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Gliomas are the most prevalent and devastating primary malig-
nant brain tumors in adults. Despite substantial advances in
understanding glioma biology, there have been no regulatory
drug approvals in the US since bevacizumab in 2009 and tumor
treating fields in 2011. Recent phase III clinical trials have
failed to meet their prespecified therapeutic primary endpoints,
highlighting the need for novel therapies. The poor prognosis
of glioma patients, resistance to chemo-radiotherapy, and
the immunosuppressive tumor microenvironment underscore
the need for the development of novel therapies. Gene
therapy-based immunotherapeutic strategies that couple the
ability of the host immune system to specifically kill glioma
cells and develop immunological memory have shown remark-
able progress. Two adenoviral vectors expressing Ad-HSV1-
TK/GCV and Ad-FIt3L have shown promising preclinical
data, leading to FDA approval of a non-randomized, phase I
open-label, first in human trial to test safety, cytotoxicity,
and immune-stimulatory efficiency in high-grade glioma pa-
tients (NCT01811992). This review provides a thorough over-
view of immune-stimulatory gene therapy highlighting recent
advancements, potential drawbacks, future directions, and rec-
ommendations for future implementation of clinical trials.

INTRODUCTION

Gliomas are extremely aggressive tumors with a particularly poor
prognosis, and glioblastoma, IDH wild-type, grade 4 (GBM) remains
an incurable glioma with an overall survival of 16-18 months.'
Regardless of continued promising preclinical results, there has
been little progress in improving clinical outcomes for GBM patients
over the last two decades.” Glioma cells’ ability to invade brain tissue
means that surgical resection alone cannot remove all glioma cells, re-
sulting in tumor relapse and poor long-term therapeutic outcomes.*
Even with constant advances in surgical and imaging techniques,
there has been little improvement in survival.>* Therefore, there is
an urgent need for novel therapeutic options to enhance the prognosis
for glioma patients.

Viral vector-based gene therapy is a versatile and promising treat-
ment option for this devastating disease.”” Gene therapy uses viral
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vectors, which can be given locally during the initial surgery and
may kill glioma cells that are difficult to remove, thus possibly
reducing recurrence rates and improving therapeutic responses. Viral
vectors are often employed for gene therapy in GBM clinical trials
because of their high transfection efficiency of tumor cells. Adeno-
viral vectors are the most commonly used viral vectors in gene
therapy trials (22 trials), followed by HSV1 vectors (8 trials), and
retroviral vectors (4 trials), as well as various other viruses such as
parvovirus-H1, measles virus, Newcastle disease, and poliovirus,
etc., used in a smaller number of trials.” A succinct and comprehen-
sive overview of the clinical trials is shown in Table 1. Recently, we
concluded an open-label, non-randomized phase I clinical trial,
where we combined cytotoxic and immune-stimulatory gene therapy
with standard of care (SOC) for glioma. This involves maximal surgi-
cal resection, followed by chemoradiation and adjuvant chemo-
therapy (Clinical Trials.gov identifier: NCT01811992).% Mechanistic
details of our dual viral-vector gene therapy strategy are illustrated in
Figure 1. No dose-limiting toxicity was encountered.® Furthermore,
most gene therapy strategies mediated by viral vectors have been
demonstrated to be safe clinically.*'*"'* In addition, in some gene
therapy trials, histopathological assessments of paired tissue (consist-
ing of primary and secondary tissues from the same patient) have
shown an enhanced recruitment and activation of immune cells in

5,6,8
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the secondary tissue following treatment.
conducted a phase II trial aimed at treating residual or recurrent glio-
blastoma using up to six doses of oncolytic teserpaturev (HSV-1
G47A; Delytact) directly into the tumor, resulting in encouraging
1-year survival rates.”® The approval of this therapeutic approach
for patients with recurrent glioblastoma in Japan, the first ever for
gene therapy holds great potential for uncovering new clinical and

molecular insights.

Notably, Goertsen et al. developed novel adeno-associated virus
(AAV) capsids (AAV.CAP-B10 and AAV.CAP-B22) that can pass
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Table 1. Comprehensive overview of clinical trials for viral vector-based therapies in brain malignancies (1992-2023)

ClinicalTrials.Gov  Clinical Administration
identifier phase Viral vector Interventions scheme Participants Trial status Age Pathology
injections into the . malignant glioma,
AdV-TK 1 2010- hild,
NCT00634231 1 adenovirus v + tumor bed during 8 completed (2010 child recurrent
valacyclovir . 2021) adult
surgical procedure ependymoma
Ad-hCMV-TK + Ad-  injections into the completed (2014 malignant glioma,
NCTO01811992 1 adenovirus hCMV-FIt3L + tumor cavity during 19 202 1[; adult glioblastoma
valacyclovir surgical procedure multiforme
e glioblastoma
NCT02026271 1 adenovirus Ad_R_TS_hIL_IZ * m ecu(m, into tbe wall 40 completed (2014~ adult multiforme, anaplastic
veledimex of resection cavity 2021) X
oligoastrocytoma
veledimex prior to
Ad-RTS-hIL-12 tion and Ad leted (2018~
NCT03679754 1 adenovirus K * 're'sec l on an K 36 completed ( adult recurrent glioblastoma
veledimex injection during 2021)
surgery
administered
nivolumab 1 week
Ad-RTS-hIL-12 + preoperatively,
1 2018-
NCT03636477 1 adenovirus veledimex + followed by veledimex 21 ;‘S‘;ll; eted (2018 adult glioblastoma
nivolumab prior to resection, and
Ad injection during
surgery
AdV injections into the
wall of the resection
AdV-TK + cavity, followed by active. not recruitin
NCT03576612 1 adenovirus valacyclovir + valacyclovir 1-3 days 36 (201 8) ) S adult malignant glioma
nivolumab post-surgery, and
nivolumab injections
2 weeks post-surgery
neural stem cells recurrent high-grade
NSC ier into th
NCT05139056 1 adenovirus expressing CRAd-S- Came,r o the 36 recruiting (2021-)  adult glioma, astrocytoma,
tumor cavity . :
pk7 oligodendroglioma
veledimex prior to
NCT03330197 Land 2 adenovirus Ad—RTS—hIL—lZ + FE§ect}on andA Ad 6 completed (2017- child, pediatric brain tumor,
veledimex injection during 2021) adult DIPG
surgery
injections into the .
AdV-(HSV-TK liobl.
NCT03596086 1and 2 adenovirus dv( SY )+ tumor cavity during 62 recruiting (2018-) adult glioblastoma,
valacyclovir . astrocytoma grade III
surgical procedure
Injections into the
AdV-(HSV-TK ioblast N
NCT03603405 land2  adenovirus ( . )+ tumor cavity during 62 recruiting (2018-)  adult glioblas oma
valacyclovir . anaplastic astrocytoma
surgical procedure
administered
cemiplimab-rwlc
Ad-RTS-hIL-12 + 1 week preoperatively,
1 2019-
NCT04006119 2 adenovirus veledimex + followed by veledimix 40 ;g;;li eted (2019 adult glioblastoma
cemiplimab-Rwlc prior to resection, and
Ad injection during
surgery
intrarterial cerebral completed (2009 malignant glioma,
NCT00870181 2 adenovirus ADV-TK . . 47 P adult glioblastoma
infusion 2013) .
multiforme
e malignant glioma,
AdV injections into the
AdV-TK leted (2007- ioblasts
NCT00589875 2 adenovirus M tumor bed post- 52 completed ( adult glio astoma .
valacyclovir . . 2017) multiforme, anaplastic
surgical resection
astrocytoma
oncolytic DNX-2401 (Delta-24- . . completed (2009- brain tumor, CNS
NCT00805376 1 adenovirus RGD-4C) intratumoral injection 37 2015) adult diseases
(Continued on next page)
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Table 1. Continued

ClinicalTrials.Gov  Clinical Administration
identifier phase Viral vector Interventions scheme Participants Trial status Age Pathology
. OV injection into the .
NCT02197169 1 oncolytic DNX-2401 + IFN-y  tumor followed by 37 completed (2014- g, glioblastoma,
adenovirus 2018) gliosarcoma
IEN-y
NCT03178032 1 oncolytic DNX.2401 virus infusion through active, not recruiting child brainstem glioma,
adenovirus the cerebellar peduncle (2017-) DIPG
administered virus
lyti i ical
NCT03714334 1 oncolytic DNX-2440 during surgica 24 recruiting (2018-)  adult glioblastoma
adenovirus procedures using a
cannula
mesenchymal stem
IDH1 WT allele,
cells loaded with a atee
oncolytic tumor-selective OV. recurrent
NCT03896568 1 adenovirus Ad5-DNX-2401 DNX-2401, 36 recruiting (2019-) adult glioblastoma, '
. - recurrent anaplastic
administered via intra-
e astrocytoma
arterial injection
intratumoral OV
NCT01956734 1 oncolyt}c DNX-2401 A+ injection 1{1t0 the 31 completed (2013- adult ghablastomé,
adenovirus temozolomide tumor cavity followed 2017) recurrent glioblastoma
by temozolomide
virus administered
lyti 1 2010-
NCT01582516 land2 0% yt} ¢ Delta-24-RGD intratumorally using 20 completed (2010 adult recurrent glioblastoma
adenovirus 2014)
four catheters
AloCELYVIR weekly intravenous
oncolytic (mesenchymal infusion of child, DIPG,
NCT04758533 Land2 adenovirus allogenic cells + AloCELYVIR for 12 recruiting (2021-) adult gllieodmuiloblastoma,
ICOVIR-5) 8 weeks
intratumoral OV
. injection into the glioblastoma,
)\ DNX-2401 + leted (2016—
NCT02798406 2 oneo yt} ¢ . tumor cavity followed 49 completed ( adult  gliosarcoma,
adenovirus pembrolizumab K 2021) . i
by intravenous malignant glioma
pembrolizumab
intrat 1 injecti leted (2005-
NCT00157703 1 oncolytic HSV-1 G207 intratumora’ injection g completed ( adult  malignant glioma
into the tumor cavity 2008)
a single dose of G207 progressive or
NCT02457845 1 oncolytic HSV-1 G207 infused th}'Ough 13 active, not recruiting child,  recurrent .
catheters into the (2016-) adult supratentorial
tumor neoplasms
a single dose of G207
. infused through - . recurrent or refractory
NCT03911388 1 oncolytic HSV-1 G207 . 15 recruiting (2019-) child .
catheters into the cerebellar brain tumors
tumor
a single dose of M032 relcurrent
infused through active, not recruitin glioblastoma,
NCT02062827 1 oncolytic HSV-1 MO032 (NSC 733972) roug 24 ? S adult progressive
catheters into the (2013-) .
glioblastoma,
tumor A
anaplastic astrocytoma
cyclophosphamide was
administered
intravenously two days .
rQNestin34.5v.2 + pre-operatively recurrent malignant
NCT03152318 1 oncolytic HSV-1 T 62 recruiting (2017-)  adult  glioma, astrocytoma,

cyclophosphamide

followed by OV
Injections into the
tumor cavity during a
surgical procedure

oligodendroglioma
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Table 1. Continued

