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Therapeutic approaches to modulate the
immune microenvironment in gliomas
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Immunomodulatory therapies, including immune checkpoint inhibitors, have drastically changed
outcomes for certain cancer types over the last decade. Gliomas are among the cancers that have
seem limited benefit from these agents, with most trials yielding negative results. The unique
composition of the glioma immune microenvironment is among the culprits for this lack of efficacy. In
recent years, several efforts have been made to improve understanding of the glioma immune
microenvironment, aiming to pave the way for novel therapeutic interventions. In this review, we
discuss some of the main components of the glioma immune microenvironment, including
macrophages, myeloid-derived suppressor cells, neutrophils and microglial cells, as well as
lymphocytes.We thenprovide a comprehensive overviewof novel immunomodulatory agents that are
currently in clinical development, namely oncolytic viruses, vaccines, cell-based therapies such as
CAR-T cells and CAR-NK cells as well as antibodies and peptides.

Gliomas comprise more than 26% of all primary brain tumors1. More
specifically, glioblastoma is the most frequent malignant brain tumor in
adults, accounting for 14% of all tumors and 51% of all malignant tumors1.
Mortality rates from glioblastoma continue to be extremely elevated, with
5-year survival rates of 6%1,2. Despite various therapeutic approaches, such
as chemotherapy and radiation, outcomes have not significantly changed
since 20052.

Standard therapies for newly diagnosed glioblastoma involve a mul-
timodality approach with a combination of surgical resection, radiotherapy
and alkylating chemotherapy3. Standard therapies for recurrent glio-
blastoma include temozolomide rechallenge, CCNU and bevacizumab,
which is not known to improve overall survival but leads to symptomatic
improvement and steroid-sparing effects4. Additionally, Tumor Treating
Fields (TTF) devices are FDA-approved for both newly diagnosed and
recurrent glioblastoma5. Most recently, the targeted combination of the
BRAF inhibitor dabrafenib and theMEK inhibitor trametinibwas approved
for the treatment of BRAF V600E-mutant gliomas, based on the results of
the ROAR trial6. Despite these advances, therapeutic options for glio-
blastomas remain limited.

The challenges outlined above become even more apparent when one
considers thenumber of clinical trials focusing on checkpoint inhibitors that
have failed to yield positive results in recent years7,8, such as trials of
pembrolizumab9,10 and nivolumab11,12. The lack of efficacy of immune
checkpoint inhibitors in gliomas prompts a deeper understanding of the
immune microenvironment in these tumors, with the goal to utilize this

knowledge to uncover novel therapeutic targets. The glioma tumor
microenvironment (TME) drives the suppression of anti-tumor immune
responses and promotes glioma growth and invasiveness.More broadly, the
TME includes the blood vessels supplying the tumor, the extracellular
matrix, numerous non-tumor cells such as the tumor-associated fibroblasts,
non-cellular components like cytokines and signaling molecules13, and
immune cells such as T lymphocytes, B lymphocytes, NK cells, and mac-
rophages (Fig. 1). Given the essential functions of the TME in the growth
and survival of gliomas, it is logical to conclude that by targeting the wide
range of structures that comprise it, new and more effective therapies for
glioma tumors can be developed. In this review, we will discuss novel
therapeutic strategies to modulate the immune microenvironment in glio-
mas, with a focus on agents that are currently in clinical development.

The immune microenvironment in gliomas
The immune microenvironment of gliomas is unique compared to that of
other tumors14. This is partially related to the way immune responses are
elicited physiologically in the brain. More specifically, the central nervous
system (CNS) is protected by the blood brain barrier (BBB)14. This anato-
mical and functional barrier impedes the trafficking of immune cells ori-
ginating in the systemic circulation to access the brain parenchyma and thus
confers an “immune privilege” status to the CNS14. Because of that, the
immune response against the development of glioblastoma is significantly
blunted and mostly depends on the innate immunity of the CNS15. Con-
sequently, the immune cells involved in the development of glioblastoma
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TME are primarily the native immune cells of the CNS – the microglia and
glioma–associated macrophages (GAMs) - and to a lesser extent other
infiltrating immune cells14,15. As of that, neutrophils and lymphocytes donot
play as much of a role in the development of gliomas14. This phenomenon
leads to the formation of an immunologically “cold” TME. Finally, tumor-
infiltratingT cells in gliomas are characterized by senescence and anergy14,16.
Below, we will review the main components of the immune micro-
environment in gliomas.

Myeloid cells
Myeloid cells are hematopoietic nucleated cells that normally differentiate
into differentmature cellular types dependingon the stimulus they receive17.
In the setting of glioma, it has been documented that myeloid cells convert
into immunosuppressive cells by interacting with the TME. These include
tumor associatedmacrophages (TAMs), myeloid – derived suppressor cells
(MDSCs), tumor – associated neutrophils (TANs) and tumor – associated
dendritic cells (TADCs)17.

The immune microenvironment of gliomas mainly consists of per-
ipherally derived macrophages18. Macrophages can infiltrate into the
microenvironmentof the central nervous systemdue to thedisruptionof the
blood-brain barrier19. Their recruitment is mediated by the secretion of
specific chemotactic chemokines, including monocyte chemoattractant
protein− 1 and− 3 (MCP−1 andMCP−3), periostin, colony-stimulating
factor 1 (CSF-1), and granulocyte- macrophage colony-stimulating factor
(GM-CSF)19. Lastly, macrophage recruitment is known to be affected by
glioma genotype. Specifically, PTEN-deficient glioma cells were found to
secrete high levels of Galectin-9, which in turn drives macrophage polar-
ization and stimulates macrophages to secrete pro-angiogenic factors to
drive glioma growth20.

In addition, glioma cell invasion and proliferation seem to be further
affected by the expression of the adenosine triphosphate (ATP) – depended
ATP-binding cassette transporters (ABC) on the glioma tumor cells, and

specifically theABCG221,22. Under normal circumstances, the family ofABC
transporters are present in a wide range of cells, including the endothelial
cells of the BBB, and function as membrane pumps that utilize the energy
released from ATP hydrolysis to efflux waste by-products of the cellular
metabolism22. As of that, when present in tumor stem cells, they serve as
drug – efflux pumps, significantly reducing the efficacy of anti-tumor
therapeutic regiments. The tumor stem cells expressing the ABC trans-
porters are characterized as a “side population” (SP)22,23. Consequently,
factors that upregulate the proliferation of glioma tumor cells with the SP
phenotype – such as the loss of the phosphatase and tensin homolog
(PTEN) tumor suppressor protein and the overexpression of the ABCG2
pump via the upregulation of the PI3K/Akt pathway – lead to increased
invasion and development of the glioblastoma cells22,23.

