if
glioma initiating cells do not reach consensus [103], the rationale of targeting resistant stem
like cells is highly relevant, and will most probably generate interesting data to explore.
In the future, conditional activation of CAR-T cells based on multiple targets or sensors
with Boolean output based on AND, OR, and NOT coding, could lead to specific activity
based on the given environment where the cell is present. The technology has already
been described, and needs to be incorporated into clinical investigations [104]. Synthetic
biology with inducible T cell programming could address the major caveats of CAR-T cell
therapy, and even more for GBM, i.e., (i) immune-related side effects, (ii) potential off-
target response, (iii) and conditioned response to the TME, which is particularly decisive in
GBM immunotherapy.

Still, if multiplying targets, or conditioning CAR-T cell activation, can reduce immune
escape, it will come at high time and money costs that could impact on clinical feasibility.
Moreover, tumor cells may still be susceptible to immune escape. Yet, if adoptive T cell
therapy can induce immune activation at the tumor site, for particularly cold tumors such
as GBM,, it could lead to epitope spreading. This could bridge the host adaptive immune
system to target other Ags, and, furthermore, be able to adapt to any evolution of the tumor
phenotype and sustain the therapeutic efficacy initiated by CAR-T cells. In that way, the
combination of CAR-T cell therapy with a systemic immune activation using ICI is a way
forward and being already explored [105], even though particular attention to side effects
is required with such immune activation.

Another key question to resolve is the optimal route of infusion, especially for GBM,
where T cells need a specific integrin, «431, to cross the BBB [15]. Intra-cavital infusion
post tumor resection has been tested [98], but we lack clear comparison of the infusion
route on efficacy in the clinic, even if preclinical data robustly suggest locoregional infusion
to be more efficient than systemic delivery [106,107]. In the same way, a study described
PAX4 as a key regulator of tumor vascularization, and interfering with its signal improved
CAR-T cell influx to the tumor [108].

Another approach could be the targeting of intracellular Ags with TCR engineering,
as demonstrated in pediatric diffuse intrinsic pontine glioma, where the substitution from
lysine (K) to methionine (M) at position 27 of histone 3 variant 3 (H3.3) is present in
approximately 70% of cases. To that matter, TCR transduced T cells can be developed to
specifically target this mutation, as suggested in this promising pre-clinical study [109].

If adoptive cell therapy, and particularly CAR-T cell therapy, presents an unprece-
dented therapeutic possibility, it also comes with a high complexity. It may take time to
master optimal target selection and safety. Yet, if the feasibility of CAR-T cell therapy for
GBM is validated, its clinical efficacy still needs to be proven.

2.5. Oncolytic Viruses

If the potential cytolytic effect of such therapy was initially aimed, the ability to
convert “cold” tumors to “hot” could be even more clinically relevant. The PVSRIPO
trial studied a modified polio virus infused intratumorally at recurrence and showed the
safety of administration [53]. Another trial studied an oncolytic adenovirus, DNX-2401,
which showed local replication and hints at local immune activation [54]. Both trials
report long term responders, and further clinical trials are awaited to potentially confirm
significant survival efficacy. We refer the interested readers to the reference [110] for a
detailed description of oncolytic viruses for GBM.
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3. Discussion

SOC for GBM has not been improved since 2005, and multiple clinical trials to op-
timize combined RT and TMZ struggled to further increase survival [40,41]. Moreover,
SOC can lead to irreversible toxicity, such as neurological deficits due to surgery, neuro-
cognitive impairments with radiotherapy, and systemic toxicity induced by alkylation or
nitrosourea [111]. As mentioned above, even though deep characterization of molecular
alterations of GBM identified potential targets that have already proved their efficacy for
other cancer indications, none of the TKI evaluated could lead to significant impact [30].
Drug penetrance was once mentioned as a limitation, but even osimertinib, which has
optimized BBB penetrance, did not improve survival [112]. Moreover, techniques exist
to enhance drug delivery by focally modulating BBB permeability, such as high intensity
focused ultrasound [113], and could address the potential limitations of delivery. For
immunotherapy, and particularly ICI, significant responses against brain metastasis [3]
seem to indicate that immune response is achievable in the CNS. Though, intrinsic GBM
characteristics, such as low TMB and TME specificities, make it more difficult to tackle. As
mentioned above, all clinical trials evaluating ICI efficacy failed to increase survival, with
the exception of the neoadjuvant pembrolizumab [47], but more mature data are needed
to confirm this highly promising efficacy signal. It is unlikely that mono-immunotherapy
would drive a strong response, and combination trials to increase immune response are
needed, as are for other non-CNS, primary ICI refractory malignancies.

As all therapeutic combinations cannot be tested in clinical trials, detailed evaluation
of the available data and the use of rationally selected pre-clinical models will empower
future clinical trials. Molecular knowledge of GBM has exponentially increased within the
past 10 years, and current classification of such tumors can rely almost only on genomic
alterations [5]. Moreover, the use of cutting-edge technologies such as CRISPR/Cas9
mutation screening, pushed forward even our understanding of relevant genetic alterations
of human GBM [114]. Single-cell analysis of all components of GBM tumors also gives
us a sharp knowledge of multiple components of such tumors [115,116]. We are still far
from understanding the multiple components of highly heterogeneous tumors such as
GBM and their implication in tumor growth or immune response. More studies and
deeper characterization of the phenotype and functionality of myeloid cells seems key
to understanding tumor dynamics, as it has been shown for other tumors such as lung
cancer [117,118]. In the Figure 1, we depict key GBM TME components and potential
strategies to generate better anti-tumoral immune response.