ClinicalTrials.Gov  Clinical Administration
identifier phase Viral vector Interventions scheme Participants Trial status Age Pathology
oncolytic HSV that
expresses IL12
administered into the glioblastoma
M032 (NSC 733972 t bed followed b ’
NCT05084430 land2  oncolytic HSV-1 ( ) ) Hmor bed ToTOWeE bY o8 recruiting (2021-)  adult  gliosarcoma,
+ pembrolizumab pembrolizumab )
B . anaplastic astrocytoma
intravenous injection
of a total of three
combined doses
administered virus
NCT00028158 land2  oncolytic HSV-1 G207 durmg sufglcal 65 completed (2001- adult gl{oma, astrocytoma,
resection into the 2003) glioblastoma
tumor
intratumoral infusion not yet recruitin; child, recurrent pediatric
NCT04482933 2 oncolytic HSV-1 G207 through four silastic 40 ¥ g e ped
(2023-) adult  high-grade glioma
catheters
administered .
. R . . recurrent malignant
polio/rhinovirus intratumorally via active, not recruiting child glioma, astrocytoma,
NCT03043391 1 oncolytic poliovirus recombinant convection-enhanced 12 ’ 8 ’ ? Y ?
. . (2017-) adult ATRT,
(PVSRIPO) delivery using an K i
) oligodendroglioma
intracerebral catheter
MV-CEA T anaplastic
t to th leted (2006
NCT00390299 1 oncolytic MV (carcinoembryonic injection 1o the 23 completed ( adult  astrocytoma,
. . tumor cavity 2019) . .
antigen expressing) oligodendroglioma
injections into the
tumor child recurrent
NCT02962167 1 oncolytic MV MV-NIS . 46 recruiting (2017-) > medulloblastoma,
bed post-surgical adult
. recurrent ATRT
resection
R liobl i i
NCT01174537 land2  oncolytic NDV Newcastle disease virus . ection . 0 withdrawn (2011)  adult glioblastoma, sarcoma
into the tumor cavity neuroblastoma
administered
Polio/rhinovirus intratumorally via active. not recruitin
NCT02986178 2 oncolytic-poliovirus  recombinant convection-enhanced 122 @ 017L) 8 adult malignant glioma
(PVSRIPO) delivery using an
intracerebral catheter
single, stereotactic, glioblastoma,
Ti 11 T ial, )t 2010- lasti
NCTO01156584 1 retrovirus oca 511 vector + Toca 'transcrama 54 completed (2010 adult anaplastic
FC intratumoral or 2016) astrocytoma,
intravenous injection oligodendroglioma
ioblastoma,
administered glioblas oma
. Toca 511 vector + Toca . completed (2014- anaplastic
NCT01985256 1 retrovirus intravenously and then 17 adult
FC . R 2016) astrocytoma,
intracranially . .
oligodendroglioma
. . GITKSVNa.53
NCT00001328 1 cell lm'e producing producer cell line + intratumoral injection 15 completed (1992~ adult brain neoplasm
retrovirus 2010)
cytovene
Toca 511 vector + Toca
injection i h i 2015- liobl 8
NCT02414165 2and 3 retrovirus FC + lomustine + injection into the 403 terminated (2015 adult  ® ioblastoma

bevacizumab

tumor cavity

2020)

anaplastic astrocytoma

through the blood-brain barrier (BBB) with neuronal specificity in
both rodents and non-human primates. This breakthrough opens
up new opportunities for basic research and therapeutic applications
that were previously unachievable with naturally occurring sero-
types."” In a study by Yao et al., they demonstrated that an AAV vec-
tor (AAV.CPP.16) with an improved capacity to cross the BBB could
be used for systemic curative anti-tumor gene therapy against GBM in

2842 Molecular Therapy Vol. 31 No 10 October 2023

rodents."* Taken altogether, the overwhelming safety of viral vector-
based gene therapies has implications for GBM therapy in the US and
will likely seek approval from the US Food and Drug Administration
(FDA) in the coming years.

Both clinical and preclinical research have provided evidence support-
ing the use of viral vector-based gene therapy, either as a standalone
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Figure 1. Mechanistic details of the dual viral-vector

Administration of Ad-TK
+ Ad-FIt3L into tumor combined cytotoxic and immune-stimulatory gene
cavity after surgery therapy
After surgical resection, first-generation adenoviral vectors

(Ads) encoding HSV1-thymidine kinase (TK) and HSV1-
FMS-like tyrosine kinase 3 ligand (FIt3L) are injected into
the tumor cavity, followed by administration of the
prodrug ganciclovir (GCV) (rodents), or valacyclovir (VCV)
(humans). Ad-TK selectively targets dividing tumor cells
without damaging non-dividing stromal cells. (1A) Ad-TK
induces glioma cell death in the presence of the prodrug
(VCV), which is administered systemically. (1B) FIt3L
promotes recruitment and differentiation of DCs in the
glioma TME. Tumor cells infected with Ad-FIt3L express
FIt3L, which is released into the circulation, inducing DC
expansion, migration, and accumulation in the TME from
the bone marrow. (2) Tumor cells infected with Ad-TK
express TK protein that phosphorylates GCV to GCV/
VCV-monophosphate (GCVp/VCVp), which is further pho
sphorylated by cellular kinases to the tri-phosphorylated
form (GCVps/VCVps, purine analog), which selectively
inhibits DNA synthesis, leading to DNA breaks and
apoptosis in proliferating glioma cells. Phosphorylated
GCVACQV is passively transported to surrounding TK-
non-expressing cells via gap junction intercellular
communication inducing cell death. This bystander effect
enhances the antitumor effect of Ad-TK gene therapy.
(8) The expression of TK in the presence of GCV/
VCV also leads to the release of glioma-specific antigens
and DAMPs, such as HMBG1, calreticulin, and ATP from
dying glioma cells. (4) DCs are recruited into the TME by
FIt3L and take up tumor antigens released from the dying
glioma cells, with DAMPs further stimulating immune
responses. These DAMPs bind their corresponding
receptors expressed on DCs, where HMGB1 binds to
TLR2 to promote cytokine production and tumor antigen
cross-presentation, extracellular ATP binds to the
purinergic receptor P2X7R to promote DC recruitment,
while calreticulin binds to the CD91 receptor involved in
immunosurveillance. (5) DCs loaded with glioma-specific
antigens migrate to the cervical draining lymph node
(DLN) where they present the antigens to naive T cells on
MHC |, resulting in the priming and clonal expansion of

P

glioma antigen-specific effector T cells (Teff) with anti-glioma immunity. (6) Primed CD8" effector T cells enter the circulation from the DLN to the TME and Kill glioma cells
through the production of granzyme B, perforin, and effector cytokine IFN-y. (7) Continued exposure of T cells to glioma antigens promotes immunological memory,
resulting in the inhibition of tumor recurrence through the presence of memory T cells (CD103 and CD69) that facilitate the ongoing anti-glioma immune response especially

as the tumor recurs. The figure was created with BioRender.com.

treatment or in combination with other therapeutic approaches. In this
context, we discuss the detailed developmental pathway from rodents to
glioma patients. We also address the challenges and recommendations
regarding anti-glioma immune responses that are emerging as viral vec-
tor-based therapeutic strategies develop into immunotherapy medica-
tions. In addition, we emphasize how combining gene therapy with
other immunotherapies may be able to overcome obstacles to effective
glioma treatment. The aim of this review is to shed light on the current
status of gene therapies and immunotherapies, and to provide recom-
mendations for developing more effective combination therapeutic
strategies for the treatment of brain tumors.

CURRENT STATE OF GLIOMA THERAPIES

The SOC for newly diagnosed GBM is maximum safe tumor resec-
tion, followed by a course of radiation (totaling 60 Gy through frac-
tionated focal irradiation over 6 weeks) and concurrent chemo-
therapy utilizing temozolomide (TMZ). The current SOC has
remained unchanged since 2005, with the median overall survival
being 14.6 months, as opposed to 12.1 months with radiation
alone.'” A better outcome and benefit from TMZ chemotherapy
is predicted by O6-methylguanine-DNA methyltransferase
(MGMT) promoter methylation.'® The historical survival rate for
glioblastoma is generally ~16 months, although advanced medical

Molecular Therapy Vol. 31 No 10 October 2023 2843
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centers throughout the US record survival rates between 19 and
22 months.'”'® In the US, tumor-treating fields (TTFs) have
been added as an optional therapy for GBM treatment.

The TTF transmits low intensity alternating electric fields to the tumors,
which has demonstrated an improvement in both progression-free
survival and overall survival rates from 4 to 6.7 months and 16 to
20.9 months, respectively, in TMZ-alone vs. the TTF-TMZ group,
with an HR of 0.63 and a 95% CI of 0.53-0.76, and p value of 0.001
in a phase III trial (NCT00916409)."

Despite advances in treating GBM, the vast majority of patients even-
tually experience a relapse. The management of recurring or pro-
gressing tumors typically involves personalized approaches, taking
into account factors such as the patient’s neurological condition,
time since diagnosis, and previous treatments received. Second-
line treatment options may include surgery, radiotherapy, chemo-
therapy with alkylating agents, and antiangiogenic therapy with

8,10,15,16,19-22 .. .
b. . Numerous clinical trials have been con-

bevacizuma
ducted to address this gap in GBM treatment, exploring over 100
different targeted drugs to date. Unfortunately, none of these treat-
ments have demonstrated consistent clinical benefit.'®'*'>!%?>*?
Thus, there is much hope that immunovirotherapeutics will provide
novel treatments. It is worth noting that patients with recurring
GBM who have received previous radiotherapy and chemotherapy
have a higher mutational burden, potentially making them more
immunogenic than those who have not undergone treatment. This
has led to increased confidence and hope in the potential of immu-
notherapy as a treatment for recurrent GBM. However, the complex
interplay between the immune system and the cerebral parenchyma
presents significant challenges that must be addressed to develop
effective immunotherapies.”

