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Glioma is one of the common tumors in the central nervous system, and its
treatment methods (surgery, radiotherapy, and chemotherapy) lack specificity
and have a poor prognosis. With the development of immunology, cell biology,
and genomics, tumor immunotherapy has ushered in a new era of tumor therapy,
achieving significant results in other invasive cancers such as advanced
melanoma and advanced non-small cell lung cancer. Currently, the clinical
trials of immunotherapy in glioma are also progressing rapidly. Here, this
review summarizes promising immunotherapy methods in recent years,
reviews the current status of clinical trials, and discusses the challenges and
prospects of glioma immunotherapy.
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Introduction

Glioma refers to a tumor originating from glial cells and is the most common primary
tumor in the central nervous system (1). Glioma, with an incidence of 6.6/100,000 of which
about half were glioblastomas (1), accounts for almost 90% of all malignant brain and other
central nervous system tumors (2). The incidence of glioma increases with age (3), and the
incidence of glioblastoma was highest in males, persons aged more than 65 years, and non-
Hispanic White (2). The symptoms of glioma depend on their location, size, type, and
growth rate. Glioma treatment usually begins with surgery and is followed by radiation
therapy, chemotherapy, and targeted therapy. However, most patients are not sensitive
to traditional treatment and have a poor prognosis. Available treatment options
include second-line surgery, radiotherapy, alkylating agent chemotherapy, and
bevacizumab therapy. Unfortunately, once progression or recurrence occurs, the median
overall survival (OS) is only 6 to 9 months. Therefore, there is an urgent need for new
therapeutic strategies to treat recurrent GBM (4). With the advancement of immunology,
cell biology, and molecular biology, tumor immunotherapy has ushered in a new era of
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cancer treatment (5). Immunotherapy as a new treatment method
may be beneficial for delaying glioma recurrence and improving the
therapeutic effect of glioma. Recently, immunotherapy has achieved
some exciting and encouraging results even though there are still
many challenges in practical clinical applications. A deeper
understanding of the biology and immune microenvironment,
along with the development of new therapeutic combinations,
may potentially change the current challenges faced by
immunotherapy in GBM. We provide a review of the current
status and new developments in immunotherapy, including
tumor vaccines, immune checkpoint inhibitors, chimeric antigen
receptor T cells (CAR-T), and oncolytic virotherapy, for
glioma (Figure 1).

Tumor vaccines

The use of vaccines to treat confirmed malignant tumors can be
traced back to 1910s and 1950s (6). Tumor vaccines can utilize the
adaptive immune system to produce tumor-specific antibodies and
thereby exert anti-tumor effects (7), mainly divided into peptide
vaccine, dendritic cell vaccine, and tumor neoantigen vaccine
(8) (Figure 2).

Peptide vaccine

Peptide vaccine is a vaccine made by artificially synthesizing
protective short peptides in the amino acid sequence of natural
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proteins, connecting them with carriers, and adding adjuvants. A
phase I clinical study conducted in Japan indicated that WT1 peptide
vaccine induced WT1-specific CD8+ T cells and CD4+ T cells and
was tolerable in patients with WT1+ malignant glioma (9), and the
phase II clinical trial further showed WT1 peptide vaccine was safe
and produced a clinical response in patients with WT1/HLA-A*2402
+ recurrent glioblastoma multiforme (10). During the administration
of the WT1 peptide vaccine, the maintenance of WT1 expression in
tumor cells is significantly associated with a longer progression free
and overall survival (11). ACT IV, a randomized, double-blind, phase
3 study done conducted in 22 countries, was terminated prematurely
due to the significant adverse events and ineffectiveness on overall
survival for rindopepimut (a vaccine targeting EGFRVIII) in newly
diagnosed EGFRVIII+ glioblastoma patients who underwent maximal
surgical resection and completed standard radiotherapy with
concomitant temozolomide (12). However, another phase II,
multicenter, prospective trial completed in American indicated that
the toxicity of PEPVIII-KLH (another vaccine targeting EGFRVIII)
was generally minimal in adults with newly diagnosed EGFRVIII+
glioblastoma patients who underwent maximal surgical resection and
completed standard radiotherapy with concomitant temozolomide
and the overall survival of patients with EGFRVIII specific antibody
response was longer than that of patients without, and there was still a
statistical difference after adjusting for factors such as age, Karnofsky
performance status, and methylguanine methyltransferase
methylation (13). ReACT, a double-blind, randomized, phase II
study done in American, further confirmed the potential of
rindopepimut for targeted immunotherapy among patients with
recurrent EGFRVIII+ glioblastoma (14). Neurooncology Working
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Strategies to overcome gliomas. The diagram illustrates various immunotherapy strategies for targeting and eliminating cancer cells. On the left,
cancer vaccines stimulate an immune response, while immune checkpoint inhibitors like Ipilimumab, Nivolumab, Pembrolizumab, and Cemiplimab
block the PD-1 pathway to activate T-cells. PD-L1 inhibitors such as Atezolizumab, Durvalumab, and Avelumab further promote the killing of cancer
cells by preventing cancer cells from evading immune detection. CAR-T cell therapy is depicted, showing how T-cells are engineered with a
chimeric antigen receptor (CAR) to directly attack tumor cells. Oncolytic viruses are also represented, illustrating their role in selectively infecting and