Previously, these macrophages were further divided into pro-
inflammatory macrophages (M1) and immune suppressive macrophages
(M2)18. However, recent studies have shown that such M1/M2 phenotypic
dichotomy is an oversimplification, and that macrophages in vivo exist in a
phenotypic spectrum, with some studies supporting the presence of 9
phenotypes based on the core genes they express and the correlating tran-
scription factors19,24,25. As of that, TAMs can shift between anti – and pro –
tumor phenotypes with the two ends of the spectrum being the solely pro –
inflammatory macrophages (formerly M1) expressing iNOS and the solely
anti-inflammatory macrophages (formerly M2), expressing Arginase 126.
Recent studies utilizing single-cell RNA sequencing (scRNA-seq) technol-
ogy further support the fact that the immune TME of glioblastomasmainly
consists of pro – tumor infiltrating macrophages26–28. The density of these
macrophages seems to be associated with an increase in the severity of the
disease29.

Macrophages serve a variety of functions to promote cancer cell sur-
vival and immune evasion. Macrophages have been shown to induce the
transformation of glioma tumor cells into a mesenchymal–like cell state
(MES) through secretion of macrophage-derived oncostatin M30.

Fig. 1 | Key players of the glioma immune microenvironment. The glioma
immune microenvironment consists largely of tumor-associated macrophages
(TAMs) that exist across a spectrum ranging from tumor-promoting to anti-tumor
cells. Additional players include microglial cells, myeloid-derived suppressor cells

(MDSCs), dendritic cells and tumor-associated neutrophils (TANs). Tumor-
infiltrating T lymphocytes are found in low abundance and exhibit features of
exhaustion and anergy. This figure was created using BioRender.com.
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Mesenchymal stem - like cells (MSLCs) promote tumor cell invasion by
overproduction of hyaluronic acid, secretion of chemotactic factor C5a, and
ECM remodeling mediated by the CCL2/JAK/MLC2 pathway31. This
phenomenon occurs due to the secretion of macrophage–specific ligands –
mainly oncostatin M (OSM), heparin-binding EGF-like growth factor
(HBEGF), and amphiregulin (AREG) – which bind to specific receptors –
unique for gliomaare the receptor tyrosinekinaseAXL(AXL), oncostatinM
receptor (OSMR), and platelet-derived growth factor receptor B (PDGFRB)
- located on the tumor cells30. Lastly, these ligands - with the associated
receptors - are highly expressed only in glioma-associated macrophages -
compared to their counterparts in the physiologic brain, indicating that the
growth and invasion of the glioblastoma TME are significantly dependent
on TAMs function30,31.

TAMspresentingwith the pro– tumor phenotype promote glioma cell
proliferation and invasion26,32. These macrophages present with specific cell
surface receptors such as CD206 and specific genes such as Egr2 and
Arginase 126,32,33 In addition, they achieve tumor development through the
secretion of messenger molecules that promote tumor growth, tumor cell
invasion, and angiogenesis26. More specifically, tumorigenesis is driven by
the secretion of non-specific and glioma-specific cytokines34. Transforming
growth factor-β1 (TGF - β1) is a non-specific cytokine that promotes the
rapid proliferation of glioma cells and their self-renewal ability34. This is
achieved through the activation of the SMAD2/3 pathway, leading to the
upregulation of SOX4 and SOX235. Additional expression of pro –
inflammatory cytokines, such as interleukin – 6 (Il-6), anti – inflammatory
cytokines – such as interleukin – 10 (Il-10), and angiogenic cytokines – such
as pleotrophin – further enhance the infiltration ability of glioblastoma,
promote its development and suppress themountingof an efficient immune
response36–39. Except for non-specific cytokines, pro – tumor TAMs secrete
glioma-specific proteins that enhance further tumor proliferation, such as
the cat eye syndrome critical region protein 1 (CECR1)40. CECR1 promotes
glioma growth through two distinct mechanisms. On one hand, it directly
activates theMAPK signaling pathway and on the other hand, it is involved
in the paracrine activation of the pericytes through the platelet-derived
growth factor subunit B - platelet-derived growth factor receptor β
(PDGFB-PDGFRβ) signaling40,41.

Tumor invasion is also driven by the secretion of specific molecules
such as MMPs and cathespins42,43. The triggering factor remains still
unknown, but it seems that it exerts its effect by stimulating Toll-like
receptor 2 on themacrophage surface44. Consequently, the signal transducer
MYD88 is upregulated, causing increased expression ofmembrane type− 1
metalloprotease (MT1 -MMP)on theplasmamembraneof thepro– tumor
TAMs42. These proteins can destroy the extracellular matrix of the brain
parenchyma, leading to the degradation of the endothelial vascular lining
and thus promoting migration of the glioma tumor cells42. Lastly, another
effect of the MT1 - MMPs is the induction of the epithelial-mesenchymal
transition of the glioma cells, the fundamental mechanism of tumor
metastasis45.

Angiogenesis through the effect of TAMs presenting with pre-
dominant pro – tumor phenotypes is achieved by various mechanisms19,42.
Firstly, the above-mentionedMT1 -MMPs seem to play a significant role in
this process by disrupting the basement membranes of the blood vessels42,46

This allows for endothelial cells to proliferate, forming new vessels that
sprout from the original46. In addition, angiogenesis is promoted through
the activation of the receptor for advanced glycation end product (RAGE)47.
Binding on this receptor induces the production of reactive oxygen species
(ROS), thus driving new vessel generation47. Last but not least, the setting of
hypoxia that characterizes the glial tumor microenvironment serves as the
final inducingmechanism for TAMs-driven angiogenesis47. Hypoxia causes
the secretion of a variety of cytokines, such as IL−1, IL− 8,MMP− 9, and
vascular endothelial growth factor (VEGF), all ofwhichdrive the endothelial
cells proliferation and the central nervous system extracellular matrix
remodeling and vascularization48,49. Another important effect of hypoxia on
pro - tumor TAMs is the upregulation of the REDD150,51. REDD1 is a
negative regulator of mTOR that inhibits glycolysis in anti - inflammatory

macrophages50,52. As of that, the excessive angiogenic response is reduced
and aberrant blood vessels are formed, preventing the efficient extravasation
of anti - tumor immune cells and drugs from the systemic circulation into
the glioblastoma TME53–55.

In addition to the peripherally derived macrophages attracted by the
glioma cells and entering the CNS, the immune microenvironment of the
glioma tumors also consists of brain resident microglial cells19. They are
natural residents of the physiological brain microenvironment, originating
from immature yolk sac progenitors after gestational day 8.556. Under
normal circumstances, these mononuclear cells promote the progression of
brain development by secreting cytokines and other factors that upregulate
cell growth, cell survival, and synapse formation56–58. Characteristic exam-
ples of such secreted molecules are the insulin-like growth factor 1 (IGF1) -
driving cellular growth - and the brain-derivedneurotrophic factor (BDNF)
- driving synapse formation57,58. Lastly, they also serve as the main immune
cells of the CNS phagocytosing living or apoptotic cells as well as dys-
functional neuronal axons27.