SUICIDE GENE THERAPY FOR HIGH-GRADE
GLIOMAS: A MULTIFACETED APPROACH

Suicide gene therapy (SGT) is widely used in both preclinical and clin-
ical settings to treat high-grade gliomas. SGT is a two-step process:
first, cancer cells are transduced with a vector carrying a suicide
gene which encodes an enzyme such as thymidine kinase or cytosine
deaminase (CD), capable of converting a prodrug (ganciclovir/5-flu-
orocytosine) into a toxic metabolite. In the second step, the corre-
sponding prodrug is administered, triggering cell death upon enzy-
matic catalysis and cell division.””® An ideal prodrug should be an
optimal substrate for the enzyme, induce cell death with minimal
or no off-target toxicity, efficiently cross the BBB, and activate the
bystander effect. The bystander effect plays a crucial role in SGT, as
it allows for the elimination of non-transduced (bystander) cells
through the intercellular transfer of prodrug metabolites.”” >’ There-
fore, achieving complete eradication of malignant cells would be
possible at least (in theory) by transducing only a fraction of the tu-
mor. Emerging evidence suggests that certain SGT approaches,
including our dual-vector thymidine kinase (TK) and FIt3L therapy,
can induce immunogenic cell death stimulating an anti-tumor im-
mune response and enhanced treatment efficacy (Figure 2).”*>°*

2844 Molecular Therapy Vol. 31 No 10 October 2023

Nishiyama et al. demonstrated the application of this concept in can-
cer treatment by delivering CD from Escherichia coli, followed by
administration of 5-fluorocytosine. This resulted in a significant
reduction in tumor burden in a syngeneic EA285 rat glioma model.*®
Moolten and Wells introduced SGT using TK from HSV-1 for cancer
treatment.” CD and HSV1-TK are the most commonly used suicide
genes for the treatment of high-grade gliomas. Interestingly,
compared with other adenovirus-encoding pro-apoptotic cytokines,
such as TRAIL, FasL, and TNF-a, our approach using Ad-TK was
more effective and less toxic.’* Several other SGTs have been devel-
oped as well, although they are beyond the scope of our current
discussion.

WHAT LIMITS THE EFFICACY OF SGT?

Initially, preclinical studies primarily focused on the development of
cells producing the HSV1-Bgal vectors, which were used to trans-
duce neurons. These in vitro studies showed promising results as
all cells were successfully transduced, suggesting potential positive
outcomes in the case of 100% target cell transduction. However,
when considering tumor cells, 100% transduction is very difficult
to achieve especially in vivo.”” In a study conducted on 13 glioma
patients who underwent surgical resection followed by radiation
therapy, 7 received an additional treatment involving gene therapy
using HSV1-TK. Gene therapy was administered through direct
intracerebral injection of retrovirus vector-producing cells during
tumor surgery, and was followed by systemic administration of gan-
ciclovir (GCV). The results of the study showed that the group
receiving gene therapy exhibited an antitumor immune response,
whereas the control group did not.”® However, in Rainov’s phase
III clinical trial, patients were divided into two groups: one receiving
standard therapy (surgery and radiotherapy) and the other receiving
standard therapy combined with adjuvant gene therapy during sur-
gery. Unfortunately, the addition of adjuvant gene therapy did not
lead to reduced tumor progression or overall survival.”” Neverthe-
less, this trial demonstrated the feasibility and favorable biosafety
profile of the gene therapy strategy employed. The lack of therapeu-
tic efficacy in this trial has been attributed to the delayed SOC
radiotherapy.””

CURRENT STATE OF IMMUNOTHERAPY MODALITIES
FOR GLIOMA

For a long time, the central nervous system (CNS) was considered to
be immune privileged. This means that foreign tissue or cells trans-
planted into the brain could engraft successfully, even though they
would be rejected by the host immune system if implanted in other
parts of the body.’®* Studies have shown that the concept of the
brain being an immune-privileged organ is not entirely accurate, as
immune cells have been found to enter the brain in both healthy
and diseased states.””*” Immune cells access the CNS through various
barriers, including the BBB, blood-meningeal barrier, and the blood-
cerebrospinal fluid (CSF) barrier.*"** Unlike most other organs, the
brain has two distinct immune compartments: one located within
the brain parenchyma and the other within the ventricles and

meninges.””*' Both compartments differ in how they interact with
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Figure 2. The cellular organization of
immunologically “cold” and “hot” gliomas
Combined cytotoxic and immune-stimulatory gene therapy
remodel the immunosuppressive TME to an inflamed hot
glioma microenvironment. The GBM cold immunosuppres-
sive TME is characterized by low infiltration of CD8" T cells,
DCs, and NK cells but high infiltration of immunosu
ppressive  MDSCs, M2-polarized macrophages, and
Tregs. The cold TME also has low expression and pres
entation of tumor antigens, which hinders the success of
immunotherapy. However, combined cytotoxic and im
mune-stimulatory gene therapy remodels the TME to an
immunostimulatory hot TME that attracts effector CD8"
T cells, DCs, NK cells, and fewer Tregs and MDSCs.
Glioma-specific antigens and DAMPs released from dying
glioma cells trigger immunogenicity and adjuvanticity,
respectively. Ad-FItSL injections promote the recruitment,
infiltration, and activation of DCs, thereby enhancing
antigen presentation, priming, and clonal expansion of
glioma-specific CD8* cytotoxic effector T cells. The figure
was created with BioRender.com.
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and clinical data to optimize CAR-T cell therapy
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out effector functions, such as releasing anti-
tumor cytokines and eradicating target cells. A
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the systemic immune system. The brain parenchyma is protected
from the immune system due to the lack of classical lymphatic
drainage, while the ventricles and meninges offer a direct pathway
for lymphatic drainage. This pathway enables the passage of solutes
and immune cells from the brain to the cervical lymph nodes, initi-
ating a systemic immune response. However, during inflammation
and glioma, lymphocytes have an increased capacity to infiltrate the
brain.*’** Immunotherapeutic strategies have been successful in
treating certain types of malignancy, such as melanoma,*® non-small
cell lung carcinoma,”” and kidney*®*’ and bladder cancers.*’ Due to
this success, researchers have been exploring several immune-based
approaches in glioma preclinical models and in several clinical trials
(Figure 3), including immune checkpoint inhibitors, myeloid targeted
therapies, dendritic cell (DC) vaccines, CAR-T cells, and oncolytic
and gene therapy viral vectors.>>' %'

Immunotherapy with CAR-T cells has revolutionized the treatment
of B cell leukemia or lymphoma.’' Despite its limited efficacy in
GBM and other solid tumors, researchers are generating preclinical

glioside GD2, and B7-H3, in preclinical research
and clinical trials (Figure 3).”>** Impaired T cell
trafficking to the glioma, immunosuppressive tumor microenviron-
ment (TME), and antigen heterogeneity are the primary limitations
to CAR-T cell efficacy in GBM. As this field advances, addressing
these impediments is crucial for the successful implementation in
the clinic.

To enhance clinical outcomes in GBM, the introduction of nanopar-
ticle-based treatments that can penetrate the BBB is of high relevance.
We have recently shown that targeting CXCR4 signaling using syn-
thetic protein nanoparticles coated with the transcytotic peptide
(iRGD) loaded with AMD3100 (CXCR4 antagonist) decreased infil-
tration of immunosuppressive CXCR4" M-MDSCs (monocytic
myeloid-derived suppressor cells) to the glioma immune microenvi-
ronment, sensitizing glioma toward radiotherapy.”> Recent work
from our lab has shown that galectin-1 regulates the expression of
exosomal miR-1983 from glioma cells. This miR-1983 possesses a
5'-UGUUU-3' sequence at its 3’ end, which activates Toll-like recep-
tor 7 (TLR7) and triggers downstream signaling via MyD88-IRF5/
IRF7-IFN-B to eradicate glioma.”® These microRNAs could be
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2 Figure 3. Potential combination strategies for
inducing anti-glioma immune responses

This figure explores the potential of immune checkpoint in-
hibitors, DC vaccines, immunovirotherapy, and CAR-T cells,
and theirimplications for future clinical trials when combined
with our TK + FIt3L gene therapy. The top left panel shows
the immune checkpoint inhibitors, such as pembrolizumab
(anti-PD-1), avelumab (anti-PD-L1), and ipilimumab (anti-
CTLA-4), which aim to combat T cell exhaustion or immu
nosuppression by blocking immune checkpoints, thereby
restoring T cell functionality and enhancing anti-glioma
immunity. The top right panel shows the activation and
recruitment of tumor neo-antigen-specific T cells into the
TME to selectively target and kill glioma cells in response
to vaccination. The current state-of-the-art vaccination
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loaded with either autologous tumor cell lysate (DC
vaccines; DCVax-L) or peptides, injection of synthetic
peptides plus immune adjuvant (peptide vaccines; CDX-
110, NeoVax, and NOA-16) and intratumoral oncolytic
virotherapy (localized vaccination). In the bottom left panel,
various oncolytic virotherapy strategies, including DNX-

HER2 2401, PVS-RIPO, and HSV-1-G47A, are depicted. These

|.'. : IL13R2 treatments enhance the recruitment and functionality of
) immune cells, shift primed CD8* immune cells toward an
N @3 anti-glioma phenotype, and thereby reduce immune
1(|FNVR suppression within the TME. The activation of anti-glioma

immunity by oncolytic virotherapy/gene therapy often
leads to the production of various pro-inflammatory
cytokines, which further help to generate an immune-

stimulatory hot TME (Figures 1 and 2). The bottom right
panel illustrates CAR immunotherapies, which involve

genetically engineering a patient’s own T cells or non-patient NK-92 cells to express neo-antigen-specific CARs. These CARs are expanded in culture and then transferred to
the patient adoptively. Once infused into the patient, the CAR-T cells recognize tumor-specific antigenic peptides and execute effector functions, such as releasing antitumor
cytokines (perforin, granzyme-B, and interferons), leading to the eradication of target cells. Several glioma-specific cell surface antigens are being investigated for their potential
as targets for CAR-T cell therapy. These antigens include IL13R2, EGFR/EGFRVIII, HER2, disialoganglioside GD2, and B7-H3. Promising results have been reported in

preclinical research and clinical trials. The figure was created with BioRender.com.

utilized in the development of glioma-specific nanoparticles to induce
natural killer (NK)-mediated innate immunity and combine with
cytotoxic and immune-stimulatory gene therapy (Ad-TK + Ad-
FIt3L) to bolster the innate and adaptive immune systems
simultaneously.