destroying cancer cells.
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Classification of tumor vaccines. This diagram illustrates two personalized immunotherapy approaches for cancer: peptide vaccines and dendritic
cell (DC) therapy. On the left, the process of creating a personalized peptide vaccine begins with the identification of tumor-specific antigens from
the patient’'s tumor cells, followed by the generation of a peptide vaccine tailored to the patient. On the right, dendritic cell therapy involves isolating
monocytes from the patient, differentiating them into immature DCs, and loading them with tumor-specific antigens. These mature antigen-loaded
DCs are then reintroduced into the patient to stimulate an immune response.

Group of the German Cancer Society trial 16 (NOA-16), a non-
controlled, open-label, single-arm, multicenter, first-in-humans
phase I trial conducted in Germany, demonstrated that IDH1
(R132H)-specific peptide vaccine (IDH1-vac) prolonged the
pseudoprogression and survival time of patients with IDHI
(R132H)+, non-1p/19q co-deleted, ATRX- World Health
Organization (WHO) grade 3 and 4 gliomas and the vaccine-
related adverse events were restricted to grade 1 (15). Moreover,
the new antigen IDH1 (R132H) is immunogenic across multiple HLA
alleles and effectively induced an IDHI-specific immune response
(15). MultIceNTER Phase I Peptide VaCcine Trial for the Treatment
of H3-Mutated Gliomas (INTERCEPT-H3), a non-controlled, open-
label, single arm, multicenter phase I trial done in Germany, showed
that H3K27M-specific long peptide vaccine (H3K27M-vac) induced
neoepitope-specific CD4+ T cell-dominated colocalization immune
responses with HLA class II-DR in patients with newly diagnosed
H3K27M diffuse midline gliomas and these patients with immune
responses showed radiographic improvement (16).

Dendritic cell vaccine

Dendritic cell vaccine is a vaccine that utilizes the patient’s own
dendritic cells to activate the immune system and enhance its ability
to attack tumor cells. The main function of dendritic cells is to
initiate and activate the recognition and response of initial T cells to
protein antigens, present viral and tumor antigens. It is the only
dedicated antigen presenting cell that can directly activate initial
T cells. Several phase I clinical trials found that three biweekly
intradermal administration of autologous tumor lysate-pulsed
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dendritic cell vaccine among malignant glioma patients elicited
antigen-specific systemic and intracranial cytotoxic and memory T-
cell infiltration (17-19). A later phase I/II clinical study done in
Japan showed the safety and clinical response of autologous tumor
lysate-pulsed dendritic cell therapy for patients with malignant
glioma (20, 21). A phase 3 randomized, double-blinded, placebo-
controlled clinical trial conducted in the American, Canada,
Germany, and the United Kingdom showed that addition of
autologous tumor lysate-pulsed dendritic cell vaccine
(DCVax®-1) to standard therapy was feasible and safe in newly
diagnosed or recurrent glioblastoma patients and extended
progression free survival and overall survival (22, 23). A
randomized, double-blind, multicenter phase II placebo-
controlled study found autologous tumor lysate-pulsed dendritic
cell vaccine (ICT-107) improved progression free survival and
maintained quality of life in recurrent glioma patients (24). A
single-arm phase 2 clinical trial completed in American indicated
that the Aivita glioblastoma vaccine (AV-GBM-1) was well-
tolerated and extended the median progression free survival with
numerous treatment-emergent central nervous system adverse
events (25). A single-center, randomized, open-label multi-arm
phase II clinical trial conducted in American indicated that
combining autologous tumor lysate-pulsed dendritic cell vaccine
with poly-ICLC, a Toll-like receptor agonist, induced a polarized
interferon activation in circulating monocytes and CD8+ T cells,
which may represent an important blood biomarker for
immunotherapy in patients with newly-diagnosed or recurrent
WHO Grade III-IV malignant gliomas (26). There are different
variants for dendritic cell vaccine. The cytomegalovirus-specific
dendritic cell vaccine patients improved long-term progression free
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survival and overall survival in patients with newly diagnosed
glioblastoma (27) and pre-conditioning the cytomegalovirus-
specific dendritic cell vaccine site with a potent recall antigen
significantly improves the lymph node homing and efficacy of
vaccine (28), later sequential clinical trials utilizing
cytomegalovirus-specific dendritic cell vaccine associated with
extended overall survival for newly diagnosed glioblastoma (29).
The other one is autologous dendritic cell vaccine pulsed with lysate
derived from an allogeneic stem-like cell line, which was safe and
well tolerated in newly diagnosed and recurrent glioblastoma (30).