In the setting of a glioma tumor, however, microglial cells are stimu-
lated by different factors and thus present with interchanging anti – tumor
and pro – tumor phenotypes based on the stimulus they receive25. At this
point, it is important tomention that although anti– tumor andpro - tumor
functions are almost identical to the functions of the TAMs, a clear dis-
tinction should be made between microglia and peripheral macrophages
that have migrated in the tumor microenvironment19. More specifically,
these two different cell types present different tolerogenic activity and
secrete some unique cytokines to achieve their effects59. For example, tumor
growth is promoted by microglia through the secretion of stress-inducible
protein (STI1)60 as well as the release of epidermal growth factor (EGF)19.
The aforementioned molecules are not secreted by pro - tumor TAMs.
Additionally, another significant difference is their geographical distribu-
tion in the glioma microenvironment. Peripherally derived macrophages
seem to migrate from the periphery to the center of the lesion where they
acquire their immunosuppressive phenotype and exert it at higher levels
than that of the native microglial cells61. On the other hand, microglia have
higher concentrations and activity at the periphery of the lesion59 Lastly,
single cells studies have demonstrated that microglia express the specific
surface markers P2RY12 and TMEM119 which differentiates them from
glioma – associated macrophages and showcase a linear correlation with
improved survival of the patient17,28.

Myeloid–derived suppressor cells (MDSCs) are immature bone
marrow-derived cells in different monocytic or granulocytic differentiation
states17. Under physiological conditions, they would differentiate into
mature granulocytes, dendritic cells, andmacrophages17. This is significantly
altered when they exist in the setting of the glioma. In the TME,maturation
is inhibited due to increased levels of reactive oxygen species (ROS) inside of
the MDSCs17,62. As of that, these immature cells cannot express the MHC
class II molecules which are responsible for the presentation of antigens to
the helper CD4+ T cells, resulting in reduced T cell-mediated immune
response17. In addition, MDSCs leave the glioblastoma TME and re – enter
the systemic circulation, inhibiting the proliferation of T cells and inducing
T cell apoptosis17,63 Lastly, themechanismof their recruitment in the glioma
microenvironment is still not fully understood but there seems to correlate
with both cytokine exposure and naïve monocytes transformation to
MDSCs after cell-to-cell contact with the glioblastoma TAMs17,64.

Tumor–associated neutrophils are another cell type that derives from
themyeloid cells when exposed to the glioma TME and their concentration
seems to present a liner correlation with the disease severity17,65. TANs can
be divided into anti–tumor N1 phenotype and pro–tumor N2 phenotype
based on their signaling pathway in the TME66. More specifically, N1 TANs
are defined by the IFNβ signaling while N2 NANs utilize the TGFβ
signaling66. In addition, through interactions in the glioma tumor cellular
environment, N1 cells can be converted intoN2pro–tumor phenotypes66,67.
Last but not least, N2 neutrophils further induce tumor growth through T
cell suppression, glioma cell proliferation, genetic instability induction, and
invasion throughmechanisms similar to the ones showcased inTAMs17,66,67.
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Lastly, tumor – associated dendritic cells also promote glioma growth
and proliferation under specific signaling pathways induced by the TME68.
In healthy conditions, dendritic cells (DCs) function as antigen – presenting
cells that activate helper and cytotoxic T cells, as well as natural killer (NK)
cells69. As of that, they have anti – tumor activity by initiating the immune
response against tumor antigens. In the glioma setting though, the
STAT3 signaling pathway inhibits thematuration ofmyeloid cells intoDCs,
causing the formation of TADCs70,71. These immature dendritic cells cannot
sensitize the immune system against the growing tumor and thus promote
immune suppression71. In addition, the expression of specific chemokines
such as CXCL1 and FGL2 from the TME further manipulates the function
of DCs to promote immune suppression and tumor development72,73. The
former seems to cause an increase in TADCs with a concomitant reduction
in the number of infiltrating cytotoxic T cells while the latter induces the
regulatory T cells (Tregs) function, causing inhibition of functioning DCs
and reducing the immune response72,73.

IDHwildtype gliomas show significant a difference in the composition
of the TAMs and microglia population of their TME compared to IDH
mutant gliomas74,75. Thisfinding seems to correlatewith the better prognosis
associated IDHmutant gliomas75. More specifically, IDH wildtype gliomas
comprise of microglia that present with an anti-inflammatory profile and
upregulate the expression of genes coding for proteins such as CD14 and
CD64 that promote a more reactive phenotypic profile74,75. In addition, the
TAMs of IDHwildtype gliomas overexpress human leukocyte antigen–DR
isotype (HLA-DR) andmajor histocompatibility complex I/II genes, further
promoting amore invasive and aggressive glioma profile74. On the contrary,
IDHmutant gliomas comprise of TAMs and microglia that present with a
pro – inflammatory phenotype, expressing HLA – A. -B, tumor necrosis
tissue a (TNF– a), and Il-10, and thus associatedwith increased survival and
a more favorable prognosis75.

Based on all the above, it can be concluded that myeloid cells, and
especially TAMs, are actively recruited by the glioblastoma TME and
constitute the main driving force of tumor growth and invasion19. Through
crosstalk among TAMs, the brain resident glial cells, MDSCs, TANs, and
TADCs, as well as secretion of various signaling molecules, myeloid cells
generate a complex microenvironment mainly defined by immunosup-
pression and conditions favoring glioblastoma development17,18. Lastly, they
directly downregulate the activity of anti– tumor lymphocytes and facilitate
the transformation of non – tumor cells and anti – tumor cells into pro –
tumor phenotypes that further enhance the invasiveness of the
glioblastoma17,19,59,61.

Lymphocytes
As mentioned above, peripherally derived macrophages constitute the
greater part of the glioma microenvironment and coexist with the natural
residents, the microglia19. Another part of the glioma microenvironment is
the T cell population that also migrates to the lesion through blood-brain
barrier damage19. These cells exist in very lowquantities and exhibitmarkers
of exhaustion76. In other words, the tumor-infiltrating T lymphocytes dis-
play less memory markers - such as CD44 and CD127 - and upregulate
inhibitory receptors - such as PD1 and LAG376. Additionally, their sup-
pression is further upregulated by the effect of pro - tumor microglia and
TAMs19,76.Another significant factor reducing theTcell activity is the lackof
B7.1/2 co-stimulatory molecules on the cell surface of the glioma cells
alongside the overexpression of the B7-H1 protein, a potent inhibitor of the
CD4+ and CD8+ activation pathway76. Finally, glioma tumor cells recruit
Tregs and regulatory dendritic cells in the tumor microenvironment that
inhibit both T cells and NK cells77.