Continued investigations into inhibiting specific immunosuppres-
sive factors in primary brain tumor patients have resulted in several
approaches, often in combination with other treatments. Unfortu-
nately, efforts to inhibit TGF- using antisense oligonucleotides or
blocking antibodies, as well as TGF- receptor 1 (TGFBR1) kinase
inhibitors, have not proven successful in demonstrating any survival
benefits.”” The mammalian target of rapamycin (mTOR) regulates
various physiological and pathological cellular functions such as
apoptosis, proliferation, and autophagy by controlling several
signaling pathways.”® ' The mTOR pathway is frequently activated
in GBM and facilitates tumor growth by regulating immune cells
differentiation and function.” The PTEN/PI3K/AKT/mTOR
pathway has been identified as a significant contributor to the devel-
opment and progression of GBM. Despite previous attempts to
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target this pathway with PI3K, AKT, or mTORCI inhibitors, no
improvement in the outcome of GBM patients was observed.”
However, available evidence indicates that the dual mTORC1/2
blocking using AZD8055 or AZD2014 augments the radiosensi-
tivity, thereby offering a promising therapeutic approach for treat-
ing GBM.®° However, the systemic inhibition of mTOR can cause
immune suppression and other dose-limiting adverse effects.®’
Alternatively, confining the pharmacological effects of mTOR in-
hibitors to the CNS could widen their therapeutic window. To
achieve this, Zhang et al. recently developed a binary approach
that consists of brain-permeable mTOR inhibitor (RapaLink-1)
with a brain-impermeant ligand of FK506-binding protein 12
(RapaBlock) to reduce systemic off-target effects.”* This combina-
tion allows for brain-specific mTOR inhibition through the intracel-
lular protein FKBP12. Using this drug combination in a glioblas-
toma xenograft model resulted in tumor regression without
causing detectable systemic toxicity.®* Such a strategy may over-
come the limitations of systemic mTOR inhibition that have been
observed thus far, such as immune suppression, growth inhibition,
and metabolic disorders.”®”°* This suggests that dual targeting in
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combination with gene therapy could be studied as a potential anti-
invasive approach for the treatment of GBM in future clinical trials.

To instigate immune exclusion, gliomas often use the immune-sup-
pressing enzyme indoleamine 2,3-dioxygenase (IDO).°” Various clin-
ical trials are underway to evaluate IDO inhibitors in adult and pedi-
atric brain tumors (NCT02502708, NCT02052648, NCT 02327078,
NCT05106296; ClinicalTrials.gov). However, the ECHO-301 trial’s
phase III results (NCT02752074) have dampened enthusiasm for
these agents, as they showed no clinical benefit from combining
IDO inhibition with immune checkpoint blockade in metastatic mel-
anoma.”® Although there are ongoing phase I and II trials investi-
gating arginase inhibitors for advanced and metastatic solid tumors
(NCT02903914), none of them are specifically targeted toward brain
tumors. Inhibiting specific immunosuppressive mediators has ex-
hibited successful results in preclinical animal models, but it has
not yet demonstrated promising results in GBM patients. This lack
of efficacy may be attributed to various factors, including poor pene-
tration of some therapeutic molecules into the brain stroma, use of
anti-inflammatory steroids such as dexamethasone, or the diverse
range of immunosuppressive mechanisms displayed by GBM.

Glioma cells that have been subjected to radio- or chemotherapy often
exhibit increased cytosolic DNA levels.”” The cyclic GMP-AMP
(cGAMP) synthase/stimulator of interferon gene (cGAS/STING)
DNA sensing pathway has shown “promise” as an immunotherapy
target due to its ability to stimulate the innate immune response locally.
Upon cGAMP production by c¢GAS, it binds to STING, activating
STING signaling, and leading to the production of pro-inflammatory
cytokines, including type I interferons (IFNs).” In the TME, the pres-
ence of these cytokines and T cell infiltration are characteristic features
of a “hot” tumor, which is generally more receptive to immunotherapy
(Figure 2). To achieve better immunotherapy responses, researchers
are focusing on converting “cold” TMEs, which lack T cells, into hot
TMEs (Figure 2).° Prior studies have shown that appropriate type I
IFN production and T cell recruitment require cGAS expression in tu-
mor cells and STING activation in DCs, TAMs, or endothelial cells.
However, Low et al.”’ utilized scRNA-seq transcriptomic and methyl-
ation profiling to demonstrate that the epigenetic silencing of STING
expression in GBM cells alone resulted in a cold TME, rendering
GBM suppressive to immunotherapy despite the continued expression
of STING in stromal, myeloid, and endothelial cells.”’ Our recent work
has also shown that H3.3-G34R mutations, which are found in pediat-
ric high-grade gliomas, contribute to genomic instability, leading to the
activation of cGAS/STING pathway, which triggers the immune sys-
tem and enhances the efficacy of DNA-damaging therapies.”"

T cell exhaustion is a major limitation to effective anti-tumor immune
responses, characterized by the loss of effector functions, altered meta-
bolic and transcriptional profiles, and the expression of inhibitory re-
ceptors, such as PD-1, CTLA-4, LAG-3, and TIM-3 (transmembrane
immunoglobulin mucin-3) (Figure 3)./>73 Inhibitory cytokines within
the TME, including IL-10 and TGF-, also contribute to T cell exhaus-

tion.”>”” Clinical trials targeting hallmarks of exhaustion are under-

way (NCT02658981, NCT04588987, NCT05345002).”* Dexametha-
sone suppresses naive T cells and impairs immunotherapy efficacy,
and is regularly prescribed to glioma patients to reduce cerebral
swelling and alleviate symptoms.”” It would be ideal if it would be
possible to optimize dexamethasone administration without compro-
mising immunotherapy efficacy. Optimizing dexamethasone admin-
istration and developing alternative therapies for brain inflammation
that do not interfere with the immune system are crucial for effective
immunotherapy against glioma.”*”*

Herein, we describe studies conducted on two well-studied immune
checkpoint inhibitors, namely CTLA-4 and PD-1, and their contribu-
tion to T cell dysfunction in glioma (Figure 3). Although primed T cells
can migrate to the site of glioma during tumor progression, they tend
to lose their functionality. This leads to their eventual exhaustion,
inactivation, or ineffectiveness in rejecting gliomas.”””* This empha-
sizes the need to revive dysfunctional T lymphocytes to offer clinical
benefits to glioma patients. Therefore, there is significant interest in
preventing or reversing overall T cell dysfunctionality to combat the
immunosuppressive TME, thereby increasing the number of effector
T cells in the brain. Furthermore, we provide the theoretical frame-
work underpinning the development of immunostimulatory gene
therapy exhibiting a robust immune response against glioma-specific
antigens to target the gliomas. We summarize its strengths and weak-
nesses as tested in the clinical setting until now, and discuss future di-
rections for these promising gene therapies achieved with Ad-hCMV-
TK/GCV and Ad-hCMV-FIt3L (Clinicaltrials.gov: NCT01811992).°

PROMISES AND CHALLENGES OF IMMUNE
CHECKPOINT INHIBITORS

Immune-inhibitory mechanisms limit the cytotoxic efficacy of effector
T cells. Thus, antibodies blocking immune regulatory checkpoints are
now employed to potentiate the anti-tumor cytotoxic activity of
T cells (Figure 3).”>* Multiple forms of cancer, including melanoma,
lung cancer, and upper gastrointestinal tumors, have been successfully
treated with inhibitory checkpoint immunotherapies,*®*”**%
positive results have been obtained in a significant percentage of patients.
However, primary malignant gliomas did not respond to currently avail-
able immune checkpoint inhibitors (Figure 3).”> Moreover, the thera-
peutic resistance of malignant gliomas is also seen vis-a-vis other novel
therapeutic strategies. The clinical trials that utilized PD-1 blockade in
primary and recurrent GBM patients without selecting for MGMT
methylation status,”" along with the use of vaccines targeting tumor-
associated antigens (Figure 3) (NCT03893903, NCT04842513,
NCT01920191, NCT01130077, NCT01903330), or administration of
replication-competent retroviruses (Toca 511/Toca FC), failed to
demonstrate any significant clinical benefits for glioma patients.*"*

where

DC vaccination strategies have been shown to induce antitumor im-
mune responses in human patients undergoing clinical trials for
GBM.>>® The very recent phase III clinical trial that was non-ran-
domized and involved DC vaccination loaded with autologous tumor
lysate (DCVax-L) for primary and recurrent GBM patients demon-
strated significant clinical benefits (Figure 3).”" The efficacy of DC
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vaccination seems to rely on the techniques used to generate tumor
cell lysates and conditioned DCs. To enhance the therapeutic efficacy
and antitumor immunity induced by DC vaccination, we postulated
that modifying the TME through in situ Ad-TK/GCV + Ad-FIt3L
gene therapy could be a promising approach. Our findings demon-
strated that the combination of in situ immune-stimulatory gene
therapy with DC vaccination led to long-term survival in approxi-
mately 90% of the animals. This represented a significant improve-
ment compared with either therapy alone and indicated that gene
therapy enhanced the therapeutic efficacy and antitumor immune re-
sponses induced by DC vaccination.®* These findings support starting
novel phase I clinical trials to assess the safety and efficacy of this
combined approach (DC vaccination + gene therapy).

Research on the glioma microenvironment and tumor-infiltrating
leukocytes indicates that TME is both diverse and immunosuppressive,
which contributes to immunotherapy resistance.”*”* Glioma TME is
characterized by the production of immunosuppressive cytokines,
including IL-10, TGF-B, IDO-1, CSF-1, arginase, and prostaglandin
E2. Moreover, there is recruitment of immunosuppressive cells, such
as MDSCs and CD163" M2 macrophages. The exclusion of anti-tumor
immune effector cells, such as the CD154" CD8" T cell also occurs, along
with the expression of cell-surface inhibitory ligands, such as PD-1, PD-
L1, and CTLA-4. In the TME of GBM, the CD45" cells exhibit a reduced
presence of CD3" T cells and an abundance of myeloid cells, including
microglia, monocytes, and macrophages.”””**> Glioma-associated
macrophages have elevated levels of immunosuppressive phenotypic
markers and are associated with poor survival. Therefore, effective
immunotherapeutic approaches must involve modifying macrophage
features targeting other inhibitory mechanisms that impede therapeutic

. . 86-88
interventions.””