Tumor neoantigen vaccine

Neoantigen originates from tumor specific protein coding
mutations and is not affected by central tolerance. It can generate
strong immune responses and act as an unquestionable antigen to
promote tumor rejection (31) (Table 1, Supplementary Figure 1).
Single-cell T cell receptor analysis of phase I/Ib study involving
personalized neoantigen-targeting vaccines for patients with newly
diagnosed glioblastoma demonstrated neoantigen-specific T cells
from the peripheral blood can migrate into intracranial
glioblastoma (32). NeoVax, a personalized neoantigen-targeting
vaccine, significantly increased neoantigen-specific effector T cells
in newly diagnosed glioblastoma patients (33). These encouraging
results contribute to the development of future clinical trials for
glioma patients based on neoantigen vaccines.

Immune checkpoint inhibitors

Immune checkpoint inhibitors, including programmed cell
death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) and
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), are
important immunosuppressive targets for tumor escape (34)
(Table 2, Supplementary Figure 2). The PD-1/PD-L1 axis
promotes glioma tumor growth and invasion (35). CheckMate
143 confirmed the safety and tolerability of nivolumab in patients
with newly diagnosed glioblastoma, median overall survival with
nivolumab was 33.38 (16.2 to not estimable) and 16.49 (12.94-
22.08) months in patients with methylated and unmethylated
MGMT promoter, respectively (36). Later CheckMate 143
demonstrated median overall survival with nivolumab and
bevacizumab was 9.8 (8.2-11.8) and 10.0 (9.0-11.8) months,
respectively, in recurrent glioblastoma population, the objective
response rate was 7.8% (4.1%-13.3%) and 23.1% (16.7%-30.5%)
with nivolumab and with bevacizumab, respectively (37). Given the
potential benefits of nivolumab for methylated patients, CheckMate
548 has emerged. However, CheckMate 548 did not achieve the
primary endpoints with the median overall survival with nivolumab
and placebo was 28.9 (24.4-31.6) and 32.1 (29.4-33.8) months,
respectively, and the median progression free survival with
nivolumab and placebo was 10.6 (8.9-11.8) and 10.3 (9.7-12.5)
months, respectively (38). The above studies are all aimed at the
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basic treatment of simultaneous radiotherapy and temozolomide
chemotherapy, while CheckMate 498 compared nivolumab with
temozolomide chemotherapy on the basis of radiotherapy. The
median overall survival with nivolumab and temozolomide
chemotherapy was 13.4 (12.6-14.3) and 14.9 (13.3-16.1) months,
respectively (hazard ratio =1.31 (1.09-1.58), P = 0.0037), and the
median progression free survival with nivolumab and
temozolomide chemotherapy was 6.0 (5.7-6.2) and 6.2 (5.9-6.7)
months, respectively, in patients with newly diagnosed glioblastoma
with unmethylated MGMT promoter (39). Changes in the immune
status of gliomas may affect the patient’s responsiveness to anti-PD-
1 immunotherapy (nivolumab or pembrolizumab) (40). Resectable
glioblastoma tumor tissue pre- and post-nivolumab dosing resulted
in higher immune cell infiltration, enhanced chemokine transcripts,
and augmented T cell receptor clonal diversity, supporting a
local immunomodulatory effect of treatment (41). Recurrent
glioblastoma patients receiving neoadjuvant pembrolizumab had
significantly extended overall survival, pembrolizumab was
associated with upregulated T cell- and interferon-y-related gene
expression as well as downregulated cell-cycle-related gene
expression, which enhancing both the intratumoral and systemic
immune responses (42). The median survival of responders was
longer than non-responders to neoadjuvant nivolumab or
pembrolizumab in a retrospective analysis, MAPK pathway
alterations were enriched in responders while PTEN mutations
associated with immunosuppressive signature from CD44 + tumor
cells were enriched in non-responders, and immune infiltration that
reflect the tumor’s clonal evolution during treatment (43).
Following 10 mg nivolumab intravenously administration, 27
recurrent glioblastoma patients underwent a maximal safe
resection, followed by 10 mg ipilimumab or 5mg ipilimumab plus
10 mg nivolumab injection. The overall survival was better
compared with historical cohorts (Belgian and GliAvAx trials)
(44). CheckMate 908 investigated nivolumab and nivolumab plus
ipilimumab in pediatric patients with high-grade central nervous
system malignancies. The median overall survival with nivolumab
and nivolumab plus ipilimumab was 1.7 (10.3-16.5) and 10.8 (9.1-
15.8) months, respectively, in newly diagnosed diffuse intrinsic
pontine glioma and the median progression free survival with
nivolumab and nivolumab plus ipilimumab was 1.7 (1.4-2.7) and
1.3 (1.2-1.5) months, respectively, in high-grade glioma; 1.4 (1.2-
1.4) and 2.8 (1.5-4.5) months, respectively, in medulloblastoma; 1.4
(1.4-2.6) and 4.6 (1.4-5.4) months in ependymoma; 1.2 (1.1-1.3)
and 1.6 (1.3-3.5) months, respectively, in other recurrent/
progressive central nervous system tumors (45). Bevacizumab
could enhance the tolerability and efficacy of pembrolizumab in
patients with recurrent high-grade gliomas receiving
hypofractionated stereotactic irradiation. The median overall
survival of bevacizumab-naive and bevacizumab-resistant patients
was 13.45 (9.46-18.46) and 9.3 (8.97-18.86) months, respectively,
and the progression free survival was 7.92 (6.31-12.45) and 6.54
(5.95-18.86) months, respectively (46). Isatuximab plus
atezolizumab had acceptable safety and tolerability and reduced
CD38+ immune cells in the glioblastoma microenvironment (47).
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TABLE 1 Some trials of tumor vaccines in glioma.