The glioblastoma TME also utilizes physiological immune tolerance
mechanisms to avoid T cell mediated anti – tumor activity16. Under normal
conditions, tolerance is a process that occurs either centrally, at the thymus,
or peripherally, and prevents the circulation of T cells with high affinity for
self – antigens16. Glioblastomas can utilize both the FasL pathway and the
Tregs response to cause T cell apoptosis and suppression, respectively78. In
addition, T cell exhaustion is anothermethod of T cell immunosuppression

in glioma16,78,79. Overexpression of immune checkpoint proteins, such as PD
– 1 and CTLA – 4, leads to T cells hyporesponsiveness through the effect of
transcription factors like T- bet (downregulated) and Eomes
(upregulated)16,80–82. Lastly, T cells response is suppressed by impairment of
the T cell trafficking system16. Under physiologic conditions, the expression
of the sphingosine-1-phosphate receptor 1 (S1P1) on T cells serves as a
signaling pathway promoting egress of the naïve T lymphocytes from the
primary and secondary lymphoid organs76. However, in the setting of the
glioma TME, T cells interact with tumor cells, leading to internalization of
the S1P receptor16. Consequently, T cells become trapped in the spleen,
causing splenomegaly, while increased sequestration through the bone
marrow leads to significant lymphopenia14,76.

Specific genomic changes in glioma tumor cells have been shown to
affect the immune microenvironment. A striking example of this are IDH
mutations83. Mutant IDH proteins secrete Disodium (R) – 2 – Hydro-
xyglutarate (R- 2 – HG), an oncometabolite that directly inhibits the acti-
vation of T cells83. R-2-HG causes immunosuppression through two unique
pathways83. It functions as a 5 – methylcytosine hydroxylase inhibitor,
causing a decrease in the enzyme’s DNA demethylating activity and pro-
moting a state of hypermethylation of both DNA and regulatory
elements27,83,84. Single – cell DNA methylation studies have showcased a
dissociation between the methylation of promoter region and gene
expression27. As a result, oncogenes are continuously expressed despite
inhibitory methylation of the gene promoter27. This state of hypermethy-
lation leads to immunosuppression and oncogene insulation27. Finally, R-2-
HG can also be up taken by T cells in a paracrine manner through the SLC
transport proteins63. The buildup of the metabolite inside the immune cells
affects the transcriptional profile of T cells impedes their proliferation.

Novel approaches to modulate the immune
microenvironment
Oncolytic viriotherapy
Oncolytic viruses have been studied to induce direct anti-tumor effects as
well as promote immune activation and immune-related oncolytic activity
(Fig. 2).

Herpes simplex virus-based therapies. Herpes Simplex Virus (HSV)-
based therapies have been extensively explored due toHSVneurotropism
aswell as its ability to induce cytotoxic effect. TheG207 virus is anHSV-1
doublemutant that has deletions at both gamma 34.5 (RL1) loci as well as
a lacZ insertion targeting the ICP6 gene, which enables rapid virus
detection and tracking. These mutations allow conditional replication in
tumor cells while preventing infection of normal cells85. It was hypo-
thesized that themodified virus would have a reduced risk of encephalitis
as both genes coding for the large subunit of the viral ribonucleotide
reductase are deleted86. Initial dose escalation clinical studies demon-
strated the safety ofG207 injected directly into the tumor in a cohort of 21
patients withmalignant glial tumors, where no patients experiencedHSV
encephalitis for doses up to 3 ×109 p.f.u86. G207 was subsequently eval-
uated in a trial of 12 children and adolescents with progressive or
recurrent high-grade gliomas, for whom the virus was injected into the
tumor using a catheter87. There were no dose-limiting toxicities or major
complications from the procedure, and 11 patients experienced radio-
graphic, neuropathological, or clinical responses87. The median OS was
12.2 months, with the 95% CI being 8 to 16.4 months87. Interestingly,
post-treatment biopsies demonstrated a significant increase in CD3+,
CD4+ and CD8+ tumor infiltrating lymphocytes compared to the pre-
treatment samples, suggesting modulation of the immune micro-
environment by the virus, and indicating that clinical responses were
immune-mediated87.

G207was subsequentlymodified to express Interleukin–12gene (IL−
12), and the modified virus was named M03288. The effect of this specific
oncolytic herpes virus is dual. On one hand, it causes direct glioma
destruction by infecting the tumor cells88. On the other hand, it serves as a
gene therapy vector, causing the infected glioma cells to produce and secrete
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IL–12 until their death88. A dose escalation study was conducted withM032
in a cohort of 21 patients, with an initial dose of 1 ×105 p.f.u. and leading to
up to 1 ×109 p.f.u.88,89. This trial was conducted in a total of 21 patients,
achieving amedian post-treatment survival of 9.38months with the 95%CI
being7.57–12.95months89.Again, nodose-dependent toxicitywasobserved
when the maximal dose was achieved89.

CAN-3110 is an HSV1-based virus in which the ICP34.5 protein
responsible for viral translation is expressed under the control of the nestin
promoter, allowing for selective viral replication in glioma cells90. A recent
dose-escalation phase I trial of CAN-3110 was conducted in 41 patients with
recurrent high-grade glioma90. The doses tested ranged from1×106 to 1×1010

p.f.u90. No cases of HSV encephalitis were reported90. Themedian OS for the
entire cohort was 11.6 months with the 95% CI being 7.8–14.9 months90.
Interestingly, HSV1 seropositivity was associated with significantly longer
survival after treatment in patients with glioblastoma90. Additionally, analysis
of pre- and post- treatment samples revealed a significant increase in CD4+
and CD8+ tumor infiltrating lymphocytes, and a positive correlation
between increased TILs and survival. T cell receptor (TCR) sequencing
revealed a correlation between TCRß diversity and increased survival90.
Lastly, concordant changes to the PBMC/TIL repertoire – through either
expansion or depletion of different TCRs present on both TILs and PBMCs -
were associated with prolonged survival, as well as pro-inflammatory tran-
scriptional signatures90.

The Japanese G47Δ virus is a triple-mutated HSV1-based virus in
which the alpha47 gene andUS11 promoter were deleted fromG20791. The
virus, administered intratumorally for up to 6 doses, was tested in 19
patients with recurrent glioblastoma and was found to lead to a 1-year
survival rate of 84% (95% CI 60.4–96.6%) and median OS of 20.2 months
(95% CI 16.8–23.6 months)91. Serial biopsies demonstrated an increase in
CD4+ and CD8+ TILs in treated patients91. This study led to the approval
of this virus for the treatment of malignant glioma in Japan.