In glioma, certain T cell dysfunctionality that inhibits the immune
response can be reversed by reducing immunosuppressive cells or
preventing T cell exhaustion.””° The aim of therapy targeting im-
mune checkpoint pathways is to reverse the immunosuppressive
TME, promote anti-tumor immunity, and ultimately restore the func-
tion of cytotoxic CD8" T cells (Figure 3). However, clinical trials using
nivolumab, a monoclonal antibody that targets PD-1, failed to show
clinical benefit in patients with recurrent GBM when compared with
bevacizumab treatment (which targets angiogenesis).*"”!

At present, over 40 “phase I/II” clinical trials are underway to evaluate
the efficacy of immune checkpoint inhibition in glioma. These trials
involve the use of monoclonal antibodies that specifically target
PD-1, such as pembrolizumab, cemiplimab, or nivolumab or PD-
L1, such as avelumab, durvalumab, or atezomab in conjunction
with SOC (Figure 3).”* Anti-PD-1 immunotherapy has demonstrated
clinical efficacy in a subset of patients with recurrent GBM with
BRAF- and PTPNI11-activating mutations, which promote MAPK/
ERK pathway activation. ERK1/2 activity in recurrent GBM is a pre-
dictor of response to PD-1 blockage and is correlated with unique
myeloid cell phenotype.”
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VIRAL VECTOR-BASED THERAPIES FOR GLIOMA

The development of viral therapies for use as an alternative cancer
treatment has picked up momentum over the past ten years. In
2015, the FDA approved IMLYGIC (talimogene laherparepvec), a
genetically modified oncolytic viral therapy (HSV-1) that treats
locally unresectable cutaneous, subcutaneous, and nodal lesions in
patients with recurrent melanoma.”* Promising safety and efficacy
outcomes of an open-label, single-arm phase III clinical trial
involving intravesical nadofaragene firadenovec (Adstiladrin) offer
a realistic alternative to chemotherapy for BCG-unresponsive non-
muscle-invasive bladder cancer.”> On 16 December, 2022, the FDA
approved the first non-replicating adenovirus-based gene therapy
for high-risk, non-muscle-invasive bladder cancer.””°

However, remarkable genetic and signaling heterogeneity of solid neo-
plasms, including glioma, constitute a serious therapeutic chal-
lenge.””*° Keeping this in consideration, the pleiotropic mechanisms
of killing dividing tumor cells employed by virotherapies are hypoth-
esized to be beneficial in tackling glioma heterogeneity. Recent
studies have further documented an effective role of virotherapies in
reverting the TME from cold immunosuppressed tumors to an in-
flamed hot state, allowing for a more diverse immune response
(Figure 2).>%!%1310%191 yirotherapies can trigger an immune-stimu-
latory response through the activation of pathogen-associated molec-
ular patterns, damage-associated molecular patterns (DAMPs), and
pattern recognition receptors. Furthermore, evidence supporting the
activation of M1 macrophages through TLRs signaling in response
to the release of DAMPs such as HMGBI, calreticulin, and heat shock
proteins is shown in Figure 1.'%%7'%*
strated safety and enhanced infiltration of immune cells, suggesting
improved systemic immunity after treatment, as shown by immuno-
phenotyping of matched primary and secondary surgery biopsies of
the patients enrolled in NCT01811992.”%5%105-107

Gene therapies have demon-

One of the most exciting recent steps forward is the use of teserpaturev
(G47A; Delytact), a new anti-GBM oncolytic virus, which was recently
licensed for human therapy in Japan.® In this phase II clinical trial, the
oncolytic HSV G47A was stereotactically injected into 19 patients with
recurrent GBM. The reported 1-year survival rate was 84% vs. 15% in
the prespecified control group, and the overall median survival from
the first G47A injection was reported as 20.2 and 28.8 months from
the initial surgery.® In contrast to previous viral trials, which all used
a single stereotactic injection to deliver the treatment, the G47A virus
used in this study was delivered to the tumor up to six times over the
course of 5 months, along with tumor biopsies.”'*® Furthermore, anal-
ysis of successive tumor biopsies showed a clear correlation between
the dosage schedule and the increase in effector T cell infiltration
(CD4" and CD8") as well as reduction in FOXP3" cells (Figure 3).>°

Prior to the G47A viral therapy success, Desjardins and colleagues
developed engineered oncolytic poliovirus (PVSRIPO), which ob-
tained FDA breakthrough therapy designation following a trial
involving 61 patients with biopsy-proven recurrent glioma
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(NCT01491893)."% Although this trial failed to find a significant dif-
ference in median survival (12.5 months) compared with control
groups (11.3 months), the 2-year overall survival was 24%, with five
patients reaching the 3-year landmark.'” However, clinical benefits
from larger controlled clinical trials are still expected. Table 1 pro-
vides a comprehensive overview of clinical trials for viral vector-based
therapies in brain malignancies conducted between 1992 and 2023.

The administration of two adenoviral vectors expressing HSV1-TK
and Flt3L is considered safe and well tolerated in patients with newly
diagnosed high-grade glioma (Figure 1).° Further efficacy trials, in
conjunction with blocking the suppressive TME, are warranted,
considering the encouraging evidence of immune infiltration of
effector cytotoxic T cells (CD8") from the successive biopsies using
multiplex immunocytochemical analysis.®

It is likely that additional research into these approaches will exploit
new administration regimens and therapeutic combinations that will
enhance the prognosis and outcome for high-grade glioma. Longitu-
dinal analysis into these virotherapies trials will further provide
exciting novel clinical and molecular insights. In this review, we
describe numerous preclinical and clinical studies with promising
and encouraging results, including our combined cytotoxic and im-
mune-stimulatory gene therapy for glioma (Table 1).°

SPECULATIONS ON THE POTENTIAL LIMITATIONS OF
SOME GENE THERAPY CLINICAL TRIALS

The ASPECT trial, which was conducted by Westphal et al., investi-
gated the safety and efficacy of locally administered adenovirus-medi-
ated HSV-TK (sitimagene ceradenovec) followed by intravenous gan-
ciclovir in patients with newly diagnosed resectable glioblastoma.'*’

This and many other gene therapy clinical trials using HSV1-TK pro-
vided valuable insights into the potential of this treatment approach
for glioblastoma patients. This opened the path toward the recent
clinical findings, which demonstrated the feasibility and tolerability
of an adenoviral vector expressing an inducible form of IL-12, in-
jected into the resection cavity walls of patients with recurrent
high-grade glioma.''" Chiocca et al. conducted a subsequent phase
I trial combining this treatment with nivolumab, an immune check-
point inhibitor.""" The combination approach exhibited promising
systemic immune responses (increase in the percentage of
CD3"CD8" T cells in peripheral blood from day 0 to 28), which
were controlled by the oral administration of veledimex, which stim-
ulates the expression of IL-12. This trial highlighted the importance of
tightly controlling the release of potent proinflammatory cytokines
such as IL-12 to balance toxicity and effectiveness.''® Below, we spec-
ulate on the limitations of some of these trials.

Anti-viral immunity: one possible factor contributing to the sub-
optimal results of PVS-RIPO could be the presence of pre-existing
immunity against viral components used in these therapies. Pa-
tients with prior exposure or immunity to the components of
the viral vector or the poliovirus used in PVS-RIPO might have

had a reduced response to the treatment. An improved under-
standing of the brain TME will pave the way for enhanced and
individualized OV therapies.""

Immunological challenges: PVS-RIPO and Toca511 involve immu-
nological mechanisms for glioma treatment. PVS-RIPO uses a
modified poliovirus to stimulate an immunological response, while
Toca511 uses a retroviral vector for gene delivery and immune
activation. The immunosuppressive glioma microenvironment
may have impeded PVS-RIPO and Toca511 therapy diminishing
their effectiveness. Factors such as the presence of immune check-
points, immunosuppressive cells (Treg cells and MDSCs), and the
limited infiltration of immune effector cells could have contributed
to the lack of sustained major clinical benefit of PVS-RIPO and
Toca511.

Considering these immunological challenges, a potential future di-
rection for enhancing clinical benefits should involve a combinato-
rial approach. Combinations of our cytotoxic and immune-stimula-
tory gene therapy approach with checkpoint inhibitors could
potentially reverse the immunosuppressive TME and enhance the
immune responses. In addition, inhibiting immunosuppressive cells,
particularly MDSCs, within the glioma microenvironment could
eliminate their inhibitory effects on immune cells.*”'"> We have
shown in in vivo models that these strategies enhance our dual-vec-
tor therapy.ﬁ‘),l()S,l(W

Interestingly, tissue obtained from successive surgeries (pre- and
post-viral vector injections with SOC) by us (Umemura et al.)’
and others (Lang e al.)'"® have demonstrated the presence of im-
mune cells infiltrating the tumors in these phase I trials.”'"”
Spatially resolved multiplex immunohistochemistry in eight patients
subjected to two surgeries showed an increase in CD8" T cells ex-
pressing activation markers granzyme B and CD107a.” An increase
in pDCs was also observed, which is consistent with our preclinical
findings.'' ' "

In addition, five out of the eight patients subjected to re-section
demonstrated reduced proportions of Tregs in the recurrent TME.”
Interestingly, persistent HSV1-TK expression for up to 17 months af-
ter dual-vector administration was observed upon recurrence. Five
out of eight patients had HSV1-TK immunoreactive cells within the
resected recurrence tissue. These results support extended valacyclo-
vir administration in larger phase II clinical trials.”