Participants

WT1+ malignant glioma

Sample size

14

Intervention

WTT1 vaccine

Study design

phase I clinical study

Reference

Eleven of the 14 patients completed WT1 vaccination for 6 weeks, while 3 patients dropped 9)
out earlier due to disease progression. All patients showed grade I level of skin disorders at

the injection sites. No grade ITI/IV toxicity or dose-limiting toxicity was observed for any

dose of WT1 HLA class II peptide. Six of the 14 patients had stable disease at 6 weeks.

Median OS and 1-year OS rates were 24.7 weeks and 36%, respectively.

WT1/HLA-A*2402-
positive recurrent
glioblastoma multiforme

ACT IV, NCT01480479 | newly diagnosed
EGFRVIII+ glioblastoma

21

405

WT1 vaccine

Rindopepimut

phase II clinical trial

randomized, double-
blind, phase 3 study

The protocol was well tolerated; only local erythema occurred at the WT1 vaccine injection (10)
site. The clinical responses were as follows: partial response in 2 patients, stable disease in 10
patients, and progressive disease in 9 patients. No patient had a complete response. The

overall response rate (cases with complete or partial response) was 9.5%, and the disease

control rate (cases with complete or partial response as well as those in which disease was

stable) was 57.1%. The median progression-free survival (PFS) period was 20.0 weeks, and

the 6-month (26-week) PFS rate was 33.3%.

There was no significant difference in overall survival for patients with MRD: median overall = (12)
survival was 20-1 months (95% CI 18-5-22-1) in the rindopepimut group versus 20-0 months
(18-1-21-9) in the control group (HR 1-01, 95% CI 0-79-1-30; p=0-93). The most common
grade 3-4 adverse events for all 369 treated patients in the rindopepimut group versus 372
treated patients in the control group were: thrombocytopenia (32 [9%)] vs 23 [6%]), fatigue
(six [2%] vs 19 [5%]), brain oedema (eight [2%] vs 11 [3%]), seizure (nine [2%] vs eight
[2%]), and headache (six [2%] vs ten [3%]). Serious adverse events included seizure (18 [5%)]
vs 22 [6%]) and brain oedema (seven [2%] vs 12 [3%]). 16 deaths in the study were caused
by adverse events (nine [4%] in the rindopepimut group and seven [3%] in the control
group), of which one-a pulmonary embolism in a 64-year-old male patient after 11 months
of treatment-was assessed as potentially related to rindopepimut.

newly diagnosed
EGFRVIII+ glioblastoma

ReACT, NCT01498328 relapsed, EGFRVIII
+ glioblastoma

35

73

PEPVIII-KLH

Rindopepimut

phase II, multicenter,
prospective trial

double-blind,
randomized, phase
1I study

There were no symptomatic autoimmune reactions. The 6-month PFS rate after vaccination (13)
was 67% (95% CI, 40% to 83%) and after diagnosis was 94% (95% CI, 67% to 99%; n = 18).