The studies mentioned above indicate that HSV-based viral therapies
are capable ofmodifying the lymphocyte component of the glioma immune
microenvironment, allowing an immunologically “cold” tumor to become
more immune infiltrated, and in some cased induce immune-related clinical
responses in patients.

Adenovirus-based therapies. Adenovirus has been chosen as a ther-
apeutic vehicle due to its abilities to readily infect and lyse tumor cells.
DNX-2401 is a conditionally replicating adenovirus created by deleting a
part of the adenovirus E1A gene92. As a result, DNX-2401 cannot repli-
cate in physiological cells with a functional Rb pathway but it can
selectively replicate in glioma cells - since they don’t present with a
functional Rb pathway92. DNX – 2401 presents with a direct and an
indirect mechanism of causing tumor death93. The direct mechanism
causes primary tumor lysis and tumor cell autophagy mediated by the
innate oncolytic ability of the adenovirus92,93. Death of tumor cells leads to
the release of damage – associated pattern (DAMPs) that are recognized
by innate immune system cells93. Consequently, proinflammatory cyto-
kines such as interferons (IFNs), IL1, IL6 and TNF – α, are secreted and
the Th1 immune response against the tumor is initiated and enhanced93.
This process is the indirect oncolytic mechanism of DNX – 2401.

DNX-2401was evaluated in a dose escalation study of 37 patients with
recurrent glioma92. Patients were divided into two cohorts, one receiving a
single injectionofDNX-2401 (groupA)andone receiving thevirus followed
by surgical resection, and injection of a second dose of virus into the
resection cavity (group B)92. The median overall survival time was
9.5 months in Group A and 13.0 months in Group B92. It is worth men-
tioning that 5 patients in Group A survived more than 3 years, with 3 of
them showing tumor reduction greater than 95%92. This finding suggests
activation of an anti-tumor immune response by DNX – 240192. In fact,
analysis of post-treatment samples revealed that DNX-2401 induced a
potent direct anti-tumor response, evidenced by the presence of necrosis, as
well as T cell infiltration consistent with an immune response92. Finally, no
dose-dependent toxicity was observed when the maximal dose was
achieved92.

Follow up studies evaluated the combination of DNX-2401 with
checkpoint blockade immunotherapies, to augment the anti-tumor
immune response. DNX-2401 was evaluated in combination with the
anti-PD1 antibody pembrolizumab in patients with recurrent
glioblastoma94. The 49 subjects that were enrolled were injected intratu-
morally with an initial dose of 5 ×108 vp/mLofDNX-240194. After that, they
received 200mg of pembrolizumab every 3 weeks94. The side effects that

Fig. 2 | Selected immunomodulatory therapies currently in clinical development.
Overview of selected novel immunomodulatory agents that are discussed in this
review article. These agents include oncolytic viruses, vaccine therapies, cellular

therapies and other systemic therapies such as antibodies and peptides. The figure
was created using BioRender.com.
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were observed can be characterized as mild to moderate and manageable94.
The overall survival at 1 yearwas 52.7%%(95%CI 40.1–69.2%) andmedian
OS of 12.5 months (95% CI 10.7–13.5 months)94. Lastly, it is important to
mention that the patients in this clinical trial were divided post operatively
into three groups, based degree of TME inflammation at the time of
intervention94. These groups were labeled as “low”, “medium” and “high”
based on division criteria described in recent literature95. The complete
responders belonged exclusively to “medium” TME inflammation category
and showcased the longest survival time94.

DNX – 2401 was also used in the pediatric population in the setting
of diffuse pontine intrinsic glioma96. A single infusion of DNX – 2401
was administered through a catheter in the peduncle of the cerebellum
and then adjuvant radiotherapy was used. Patients of ages ranging from
1 to 18 years old were allowed to participate in the study96. The study
design was dose–escalating administration of DNX − 2401, with an
initial dose of 1 ×1010 p.f.u., and subsequent administration of either
5 ×1010 p.f.u. or 1 ×1010 p.f.u., if the patient developed adverse events
with the initial dose96. The most common side effects were headache,
neurologic deterioration, vomiting, and fatigue while 3 patients pre-
sented with hemiparesis. Median overall survival for this cohort was
17.8 months (95% CI 5.9–33.5 months)96.

Novel delivery methods have been studied for DNX-2401. More spe-
cifically, an intravascular approach could achieve superior results while
makingdrug administrationmore accessible and feasible.Asof that, the idea
of utilizing human bone marrow – derived mesenchymal stem cells
(hMSCs) as vehicles for delivery of glioma therapy has been explored in
preclinical models of glioma. In a study including 10 canines, hMSCs were
injected in the internal carotid artery with escalating doses of DNX – 2401,
beginning with 2 ×106 cells/20mL and reaching the maximum dose at
1 ×108 cells/10mL97. 2 animals were monitored for 24 h after receiving the
maximum dose97. No neurologic side effects were observed97. The lack of
systemic toxicity and the small number of complications led to the con-
clusion that such a deliverymethod could potentially yield positive results in
the settings of a clinical trial97. Similar conclusions were drawn in a pre-
clinical study in murine models98. Lastly, promising results and efficient
tumor volumedistribution following perfusion guided super-selective intra-
arterial (ESIA) infusions (PG – ESIA) have been demonstrated by the early
results of the NCT 03896568 ongoing clinical trial99.

Poliovirus-based therapies. Poliovirus has been studied as an anti-
glioma agent due to its ability to replicate efficiently in target tissues
while at the same time remaining restricted to them100. PVSPIRO is a
recombinant non – pathogenic polio – rhinovirus chimera formed by
replacing the poliovirus cognate internal ribosome entry site with that
of the human rhinovirus type 2101. This has a dual effect on the
recombinant virus produced101. On one hand, the foreign internal
ribosome entry side of the oncolytic virus leads to the incapacity of the
neurons. On the other hand, themodified poliovirus is unable to infect
and damage spinal cord neurons100,101. PVSPIRO selectively recognizes
the polio receptor CD155, a major component of the glioma
microenvironment101. This leads to cytotoxic activity against glioma
cells and concurrent production of antiviral interferon response from
the immune cells of the TME, promoting an anti – tumor response101.
The study design was dose–escalating administration of PVSPIRO
with dose levels of 1 ×108 TCID50 up to 5 ×1010 TCID50, followed by a
dose expansion phase with gradual dose reduction and final dose level
of 107 TCID50. The clinical trial was conducted in a total of 61 patients,
achieving a median OS of 12.5 months (95% CI 9.9–15.2 months)101.
Based on preliminary findings by testing immune – cell frequencies in
the periphery, PVSPIRO seems to reduce Tregs number while
increasing functional effector T cells, suggesting enhanced immune –
mediated anti – tumor activity101.