Molecular profiling of pre- and post-DNX-2401-treated tissue re-
vealed the infiltration of CD4" and CD8* T cells into the tumor,
accompanied by a notable reduction in T cell exhaustion marker
TIM-3 expression.''” This reduction suggests that DNX-2401 holds
promise in overcoming specific aspects of T cell exhaustion, thus indi-
cating its potential to induce an immune-mediated anti-glioma
response. To further explore the potential of DNX-2401, a phase
I/1I clinical trial is currently underway to assess its effectiveness in
combination with pembrolizumab (NCT02798406)."'°
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THE ULTIMATE HURDLE TO SUCCESSFUL GLIOMA
IMMUNOTHERAPY: DEXAMETHASONE-MEDIATED
IMMUNOSUPPRESSION

Dexamethasone is a double-edged sword. It is necessary to reverse
deadly brain edema, and it also inhibits potentially curative immune
responses. Dexamethasone has been shown to limit the clinical
benefit of immune checkpoint inhibitor-treated glioblastoma pa-
tients. Lorgulescu et al., found that initiating dexamethasone at the
start of immunotherapy treatment posed the greatest risk to overall
survival. In 181 patients receiving anti-PD-1 or anti-PD-L1 therapy,
using dexamethasone at baseline had twice the risk of mortality.”®
Recently, Jain’s group found that Losartan reduces edema induced
by immune checkpoint blockade and increases survival in mouse
models of GBM.''” In addition, the Boswellia serrata-derived herbal
extract, 5-Loxin, effectively impedes the expression of vascular endo-
thelial growth factor. This leads to a reduction in perilesional edema
in brain tumor patients who are undergoing fractionated radiation
therapy.''® However, further testing is required to determine the gen-
eral efficacy of these new drugs in GBM patients.

Another approach to tackle the immunosuppression associated with
dexamethasone would be to engineer T cells with resistance to dexa-
methasone, followed by bone marrow adoptive transfer to patients,
thereby providing a bone marrow resistant to dexamethasone. The
potential development of a high-affinity mutated form of glucocorti-
coid receptor that could bind dexamethasone without nuclear trans-
location (i.e., a dominant negative receptor) could be explored.
Finally, glucocorticoid receptor B (GRP) has been associated with
glucocorticoid resistance through dominant negative regulation of
GRe.'"? By creating a dominant negative specific receptor, one could
potentially sequester dexamethasone in the cytoplasm and thus
reduce its deleterious effects on T cell function. Another avenue to
consider is the development of small molecules (i.e., J9 [STH-182])
that can reverse dexamethasone-mediated immunosuppression in
T cells."*® These molecules could potentially target dexamethasone-
mediated immunosuppression and restore T cell responsiveness to
immunotherapy.'*>'?' Furthermore, the engineering of CAR-T cells
with permanently disrupted GRs) has shown promise as a strategy for
engineering CAR-T cells resistant to dexamethasone inhibition for
the treatment of GBM.'*>'*> Exploring the manipulation of GRp
expression or activity could provide additional avenues for over-
coming dexamethasone-induced immunosuppression and potential
clinical success.

PRECLINICAL MODELS FOR TESTING
TRANSLATIONAL EFFICACY: HOW PREDICTIVE ARE
THEY?

The existing preclinical models exhibit limited predictive capacity
regarding the effectiveness of translational therapeutics in clinical
trial outcomes. The commonly used serum-culture-based patient-
derived xenografts do not accurately represent the genetic composi-
tion, invasive characteristics, and proliferative index of human
GBM.” They also lack an intact immune system and may lose impor-
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tant genetic lesions over time. Genetically engineered murine models
of GBM provide a more accurate model of gliomagenesis, exhibiting
histological and molecular similarities to human GBM. However,
these models have limitations such as variable reproducibility,
extended tumor latency, and incomplete knowledge of tumor locali-
zation. Recent advances in imaging techniques offer potential for uti-
lizing genetically engineered models in preclinical evaluation of
neuro-oncology therapeutics. The presence of quiescent glioma cells
possessing stem cell-like properties presents challenges for SGTs
that target actively dividing cells. To overcome these limitations, it
is crucial to develop animal models that encompass histopathological
resemblance (invasion pattern), biochemical similarity, intact tumor-
host interactions (non-immunogenic tumor), intracranial location,
accurate tumor mapping, predictable growth patterns, and high
reproducibility. Unfortunately, a GBM animal model with all these
features does not exist. In addition, comprehensive testing of novel
therapies is lacking in patient-derived primary spheroid models and
glioma stem cell lines, which are considered the new standards for
preclinical studies in gliomas. Therefore, it is recommended to
conduct experiments using a variety of tumor models to better predict
the clinical outcomes of translational therapies.

DELIVERY ROUTE FOR GENE THERAPY VECTORS
INTO THE BRAIN AND BRAIN TUMORS

Systemic delivery of viral vectors for gene therapy encounters chal-
lenges, including off-target effects in non-CNS tissues and limited
bioavailability in the CNS. Intranasal delivery of cell-based vectors
has shown promise in preclinical glioma models."**'*> However,
the current predominant method for SGT involves multiple intracra-
nial injections directly into the resection cavity after surgery. This
approach is suboptimal due to the heterogeneous nature of the sur-
rounding tissue, which contains infiltrating tumor cells and brain tis-
sue. Lack of control over the extent of tumor tissue resected contrib-
utes to trial failures and interpatient variability, which complicates
data interpretation. Convection-enhanced delivery (CED) is an
advanced technique that uses catheters and a micropump to achieve
continuous low-pressure flow into solid tissues, including brain tu-
mors. While CED is effective for targeting larger tissue areas, its appli-
cation in resection cavities is not optimized since primary tumors are
typically treated through neurosurgery, the SOC. Therefore, for future
clinical trials, CED implementation is currently limited to injecting
vectors into recurrent tumors or inoperable primary tumors.

Systemic administration of AAVs is another option, but their efficacy
can be compromised by the immune system’s response. Localized
gene therapy directly in the tumor bed/resection cavity is preferred,
and efforts are being made to extend its availability for longer durations.
Recent advances in AAV capsids (AAV.CAP-B10 and AAV.CAP-B22)
have enabled the crossing of the BBB with neuronal specificity, opening
up new possibilities for research and therapeutic applications."’
Improved AAV vectors (AAV.CPP.16 and AAV.CPP.21) have demon-
strated the potential for systemic curative anti-tumor gene therapy
against mouse models of glioma and showed enhanced transduction ef-
ficiency in non-human primates (cynomolgus monkeys)."*
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COMPREHENSIVE EXPLORATION OF CYTOTOXIC
AND IMMUNE-STIMULATORY GENE THERAPY

Ad-FIt3L as a single agent in vivo

The field of cancer immunotherapy has developed exciting advance-
ments for some cancer types over the past decade. Efforts are under-
way to develop immunotherapeutic interventions that can reverse the
immunosuppressive TME and enhance the success of immunother-
apies against glioma. The effectiveness of immunotherapies relies
on the presence of functional T cells within tumors. However, the
immunosuppressive nature of the glioma TME limits T cell infiltra-
tion and their cytotoxic efficacy. DCs play a crucial role in shaping
immune responses due to their ability to present antigens to naive
T cells. Earlier, the brain has been considered an immune-privileged
site.”® It comprises antigen-presenting cells such as perivascular mac-
rophages, pericytes, and microglial cells. However, evidence suggests
the absence of DCs from the brain parenchyma proper.*' Instead,
DCs are present in areas such as the meninges, choroid plexus, and
brain ventricles, as well as in inflamed brain tissue.’®*' With this in
mind, we proposed that enhancing the infiltration of DCs into the
TME could have potential therapeutic benefits.

Our very first study was focused on evaluating the efficacy of recombi-
nant adenoviral vectors encoding human soluble FMS-like tyrosine ki-
nase 3 ligand (RadhsFlt3L) against intracranial syngeneic CNS-1
gliomas in Lewis rats, and in mouse models. FIt3L is a naturally occur-
ring glycoprotein stimulating early hematopoietic progenitors via the
Flt3 receptor. The FIt3L/Flt3 pathway plays a crucial role in the devel-
opment and function of DCs, and its potential to enhance cancer
immunotherapy has been comprehensively reviewed in both preclini-
cal and clinical settings.'*® The rationale for using FIt3L ligand is its
ability to stimulate the expansion of DCs, as well as activate NK cells,
B cells and T cells. Through a series of experiments, we observed that
the administration of 8 x 10’ PFU RadhsFIt3L resulted in a remarkable
70% survival rate. This positive outcome was attributed to the enhanced
infiltration of OX62*MHCII"DCs in rats and CD11C"33D1"MHCII*
F4/80"DEC205" in mice. In addition, our neuropathological analysis
demonstrated tumor rejection in conjunction with animal long-term
survival. This study represents the pioneering use of FIt3L to stimulate
the anti-glioma responses in experimental rodent model.'*’

Combination therapies

Numerous clinical trials have explored gene therapy as a potential
treatment for glioma, with SGT employing a prodrug activation sys-
tem, specifically the HSV1-TK gene combined with the prodrug
GCV, being the most widely used approach. While this approach
was found to be highly effective in most preclinical models, the
bystander effect in clinical trials was lower than anticipated. This sug-
gests that there may have been inadequate vector distribution and/or
low transduction efficiency.

AD-HSV1-TK + AD-FIt3L
Furthermore, we employed a combinatorial approach to enhance the
anti-tumor immune response induced by RadhsFIt3L. This involved

incorporating a conditionally cytotoxic SGT utilizing adenoviral vec-
tors expressing HSV1-TK, together with systemically administered
GCV. We demonstrated that monotherapy using either conditional
cytotoxicity or immune-stimulation alone failed to show significant
regression in the CNS-1 syngeneic intracranial glioma Lewis rat’s
model. However, when various immunostimulatory therapies were
combined with conditional cytotoxicity, only the RadFIt3L + HSV1-
TK showed prolonged survival in over 80% of experimental animals,
while RadCD40L and RadIL-12 did not produce significant effects.
To identify the involvement of specific immune cell types, we depleted
either macrophages or CD4" cells prior to administering the combined
therapy resulting in reduced therapeutic efficacy. Our data further sug-
gested that the depletion of CD8" or NK cells did not inhibit the sur-
vival in the RAdFIt3L + HSV1-TK treated groups. In conclusion, the
combination of immune-stimulation (RadFIt3L) and conditional cyto-
toxic gene therapy (HSV1-TK) significantly enhanced the long-term
survival and tumor regression in gliomas.”" These findings form the
basis for the ongoing clinical trial (NCT01811992), representing the
first study of its kind (The Lancet Oncology, in press).”

Chemotherapy employing TMZ in combination with radiotherapy (IR)
prolongs the survival of glioma patients’.'>' ' However, the 2-year sur-
vival rate was 27.3%, 3-year was 16%, 4-year was 12.1%, and 5-year was
just 5% with IR + TMZ, compared with 10.9%, 4.4%, 3%, and 1.9% with
IR alone.'® Given these data, we were curious to determine the therapeu-
tic efficacy of TMZ when administered in combination with Ad-HSV1-
TK + Ad-FIt3L. Our findings indicated that, despite the well-docu-
mented immune-inhibitory impacts of TMZ, its administration did
not hamper the anti-glioma immunity achieved by combined Ad-
HSV1-TK/GCV + Ad-Flt3L gene therapy. This study further supported
the eventual clinical implementation of our gene therapy in glioma pa-
tients already receiving TMZ as a first-line chemotherapy treatment.'**
Importantly, the anti-glioma immune response was greatly augmented,
as was the long-term survival in the glioma mouse model.