The median OS was 26.0 months (95% CI, 21.0 to 47.7 months). After adjustment for age

and Karnofsky performance status, the OS of vaccinated patients was greater than that

observed in a control group matched for eligibility criteria, prognostic factors, and

temozolomide treatment (hazard ratio, 5.3; P = .0013; n = 17). The development of specific
antibody (P = .025) or delayed-type hypersensitivity (P = .03) responses to EGFRVIII had a
significant effect on OS. At recurrence, 82% (95% CI, 48% to 97%) of patients had lost

EGFRVIII expression (P <.001).

Rindopepimut toxicity included transient, low-grade local reactions. As primary endpoint, (14)
PFS6 was 28% (10/36) for rindopepimut compared with 16% (6/37) for control (P = 0.12,
one-sided). Secondary and exploratory endpoints also favored the rindopepimut group

including a statistically significant survival advantage [HR, 0.53; 95% confidence interval

(CI), 0.32-0.88; two-sided log-rank P = 0.01], a higher ORR [30% (9/30) vs. 18% (6/34; P =

0.38)], median duration of response [7.8 months (95% CI, 3.5-22.2) vs. 5.6 (95% CI, 3.7-

7.4)], and ability to discontinue steroids for 26 months [33% (6/18) vs. 0% (0/19)]. Eighty

percent of rindopepimut-treated patients achieved robust anti-EGFRVIII titers (>1:12,800),

which were associated with prolonged survival (HR = 0.17; 95% CI, 0.07-0.45; P < 0.0001).

(Continued)
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TABLE 1 Continued

Trial Participants Sample size Intervention Study design Results Reference
NOA-16, NCT02454634  IDHI1(R132H)+, non- 33 IDH1-vac non-controlled, open- The trial met its primary safety endpoint, with vaccine-related adverse events restricted to (15)
1p/19q co-deleted, label, single-arm, grade 1. Vaccine-induced immune responses were observed in 93.3% of patients across
ATRX- WHO grade 3 multicenter, first-in- multiple MHC alleles. Three-year progression-free and death-free rates were 0.63 and 0.84,
and 4 gliomas humans phase I trial respectively. Patients with immune responses showed a two-year progression-free rate of
0.82. Two patients without an immune response showed tumour progression within two
years of first diagnosis.
INTERCEPT- newly diagnosed K27M- | 8 H3K27M-vac active multicenter, phase = Repeat vaccinations with H3K27M-vac were safe and induced CD4+ T cell-dominated, (16)
H3, NCT04808245 mutant histone-3.1 I clinical trial mutation-specific immune responses in five of eight patients across multiple human
(H3.1K27M) or histone- leukocyte antigen types. Median progression-free survival after vaccination was 6.2 months
3.3 (H3.3K27M) diffuse and median overall survival was 12.8 months.
midline gliomas
recurrent 24 autologous tumor = phase I/II clinical study ~ The protocols were well tolerated with only local redness and swelling at the injection site in | (20)
malignant glioma lysate-pulsed several cases. Clinical responses were as follows: 1 patient with partial response, 3 patients
dendritic with minor response, 10 patients with stable disease, and 10 patients with progressive
cell vaccine disease. The patients whose dendritic cells were matured with OK-432 had longer survival
times than the dendritic cells from patients without OK-432 maturation. The patients with
both intratumoral and intradermal administrations had a longer survival time than the
patients with intradermal administration only. Increased ELISPOT and delayed-type
hypersensitivity responses after vaccination could provide good laboratory markers to predict
the clinical outcome of patients receiving dendritic cell vaccination. The overall survival of
patients with grade 4 glioma was 480 days, which was significantly better than that in the
control group.
NCT00045968 newly diagnosed or 331 DCVax®-L phase 3 randomized, Median OS (mOS) for the 232 patients with nGBM receiving DCVax-L was 19.3 (95% CI, (22, 23)
recurrent glioblastoma double-blinded, placebo- = 17.5-21.3) months from randomization (22.4 months from surgery) vs 16.5 (95% CI, 16.0-
controlled clinical trial 17.5) months from randomization in control patients (HR = 0.80; 98% CI, 0.00-0.94; P =
.002). Survival at 48 months from randomization was 15.7% vs 9.9%, and at 60 months, it
was 13.0% vs 5.7%. For 64 patients with rGBM receiving DCVax-L, mOS was 13.2 (95% CI,
9.7-16.8) months from relapse vs 7.8 (95% CI, 7.2-8.2) months among control patients (HR,
0.58; 98% CI, 0.00-0.76; P <.001). Survival at 24 and 30 months after recurrence was 20.7%
vs 9.6% and 11.1% vs 5.1%, respectively. Survival was improved in patients with nGBM with
methylated MGMT receiving DCVax-L compared with external control patients (HR, 0.74;
98% CI, 0.55-1.00; P = .03).
NCT 01280552 newly 124 ICT-107 randomized, double- ICT-107 was well tolerated, with no difference in adverse events between the treatment and (24)