Multiple pre-clinical models exist, and their different characteristics can influence
results. Up to now, the most used model is GL261, which presents highly immunogenic
characteristics [8], a central feature to studying intra-CNS immune reaction but leading to
an overestimation of the response to immunotherapy. Other models such as SB28 [§] or
spontaneous GBM models [9] demonstrate immunological features closer to human GBM,
and will empower our knowledge to initiate immune response for highly resistant tumors
such as GBM. For in vitro studies, human brain organoids better reproduce cell organiza-
tion, and can add an extra level of relevance with more precise cell interactions [119].

Current SOC also impacts on immunotherapy response. As we saw above, RT has
the opposite impact depending on its application. On the other hand, chemotherapy can
lead to the accumulation of stochastic mutations. Specifically, TMZ has been described
as inducing hypermutation in 17% of treated patients in one study [57]. In theory, higher
TMB should enhance response to immunotherapy, as it leads to the potential generation
of more NeoAg, but it also comes with a downside, as randomly acquired mutations
will create multiple subclones [59], therefore diluting the potential immune response and
limiting response to ICI [58]. Neoadjuvant clinical trials give us the unique opportunity of
exploring the effect of therapeutic interventions, particularly in brain tumors with limited
accessibility for biopsies. Biomarkers and immuno-monitoring for predicting and following
therapeutic response are a constant field of research in current oncology, and the rise of
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circulating tumor DNA follow-up might become a standard in the next decade. For GBM,
such approach is already studied, but with yet no clinical application [120].
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Figure 1. Key cell components of a glioblastoma tumor, including potential targets and therapies. Arrows are indicative of

activation/induction (black) or inhibition (red).

A common clinical situation in GBM is brain edema management, which is most
commonly controlled with immuno-suppressive steroids. Bypassing the need for steroids
is therefore of particular interest when immunotherapy is envisaged. As dexamethasone
is described as decreasing T cell activation, it will therefore limit the immunotherapy
activity [121]. However, this postulate needs to be nuanced, as one research paper studying
the effect of dexamethasone on human T cells, and also with GL261 implanted mice,
described a blockade of naive T cell proliferation and differentiation that can be partially
rescued with anti-CTLA-4 treatment, but not anti-PD-1 [122]. The Ipi-Glio clinical trial is
specifically addressing the efficacy of the combination of ipilimumab to adjuvant TMZ after
SOC, and will therefore give us insight on this specific blockade [123]. Moreover, another
study identified anti-PD-1 therapy to be limited by corticosteroid use in mice with extra
CNS tumors, but no differences were observed with GL261-luc orthotopic implantation,
therefore tempering the limiting effect of dexamethasone for intra-CNS tumors [124]. In
an experimental autoimmune encephalomyelitis model, dexamethasone has been shown
to restore BBB function and limit bystander T cell infiltration, while keeping Ag specific
T cells untouched [125]. Additionally, corticosteroids can also stimulate MerTK in TAM,
which has anti-tumoral activity [126]. In the end, corticosteroids mainly appear to limit
T cell activation, and strategies to rescue immune activation, or alternatives to their use,
should be explored. One alternative to corticosteroids for the management of refractory
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brain edema is bevacizumab [127], which should not interfere with the immune response.
Additionally, complement activation is also liked to brain edema, and inhibitors are being
studied [128]. Still, only preclinical data are available in the context of stroke or brain
hemorrhage [129], but, such as with bevacizumab, this approach could help us limit steroid
use, and potentially favors immune activation.

Radioisotope-bound Abs, or Ab drug conjugates, also represent an innovative ap-
proach to selectively targeting tumor cells. Both therapies could rationally be combined
with other immunotherapeutic approaches, as they can lead to better immune activa-
tion through immunogenic cell death with less systemic side effects. For prostate cancer,
lutetium-177-labeled anti-PSMA monoclonal antibody has been developed and is currently
being explored clinically [130]. Still, these techniques are tied to the limitation of target
selection, and need more robust clinical data.

Ongoing clinical trials are a major opportunity to collect crucial data needed to eluci-
date current open questions. To that matter, rational design based on laboratory data and
monitoring is key to not only evaluating the efficacy of a new protocol, but to ensuring the
high value of data and the guidance of future studies. As such, we pledge for academic
initiated trials ensuring broader application and the availability of the collected data.

4. Conclusions

Altogether, multiple hints are pointing towards immune activation with different
immunotherapeutic strategies. Recent findings are shedding light on the potential im-
munotherapy impact on GBM, but more clinical trials are needed to find the optimal
combination to finally bring survival benefit to patients with GBM. To that matter, metic-
ulous data collection during clinical trials and rational pre-clinical studies are needed to
empower our knowledge and understanding of immunotherapy for GBM, and to pave the
way for the next decade dedicated to bringing immunotherapy efficacy to GBM.
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