REVERSION OF BRAIN TUMOR-INDUCED
BEHAVIORAL DEFICITS

To investigate whether combined gene-therapy reverses the behavioral
abnormalities produced by the growing intracranial tumor 3 days’ post-
treatment with Ad-FIt3L + Ad-HSV1-TK in the presence of GCV, we
evaluated the behavior of glioma-bearing rats by analyzing amphet-
amine-induced rotational behavior. Their brains were harvested to
analyze neuropathology. Our results suggested that intracranial glioma
induces behavioral deficits that can be restored by combined immune-
stimulatory gene therapy. The data from the long-term survivors
showed the complete recovery of the brain architecture and established
its safety and efficacy for glioma treatment. The data further suggested
that rotational behavior can serve as a substitute for both tumor growth
and the effectiveness of the treatment.'*

RELEASE OF HMGB1 FROM DYING TUMOR CELLS
MEDIATES TLR2 ACTIVATION

Cell death caused by various treatments can facilitate the immune sys-
tems’ response to antigens, as tumor antigens and signals released
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during cell death can help in the uptake of antigens by DCs and pro-
mote their maturation. Radiation-caused cell death in a tumor can
trigger cytotoxic T lymphocyte (CTL) responses, leading to prolonged
immunity against glioma. However, the release of endogenous TLR
ligands from dying cells can also result in either tolerance or autoim-
munity. We discovered that high-mobility group box 1 (HMGBI)
acts as an endogenous TLR2 agonist secreted from dying glioma cells
both in vitro and in vivo in response to radiation, TMZ, and adeno-
viral vector Ad-TK/GCV. As a result, HMGB1 from tumors activates
endogenous TLR2 signaling, initiating a cytotoxic CD8" T cell-medi-
ated immune response against gliomas (Figure 1). We observed that
inhibiting HMGBI1 activity using glycyrrhizin or specific anti-
HMGBI -neutralizing antibodies in vivo prevented FIt3L/TK-induced
brain tumor regression.'”” We demonstrated that combined gene de-
livery in the presence of systemic GCV promotes the release of puta-
tive endogenous TLR ligands by killing glioma cells, and infiltrating
DCs in the brain elicit powerful CD8" T cell-dependent systemic
anti-glioma immunity and immunological memory.'”> Compared
with other Ads encoding pro-apoptotic cytokines, such as TRAIL,
FasL, and TNF-a, our approach using Ad-TK was more effective

. 34,103
and less toxic.

ANTI-GLIOMA IMMUNOLOGICAL MEMORY IN VIVO
Most immunotherapeutic approaches have obtained disappointing
results because of unavoidable glioma recurrences. Keeping into
consideration the high rate of tumor recurrence in glioma patients,
it is of utmost importance that novel therapies suppress recurrent tu-
mors. Therefore, we were interested to assess whether combined gene
therapy induces immunological memory in various intracranial gli-
oma rat and mouse models (i.e., intracranial CNS-1, recurrent intra-
cranial CNS-1, intracranial F98, intracranial 9L, and intracranial
CNS-1 flank model).

We utilized a combinatorial therapeutic approach (Ad-TK/GCV +
Ad-FIt3L) that not only activates the anti-tumor immune response
by stimulating DCs and macrophages but also generates CD8"
T cell-mediated immunological memory that combats recurrent gli-
oma in an experimental rat model (Figure 1). Our work demonstrated
that long-term survivors who eliminated the re-challenged tumor had
higher tumor antigen-specific T cell precursors in the spleen and ex-
hibited a delayed-type hypersensitivity response against the tumor
antigen. These results corroborate the role of cellular immunity in
mediating anti-glioma immunological memory response. In addition,
CD8" T cell depletion showed that CD8" memory T cells mediate the
elimination of recurrent tumors. The presence of circulating anti-
bodies against tumor antigens also suggests the possible involvement
of humoral immunity against the intracranial glioma."*’

We conducted further tests to investigate whether FIt3L could enhance
the recognition of neo-antigens in the brain stroma and overcome im-
mune privilege. Our findings revealed that the expression of the influ-
enza glycoprotein hemagglutinin (HA) as a surrogate neo-antigen
within the brain stroma failed to elicit systemic immunity. However,
when FIt3L was co-expressed, it successfully induced an immune
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response. We also observed that depletion of CD4"CD25" Tregs,
either alone or in combination with FIt3L administration, resulted
in a synergistic effect that enhanced anti-HA immune responses.
Our results further illustrate that FIt3L expression in the brain paren-
chyma does not induce autoimmunity. However, the immune
response triggered by Treg depletion was also insufficient to induce
behavioral deficits. These results further demonstrate that FIt3L can
be used in the clinical setting because it overrides brain immune priv-
ilege and facilitates immune responses against neo-antigens without
showing the sign of autoimmune neuropathology."’' In addition, we
also modified the CNSI cells to express the HA as a substitute tumor
neo-antigen. We then observed that animals that survived long-term
after treatment with WT-CNS1+ FIt3L/TK and were re-challenged
with CNS1-HA cells, showed the presence of T cells specific to HA
without the need for additional gene therapy. This finding provides
further evidence that FIt3L/TK can generate glioma-specific immuno-
logical memory, which can also trigger immunity against surrogate
neo-antigens to prevent glioma recurrence.'*” Thus, Flt3L is able to
break brain immune privilege but does not induce a generalized im-
mune response against brain tissue.'”"'*

MECHANISM OF ACTION OF COMBINED AD-TK +
AD-FItSL IMMUNE-STIMULATORY GENE THERAPY:
THE ROLE OF B CELLS

Immunovirotherapy is a therapeutic approach aimed at delaying or
inhibiting tumor recurrences by inducing the differentiation and pro-
liferation of cytotoxic T cells and accelerating antigen presentation to
naive T cells (Figure 1). However, glioma heterogeneity, high muta-
tion rate, and their highly infiltrative nature make vaccination efficacy
against a limited set of tumor antigens challenging. To address these
challenges, we developed a combined gene therapy approach
involving intratumoral administration of Ad-TK and Ad-FIt3L.
This approach kills dividing tumor cells and simultaneously primes
an immune response against released tumor antigens by recruiting
DCs in the brain TME. Our earlier preclinical work showed that
this combined immune-stimulatory gene therapy elicits an anti-gli-
oma immune response and immunological memory, with cytotoxic
CD8" T cells playing a crucial role in brain tumor regression. While
the role of B cells in anti-glioma immunity is not well understood, we
investigated whether B cells are necessary to stimulate antitumor im-
mune response by Ad-TK + Ad-FIt3L treatment.

To determine the role of B cells in the anti-glioma immune response
triggered by Ad-TK + Ad-FIt3L gene therapy, we conducted an exper-
iment using transgenic mice deficient in total B cells or marginal zone
B cells, which were depleted by antibodies. We found that the com-
bined gene therapy failed to induce glioma suppression when im-
planted intracranially in these mice. In addition, the absence of anti-
gen-specific T cell clonal expansion in mice deficient in B cells
(Igh6~'7) indicated that B cells were necessary to elicit the anti-gli-
oma immune response. Collectively, we postulated that B cells may
serve as antigen-presenting cells to augment the clonal expansion of
glioma antigen-specific T cells and mediate the suppression of glioma
within the CNS."”
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It has been well documented that tumor impedes plasmacytoid DCs
(pDCs) function by releasing anti-inflammatory cytokines (TGF-p,
VEGF, and IL-10) in the TME, which weaken the tumor-infiltrating
potential of pDCs to trigger antitumor immunity. We demonstrated
that pDCs were recruited within the glioma TME in response to Ad-
TK/GCV + Ad-FIt3L treatment and stimulated the production of in-
flammatory cytokines, which eventually facilitate T cell proliferation
(Figure 1). The activated pDCs trigger the IFN-a. release to complete
the immune circuit during the anti-glioma immunity in response to
combined gene therapy. Accordingly, pDC manipulation could be
beneficial to further potentiate ongoing glioma immunotherapies.'*

TARGETING IMMUNOSUPPRESSIVE MDSCs

Animals implanted with glioma tumors exhibited an immunosup-
pressive phenotype, both in the glioma TME and systemically.
MDSC infiltration was documented in the serum as well as in the
TME of glioma patients.'>* Prior research has shown that MDSCs
have the ability to suppress anti-tumor immune responses in humans
and GBM models through various means, including the inhibition of
T cell activation and expansion, the promotion of immunosuppres-
sion, and the hindrance of T cell migration. Addressing these mech-
anisms is crucial for the enhancement of immunotherapies.*'*’
Next, we wished to test whether combining MDSC depletion or
checkpoint blockade would enhance the efficacy of our combined
Ad-TK/FIt3L + GCV gene therapy. Our data revealed that more
than 40% of tumor-infiltrating immune cells were MDSCs and ex-
press T cell-suppressive molecules, viz. IL-4Ra, inducible nitric oxide
synthase (iNOS), arginase, PD-L1, and CD80. There was significant
increase in median survival in the MDSC-depleted group co-admin-
istered with combined gene therapy in the mouse glioma model.
Moreover, combining checkpoint blockade, such as anti-PD-L1 or
anti-CTLA-4, highly enhanced the efficacy of combined Ad-TK/
GCV + Ad-FIt3L gene virotherapy.*'*