In summary, oncolytic viruses have emerged as promising anti-
gliomas therapies that leverage both direct cytotoxic responses and immune
modulation.

Vaccine-based therapies
Vaccine-based therapies have been explored as a way to train the immune
system to recognize specific antigens present in glioma cells in order to elicit
an anti-tumor response. Several methodologies have been explored for this
class of therapeutics (Fig. 2).

Peptide-based vaccines. Peptide-based vaccines utilize carefully
selected peptides that are derived from tumor-associated antigens.

A characteristic example is the clinical trial focused on the
glioblastoma-specific therapeutic vaccine IMA950102. This vaccine contains
11 tumor-associated peptides (TUMAP) that can be found on the human
leukocyte antigen (HLA) surface receptors of primary glioblastoma tissue102.
Patients positive for HLA –A02 receptor were administered 11 intradermal
injections with IMA950 alongside adjuvant granulocyte macrophage
colony-stimulating factor (GM-CSF) for a period of more than 24 weeks102.
The clinical trial was conducted in a total of 45 patients, achieving amedian
OS of 15.3 months102. IM950 lead to an increased production of peripheral
CD8+ T cells against the TUMAPs of the vaccine, indicating an increase
immune response specifically against the tumor TME antigens102. Overall,
no serious adverse effects were observed102.

Another example of this strategy is the vaccine targeting the glioma-
associated protein survivin103. This molecule is expressed during the
development of the fetus, but it is usually undetectable in adult organisms103.
In addition, survivin is not expressed in healthy glial cells103. Glioma cells are
insteadknown toexpresshigh levels of survivin,which regulates cell division
and inhibits apoptosis104. The SurVaxM vaccine is a synthetic survivin
conjugate vaccine103. A phase IIa clinical trial was conducted in 64 newly
diagnosed glioblastoma patients in conjunction with radiation therapy and
temozolomide103. The trial participants received four doses – 500 μg every
2 weeks - of the peptide vaccine alongside sargramostim subcutaneously
after completing radiation therapy103.Afterwards, patients receivedadjuvant
temozolomide and maintenance SurVaxM until progression. The median
OS was 25.9 months (95% CI 22.5–29 months), with no significant side
effects being reported103. The trial reported evidence of immune activation
with the presence of survivin-specific CD8+ T cells and antibodies103.
SurVaxM is currently being evaluated as part of a placebo-controlled ran-
domized phase 2 clinical trial in conjunction with temozolomide in patients
with newly diagnosed glioblastoma.

Neoantigens have emerged as a novel target for peptide-based cancer
vaccine clinical trials105. These molecules are derived from tumor – specific
protein coding mutations and have the characteristic of being exempt from
central tolerance while able to generate an immune response against glioma
tumors105. It is important to mention that this strategy was previously used
in patients with advanced melanoma, with results demonstrating evidence
of persistent neoantigen-specific T cell responses and tumor infiltration by
neoantigen-specific T cell clones106. The personalized neoantigen vaccine
NeoVaxwas tested in a phase I clinical trial in patientswithnewly diagnosed
MGMT-unmethylated glioblastoma105. Neoantigens were identified by
isolating the cancer cells after surgery and comparing them to matched
normal tissues105. The resultant vaccine consists of 20 long polypeptides,
divided into pools of 3–5 peptides105. The vaccine was administered in a
prime-boost schedule following radiotherapy. From the initial 10 patients,
only 8 of them received thefirst vaccination dose due to the lack of sufficient
neoepitopes for 2 patients105. The median OS was 16.8 months (95% CI
9.6–21.3months) and all patients died of progressive disease105. Single cell T
cell receptor analyses showcasedmigration of peripheral T cells - specific for
the vaccine neoantigens – into the glioma TME, indicating the potential
ability of this approach to alter the immune constitution of the glioma
microenvironment105.

The creation of a personalized peptide vaccine treatment plan utilizing
both unmutated tumor-associated antigens and neoantigens - and its effi-
cacy - was tested in the Glioma Actively Personalized Vaccine Consortium
(GAPVAC) phase I clinical trial107. In this trial, 15 patients with (HLA)-
A*02:01 or HLA-A*24:02 positive GBM were enrolled, and each patient’s
tumor underwent transcriptomes and immunopeptidomes analyses to
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formulate personalized vaccines107. Initially, the patients were treated with
theAPVAC1vaccine, producedby apremanufactured library of unmutated
antigens. Following the administration of APVAC1, patients were admi-
nistered the second vaccine (APVAC2) that preferentially targeted GBM
neoepitopes107. It is important to mention that an increased response of
CD8+memoryTcellswas recorded after the administrationofAPVAC1107.
Further enhancement of the antitumor immune response was noted fol-
lowing the APVAC2 administration by the increase in CD4+ helper T cells
type 1107. As of that, a significant anti-tumor response was observed with a
median OS was 29.0 months and no significant toxicity107.

Lastly, the creation of microbial based vaccines is another therapeutic
approach that has been explored in the treatment of glioma108. This
approach is based on the premise that bacteria and glioma cells have
common epitopes which can lead to T cell cross reactivity108. A study
demonstrated that bacterial peptides, especially from the gut microbiota,
can stimulate tissue – infiltrating lymphocytes and also promote the for-
mation of anti – tumormemory cells108. As a result, microbial antigens have
the potential to serve as antigens used in the production of tumor specific
vaccines. This led to the development of a clinical trial of EO2401, a peptide
vaccine based on homologies between tumor and bacterial antigens, in
patients with recurrent glioblastoma in combination with immune check-
point inhibitors with or without bevacizumab.

Dendritic cell-based vaccine. Dendritic cell (DC) vaccines have been
explored as a novel strategy in glioblastoma patients109. DCs can stimulate
immune responses by presenting tumor antigens to the immune system.
It was therefore hypothesized that an anti-tumor immune response could
be elicited by isolating patient’s dendritic cells and incubating them with
tumor lysates, and then administering them back to patients109. This
would allow for a personalized approach and a broad repertoire of
antigens110. Additionally, DC vaccines have the advantage of eliciting an
immune response from diverse T cell populations, upregulating both
CD8+ cytotoxic and CD4+ helper T cells110,111.