Our group previously demonstrated that depletion of immunosup-
pressive MDSCs led to a significant improvement in the efficacy of
an immune-mediated gene therapy strategy.”” More recently, we
showed that, in comparison with mIDHI1 glioma, wtIDH1 glioma
had a higher abundance of suppressive CD11b"Ly6G™ granulocytic
MDSCs and greater expression of PD-L1, iNOS, and Argl. In addi-
tion, murine mIDH1 glioma cells were found to secrete significantly
more G-CSF than their wtIDH]1 counterparts, which was determined
to be due to H3K4me3 enrichment in the Csf3 gene encoding G-CSF.
The expression of G-CSF was epigenetically activated by mIDHI in
glioma stem/progenitor-like cells, promoting the reprogramming of
myeloid cells within the mIDH1 glioma TME. This increased secre-
tion of G-CSF led to the expansion of pre-neutrophils and neutrophils
while reducing the immunosuppressive phenotype of PMN-MDSCs
present in the mIDH1 TME.'%” In a wtIDH1 mouse model, the com-
bined use of immune-stimulatory gene therapy Ad-TK/GCV and Ad-
FIt3L along with recombinant G-CSF (rG-CSF) resulted in a signifi-
cant survival benefit compared with TK/FIt3L or rG-CSF alone.'”
These findings suggest that patients with mIDHI glioma may benefit
from immunotherapy due to the G-CSF produced by their tumors,

while patients without the mutation may benefit from combining
treatment with G-CSF and immunotherapy.'*>

REVITALIZING T CELL FUNCTIONALITY: REPROGRAM
GLIOMA-INDUCED IMMUNOSUPPRESSION

The effectiveness of immunovirotherapy is hampered by T cell dysfunc-
tion, which can be attributed to insufficient infiltration of T cells and the
immunosuppressive TME. There are various factors that contribute to
T cell dysfunctionality, such as exhaustion, senescence, tolerance,
anergy, and ignorance. In addition, metabolic factors such as tumor-
induced nutrient competition and hypoxia can impair T cell func-
tion.'*>"**"'** Glioma cells can also upregulate or bind immune check-
point molecules on exhausted T cells, restricting their capacity to lyse
tumor cells. To overcome this challenge, antibodies that inhibit check-
point interactions can prevent the exhausted phenotype and promote
reactive T cells to engage in anti-glioma immunity (Figure 3).">*'*

The CD8" T cells play an important role in inhibiting tumor progres-
sion, but their function can be inhibited by myeloid cells or activated
by combined immunostimulatory gene therapy.'*' There is spatial
heterogeneity within tumors, where CD8" T cells are often located
in the tumor center and CD4" T cells are found in perivascular
areas.'*>'*’ The relationships between T cell subtypes are complex,
and their function can shift from a stimulatory to suppressive pheno-
type over time. Therefore, using these intricate relationships as ther-
apeutic targets can be challenging. However, improved immunologic
analytical tools and single-cell transcriptomics have enhanced the
relevance of various T cell subtypes in glioma progression, providing
a promising avenue for future therapeutic development. We predict
that, in the future, we will be able to combine these therapeutic stra-
tegies with immune-stimulatory gene therapy.

ENHANCING SOC WITH IMMUNOVIROTHERAPY: A
POWERFUL COMBINATION

Recent immunovirotherapeutics including AdV-TK + valacyclo-
vir,'"'*'% combined Ad-HSVI-TK + Ad-FI3L*"'**'%7 PVSRI
PO,'** oncolytic DNX-2401,'"’ oncolytic HSV-1 G207,'"" and HSV-1
G47A (Delytact), showed promising clinical benefits. It is very likely
that, in the near future, immunovirotherapeutic will become part of
the SOC for adult and pediatric glioma. Due to the remarkable spatial
and temporal tumor heterogeneity, and immune-editing, it seems that
an exclusive “miracle drug” comprising a “one-size-fits-all” is unlikely
to emerge for glioma interventions.''*'**

GBMs are characterized by an immunosuppressive TME with abun-
dant myeloid cells and fewer effector T cells, rendering them cold tu-
mors that exhibit a limited immunotherapy response (Figure 2). The
infiltration of Treg cells further exacerbates the immunosuppressive
TME.**'% We have shown that endogenous G-CSF in mIDH1
low-grade glioma improved the efficacy of immunostimulatory
gene therapy. The combination of gene therapy and G-CSF treatment
significantly improved the survival of mice with wtIDH1 glioma.'*
However, in mice with the IDH1 mutation, the effect was profound,
with 90% of the mice surviving long-term and remaining tumor-free.
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These findings were supported by the TCGA datasets, which showed
that patients with mIDH]1 gliomas also had higher expressions of
G-CSE.'” Interestingly, the re-programming of bone marrow granu-
lopoiesis via G-CSF represents a promising approach to modulating
MDSC function and enhancing the efficacy of immune-stimulatory

gene therapy in cancer patients.'"”

ACTIVATION OF THE cGAS/STING PATHWAY TO
ELICIT A POTENT IMMUNE RESPONSE:

COMBINATION APPROACH

Both IDHI and H3.3-G34R mutations in adult and pediatric gliomas,
respectively, have been found to epigenetically increase the DNA dam-
age response, resulting in genetic instability and the emergence of extra-
chromosomal DNA in the cytoplasm.”"'** This phenomenon activates
the cGAS/STING pathway in glioma cells, leading to the activation of
immune cells including NK cells and DCs. STING pathway activation
significantly remodels the glioma TME, promoting a robust immune
response and NK cell-mediated glioma regression with prolonged im-
mune memory.”” We anticipate that, in the future, STING agonists
could be combined with immune-stimulatory gene therapy to further
enhance their effectiveness.

RECOMMENDING LONG-TERM VALACYCLOVIR
TREATMENT

Hossain et al. demonstrated that recurrent tumor cells carrying HSV-TK
retain functional HSV-TK, suggesting that a single-dose of GCV appli-
cation may not have been sufficient to effectively target slowly dividing
or quiescent glioma cells.”” Furthermore, they observed significantly
enhanced survival with long-term GCV administration in rodents.”
Surprisingly, tumor tissue collected during tumor recurrence revealed
persistent expression of HSV1-TK for a duration of up to 17 months af-
ter our dual-vector administration approach (NCT01811992).” Among
the patients who underwent surgeries for tumor recurrences, five out of
eight individuals exhibited the presence of HSV1-TK immunoreactive
cells in the obtained tissue samples.*” Thus, in preclinical models and
clinical trials of HSV-TK-mediated gene therapy, continuous or long-
term treatment with valacyclovir should be considered as an alternative
to usual short-term valacyclovir treatment.

CHALLENGES

Although immunovirotherapy has emerged as a rapidly advancing

field in the treatment of GBM, achieving consistent and sustained

therapeutic benefit remains a challenge. Several obstacles need to be
overcome to improve its efficacy, including.

(1) Limited response to immunovirotherapy seen in GBM treatment
can be attributed to the use of steroids (such as dexamethasone)
to manage cerebral edema.

(2) Insufficient infiltration of T cells (scarcity of immune cells) and
antigen-presenting cells (such as DCs) in the glioma microenvi-
ronment.

(3) The immunosuppressive TME, including the presence of
MDSCs, limits immunotherapy for glioma.
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(4) Mechanisms that allow GBM to evade immune surveillance, such as
T cell dysfunction, T cell exhaustion, or upregulation of immune
checkpoint molecules that impair the anti-glioma immune response.

(5) Spatiotemporal heterogeneity in GBM tumors exhibit extensive
spatial, genetic, and phenotypic diversity, leading to variations
in their response to immunotherapy.

(6) Unknown longevity of transgene expression in humans.

(7) Existing preclinical models exhibit limited predictive capacity
regarding the human effectiveness of translational therapeutics
in clinical trial outcomes.

(8) Lack of consensus regarding the most effective route for thera-
peutic delivery.

FUTURE DIRECTIONS

Addressing these challenges through ongoing research and clinical

trials will be pivotal in enhancing the effectiveness of immunotherapy

in the treatment of GBM and providing better therapeutic options for
patients. Future directions include.

(1) Developing strategies to either replace dexamethasone or inhibit
its deleterious effect on T cell function.

(2) Explore combination approaches that enhance infiltration of
T cells and DCs to the TME (e.g., FIt3L, IL-12).

(3) Finding ways to reprogram immunosuppressive TME (cells or
mediator molecules) to enhance immunotherapy (e.g., MDSCs,
G-CSF).

(4) Developing strategies to revert T cell dysfunction by inhibiting
checkpoint interactions and enhancing the tumoricidal capacity
of cytotoxic T cells.

(5) Improving our understanding of the relevance of different T cell
subtypes in glioma progression using advanced single-cell and
spatial transcriptomics.

(6) Exploit the longevity of transgene expression to improve the effi-

cacy of gene therapy (i.e., continuous administration of valacyclo-

vir treatment for enhanced targeting of slowly dividing or quies-
cent glioma cells).

Utilizing multiple tumor models that closely resemble the charac-

teristics of human gliomas to enhance predictive accuracy. In addi-

tion, exploring novel therapies in patient-derived primary spheroid
models and glioma stem cell lines can provide valuable insights.

(8) Implementing localized gene therapy directly in the tumor bed
(CED) or intracranial injection into the resection cavity, as
preferred, and leveraging advancements in AAV capsids for the
potential systemic delivery and crossing of the BBB and achieving
tumor specificity. Develop a consensus on optimal glioma deliv-
ery routes.

(7

~

CONCLUSIONS

Immunovirotherapy shows promise as a potential treatment for gli-
oma, but it still needs to overcome challenges to achieve successful
outcomes through a multipronged approach. Combination therapies,
including gene therapy, immune checkpoint inhibitors, CAR-T cells,
and other therapeutics, have shown signals of improved survival ben-
efits in preclinical and clinical settings. However, going forward, it will
be essential for the immunotherapeutic approaches to the treatment
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of gliomas to address the challenges related to dexamethasone’s ef-
fects on T cell function. To develop advanced combination therapies
and enhance clinical benefits for glioma patients, it is essential to un-
derstand the interplay between tumor cells, immune cells, and the
TME. By stimulating a robust anti-glioma immune response and
neutralizing the immunosuppressive TME, future therapeutic ad-
vancements can be achieved.

The dual-vector approach using Ad-hCMV-TK and Ad-hCMV-FIt3L
gene therapy has proven to be safe and feasible in treating challenging
high-grade gliomas, which are traditionally resistant to conventional
treatments. The approach targets dividing residual malignant glioma
cells that persist after surgery, potentially triggering targeted anti-gli-
oma immune responses. Tumors are also likely to express the trans-
gene (HSV1-TK) for up to 17 months post viral-vector administra-
tion. This strongly suggests that continuous administration of
valacyclovir could further enhance the cytotoxic impact of Ad-
HSV-TK, leading to improved patient outcomes. Notably, this
dual-vector approach can be safely combined with SOC chemoradia-
tion for newly diagnosed high-grade glioma patients. These prom-
ising findings have the potential to enhance overall survival and qual-
ity of life and warrant further exploration in larger phase IB/II clinical
trials.
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