A phase III clinical trial utilizing the autologous tumor lysate-loaded
dendritic cell vaccine (DCVax-L) enrolled 331 newly diagnosed glio-
blastoma patients whowere randomized toDCVax-L plus temozolomide
or temozolomide plus placebo110. Because patients in the control group
were allowed to cross over to the experimental group, thus depleting the
control group, the final OS analysis was conducted with an external
validation cohort and not on the randomized population110. The median
OS of the DCVax-L group was 19.3 months (95% CI 17.5–21.3 months)
versus 16.5 months for the control group (95% CI 16–17.5 months)110.
The survival difference at 48 months was 15.7% for the vaccine group
versus 9.9% for the control110. These results warrant further investigation
of DCVax-L in glioblastoma, alone or in conjunction with other ther-
apeuticmodalities110. It is worth noting some important limitations of this
study, including the lack of a randomized control group and a change in
endpoint from PFS to OS.

DNA vaccines. DNA vaccines utilize DNA molecules encoding tumor-
specific antigens. Some advantages of DNA vaccines include their ease of
development and production as well as stability. An example of such
strategy is the combination of INO-5401 and INO-9012, two plasmids
encoding tumor antigens hTERT, WT-1 and PSMA as well as IL-12112.
These agents are currently being evaluated in a clinical trial in newly
diagnosed glioblastoma patients in combination with temozolomide,
radiation and the immune checkpoint inhibitor cemiplimab. Preliminary
results of this study demonstrated OS of 17.9 months (95%CI 14.5–19.8)
for the MGMT unmethylated cohort and 32.5 months (95% CI 18.4 to
not reached) for the MGMT methylated cohort, warranting further
investigation112. Another example is the ITI-1001 vaccine, based on
human cytomegalovirus proteins expressed on glioblastoma cells, spe-
cifically pp65, gB and IE – 1113. In a preclinical study, treatment with ITI-
1001 led to ~56% long-term survival of tumor bearingmice and increased
T cell infiltration in the tumor microenvironment113. ITI-1001 is

currently being investigated as part of a phase I study in patients with
newly diagnosed glioblastoma.

In summary, vaccine-based strategies are emerging as ways to mod-
ulate the tumor immune microenvironment through the activation of
immune responses against tumor-specific antigens.

Cellular immunotherapies
In addition to the above, the engineering of chimeric antigen receptors
(CARs) that can be expressed on either T cells (CAR-T cells) or NK cells
(CAR-NK cells) constitutes another approach to the treatment of glio-
blastoma by targeting the TME (Fig. 2)114,115. CARs consists of four main
domains that facilitate its function as a recombinant receptor.Namely, these
domains are: an extracellular antigen–binding domain, a hinge region, a
transmembrane domain, and an intracellular domain responsible for the
signaling cascade114.

More specifically, clinical trials havebeen conducted testing the efficacy
of CAR–T cell therapy targeting a wide range of receptors such as the
epidermal growth factor variant III (EGFR vIII), the human epidermal
growth factor receptor 2 (HER2), and the interleukin 13 receptor a2
(IL13Ra2) (Fig. 2)114.

A case report introduced a single patient presenting with recurrent
multifocal glioblastoma that was treated with CAR–T cell therapy targeting
IL13Ra2116. Multiple rounds of intracavitary and intraventricular adminis-
tration of CAR–T cells specific for IL13Ra 2 were administered116. Sig-
nificant tumor reduction was observed in both intracranial and spinal
tumorst, with the treatment effect being sustained for 7.5 months post-
therapy initiation116. Immediately post-infusion, the total number of
immune cells per cubicmillimeter of cerebrospinal fluid - both endogenous
immune cells and CAR- T cells - increased by a mean of 7.0 ± 3.6, in
comparison to the pre-infusion level116. Also, during the later treatment
cycles, an additional increase in anti-tumor cytokines in the cerebrospinal
fluid was noted116. Lastly, no significant systemic toxicity was observed116. It
is worth mentioning that similar outcomes with minimal toxicity were
reported in a phase 1 trial conducted by administering genetically modified
CAR–T cells targeting the IL-13Rα2 receptor where the glucocorticoid
receptor of the CAR–T cells was permanently disrupted117.

In addition to IL-13Rα2 – targetedCAR–T cell therapy, several studies
are evaluating EGFR vIII-directed CAR-T cells. A phase I trial conducted in
10 patients where a single dose of EGFRvIII – targeting CAR–T cells was
administered intravenously demonstrated a median OS of 8 months with-
out significant tumor size reduction118. In addition, although peripheral
blood levels of EGFRvIII – targeting CAR – T cells were increased post-
infusion and local infiltration in the TME was noted, a subsequent increase
in the trafficking of immunosuppressive T-regs and cytokines into the
glioma significantly limited the efficacy of this treatment approach118. This
lack of efficacywas further confirmed in a subsequent phase I/II clinical trial.
It is worth noting that no significant systemic toxicity was observed in either
trial118,119.

It is important to mention that recent ongoing clinical trials
NCT05660369120 and NCT05168423121 - utilizing an intrathecal mode
of delivery for CAR – T cells targeting EGFRvIII for the former study
and EGFR vIII and IL13Rα2 for the latter- showed signs of glio-
blastoma regression at early magnetic resonance imaging (MRI)
assessments, within days of initiation of treatment. The effects,
however, were transient in two out of the three patients enrolled in
NCT05660369 trial120 and failed to meet the criteria for objective
radiographic response in all six patients enrolled in trial
NCT05168423121. Cerebrospinal fluid analysis of the patients in the
NCT05168423 trial showed significant CAR - T cell concentrations
and cytokine production in all six patients, pointing towards
CAR-T cell activation and cytotoxicity121. Lastly, systemic toxicity was
detected in both studies, with adverse events less than grade 3 in
NCT05660369120 and early-onset neurotoxicity in all six patients
enrolled in NCT05168423121. Neurotoxicity was successfully managed
with a combination of high – dose dexamethasone and anakinra.
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Based on the above, it can be concluded that CAR –T cell therapy, as a
monotherapy, presents with significant limitations that include limited
diffusion capacity through the blood brain barrier, the immunosuppressive
glioblastoma TME, and possible antigen escape promoted by the constant
evolution and mutation of glioma cells to avoid immune – mediated
killing114. Despite those limitations, the utilization of CAR –T cells as a part
of a combined immunotherapy treatment scheme seems promising. More
specifically, ongoing clinical trials are examining the combination of
EGFRvIII – targeting CAR–T cells with PD – 1 inhibitor pembrolizumab
(NCT03726515)122 and the combination of IL-13Rα2 – targeting
CAR–T cells with PD-1 inhibitor nivolumab and CTLA4 inhibitor ipili-
mumab (NCT04003649)114. Additionally, ongoing clinical trials explore the
efficacy of CAR-T cell treatment with adjuvant radiotherapy and viral
oncolytic therapy114.

Last but not least, a different approach utilizing CAR recombinant
receptors expressedonNKcells insteadofTcells hasbeen testedboth inpre-
clinical and clinical trials for glioblastoma115. More specifically, CAR–NK
cell treatment seems to bypass the limitations associated with the ability of
CAR–T cells to recognize specific tumor antigens115. This occurs because
NKcells exert their effects by recognizing tumor cells expressing imbalanced
stimulatory (i.e. DNAX accessory molecule 1 (DNAM) and NK group 2D
(NKG2D)) and inhibitory receptors (i.e. killer cell immunoglobulin-like
receptors (KIRs), andprogrammeddeath 1 (PD1))115,123.Moreover,NKcells
canbeused either as allogenic or autologous therapy,with allogeneicNKcell
therapy seemingly being more advantageous for severely immunocom-
promised patients since the NK cells derived from a healthy donor would
not display the markers of cellular exhaustion that would be present on the
NK cells of the tumor-burdened host115. Lastly, CAR-NK cell therapy tar-
geting the EGFRvIII and HER2 receptors expressed by the glioma cells has
shown promising results in pre-clinical studies124,125.

Systemic therapies
Antibodies. As stated above, the immune TME of gliomas is highly
immunosuppressive and leads to anergy of the infiltrating lymphocytes
(TILs). This is partly achieved is by the interaction of immune checkpoint
(IC) molecules of the TILs with ligands on glioma cells126. Although
inhibition of these pathways seems to be a promising target for glioma
treatment, so far clinical studies of immune checkpoint inhibitors have
yielded negative results126. This prompts the investigation of alternative
immune checkpoint pathways (Fig. 2).

Data derived from the Cancer Genome Atlas (TCGA) transcriptomic
database showcases that PD1andTIGITare themost suitable candidates for
antibody-based therapy in glioma 126. These two molecules are upregulated
by themyeloid cells of the glioma TME and cause immunosuppression and
tumor progression126.More specifically, PD1 is an IC expressed on activated
immune cells, includingTILs,whileTIGIT servesmostly as adecoy receptor
that binds preferentially to the activating molecules of the natural killer
cells126,127. Dual inhibition of these ICs seems to be strongly associated with
reduced immunosuppressive activity from themyeloid cells, and specifically
from theMDSCs, serving as a potentially effective approach in changing the
immune status of the glioma TME126,127. This led to the development of
clinical trials evaluating the combination of anti PD1 antibodies with anti-
TIGIT antibodies in recurrent glioblastoma.

In addition, the combination of antibody–cytokine fusion protein
based on tumor necrosis factor (TNF) L19TNF and the alkylating agent
lomustine (CCNU) has been tested both in pre-clinical and clinical
trials128–130. More specifically, the L19 antibody, targeting the tumor-
associated extracellular fibronectin epitope, was fused with TNF and pro-
moted anti-tumor lymphocyte recruitment in the glioblastoma TME and
direct tumor cytotoxicity. These findings were observed in pre-clinical
studies conducted in immunocompetent orthotopic glioma mouse models
both by Look et al. 128 andWeiss et al. 129. It is worth mentioning thatWeiss
and his team also tested the potential therapeutic effect of L19 fused with
Interleukin 12 (IL-12) but none of themice treatedwith L19-mIL2 showed a
reduction of tumor burden129.

Based on the aforementioned findings, Weiss et al. proceeded
with a phase I clinical trial that included 15 patients with recurrent
GBM130. Each patient was treated intravenously with three different
dose levels of L19TNF and CCNU130. The median progression-free
survival was 4.2 months, with 3 patients achieving near-complete
response130. Although the median OS has not been reached after an
11-month follow-up, progression-free survival at 6 months was
46%130. Following treatment, inflammatory marker C-reactive protein
was significantly elevated in the periphery, which seemed to correlate
with progression-free survival130. No significant toxicity was reported.
Lastly, another clinical trial testing the combination of L19TNF and
CCNU is currently ongoing, and initial reports of the first 5 recurrent
glioblastoma patients have shown objective responses in three of them
(NCT04573192)128.

Peptides. Another approach that targets theMDSCs of the glioma TME
is the cyclic peptide VT1021 (Fig. 2)131. This molecule leads to higher
expression of thrombospondin – 1 (TSP-1), which functions by binding
to CD36 and CD37 receptors131. Through this interaction, it promotes
tumor and endothelial cell apoptosis, as well as immunemodulation and
reprogramming of the gliomaTME131. A phase I/II dose expansion study
of single agent VT1021 in patients with recurrent glioblastoma
demonstrated that out of 22 evaluable patients, 3 patients had a complete
response, 1 had a partial response and 6 had stable disease131. The disease
control rate achieved was 45% and there were no significant adverse
events131. Further analysis revealed that patients who experienced clin-
ical responses had increases in total cytotoxic T cells and proliferating
cytotoxic T cells, as well as a reduction in PDL1+MDSCs132.

Concluding remarks
The gliomaTME is a cellular environment that promotes tumor growth and
inhibits physiologic anti-tumor processes. As we discussed, the immune
microenvironment consists of several cell types that communicatewith each
other and with tumor cells through signaling molecules, ultimately leading
to impaired anti-tumor immune responses and an immunologically “cold”
environment. Contrary to other tumors, glioma-infiltrating T cells are low
in abundance and exhibit markers of exhaustion. These features of the
immune microenvironment underlie the lack of responses of gliomas to
immunotherapies including immune checkpoint inhibitors.

In recent years, several studies have contributed to a deeper
understanding of the aberrant physiology of the immune micro-
environment in gliomas, leading to the development of novel therapies
to modulate it. A summary of ongoing clinical trials evaluating
immunomodulatory therapies in glioma is included in Table 1. In this
review, we summarized the most promising therapeutic avenues that
are currently in clinical development. Oncolytic viruses such as
genetically altered HSV, adenovirus, and poliovirus are currently
being evaluated as direct cytotoxic agents that can also stimulate anti-
tumor immune responses. Several studies including analyses of pre-
and post-treatment samples have shown that oncolytic viruses lead to
an increase in tumor-infiltrating lymphocytes and have described
correlations between immune activation and favorable clinical out-
comes. The mechanisms leading to oncolytic virus-induced immune
activation remain to be fully elucidated, but they are likely related to
the release of tumor antigens upon viral infection. Similarly, peptide
vaccines and DNA vaccines lead to increased immune sensitization to
tumor-specific antigens. Lastly, new generations of cellular therapies
such as CAR-T cells and CAR-NK cells are emerging as promising
tools to induce cytotoxicity and redirect immune cells against
the tumor.

In conclusion, the significance of the TME in gliomas is indisputable
and offers novels ways to treat highly aggressive cancers. Further research is
required in order to understand the clinical application of these therapies
including combination approaches with existing modalities such as
immunotherapies and targeted therapies.
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