diagnosed glioblastoma

blind, multicenter phase
1I placebo-
controlled study

control groups. The primary endpoint, median overall survival (OS), favored ICT-107 by 2.0
months in the intent-to-treat (ITT) population but was not statistically significant.
Progression-free survival (PFS) in the ITT population was significantly increased in the ICT-
107 cohort by 2.2 months (P = 0.011). The frequency of HLA-A2 primary tumor antigen
expression was higher than that for HLA-A1 patients, and HLA-A2 patients had higher
immune response (via Elispot). HLA-A2 patients achieved a meaningful therapeutic benefit
with ICT-107, in both the MGMT methylated and unmethylated prespecified subgroups,
whereas only HLA-A1 methylated patients had an OS benefit.

(Continued)
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TABLE 1 Continued

Trial Participants Sample size Intervention Study design Results Reference
NCT03400917 newly 63 AV-GBM-1 single-arm phase 2 Success rates were 97% for both TIC production and monocyte collection. AV-GBM-1 was (25)
diagnosed glioblastoma clinical trial manufactured for 63/63 patients; 60 enrolled per ITT; 57 started AV-GBM-1. The most
common AEs attributed to AV-GBM-1 were local injection site reactions (16%) and flu-like
symptoms (10%). Treatment-emergent AEs included seizures (33%), headache (37%), and
focal neurologic symptoms (28%). One patient discontinued AV-GBM-1 because of seizures.
Median Progression-Free Survival (mPFS) and median Overall Survival (mOS) from ITT
enrollment were 10.4 and 16.0 months, respectively. 2-year Overall Survival (OS) is 27%.
NCT01204684 newly diagnosed or 23 dendritic single-center, The combination of ATL-DC vaccination and TLR agonist was safe and found to enhance (26)
recurrent WHO Grade cell vaccination randomized, open-label systemic immune responses, as indicated by increased interferon gene expression and
I-1v multi-arm phase IT changes in immune cell activation.
malignant gliomas clinical trial
ATTAC, NCT00639639  newly 11 cytomegalovirus-  randomized phase I/ Following DI-TMZ cycle 1 and three doses of pp65-DCs, pp65 cellular responses 27)
diagnosed glioblastoma specific dendritic 1T trial significantly increased. After DI-TMZ, both the proportion and proliferation of regulatory T
cell vaccine cells (Tregs) increased and remained elevated with serial DI-TMZ cycles. Median PFS and
OS were 25.3 months [95% confidence interval (CI), 11.0-c0] and 41.1 months (95% CI,
21.6-c0), exceeding survival using recursive partitioning analysis and matched historical
controls. Four patients remained progression-free at 59 to 64 months from diagnosis. No
known prognostic factors [age, Karnofsky performance status (KPS), IDH-1/2 mutation, and
MGMT promoter methylation] predicted more favorable outcomes for the patients in
this cohort.
NCT02287428 newly diagnosed 10 personalized phase I/Ib study Patients who did not receive dexamethasone-a highly potent corticosteroid that is frequently | (32)
MGMT- neoantigen prescribed to treat cerebral oedema in patients with glioblastoma-generated circulating
unmethylated vaccines polyfunctional neoantigen-specific CD4+ and CD8+ T cell responses that were enriched in a
glioblastoma memory phenotype and showed an increase in the number of tumour-infiltrating T cells.
Using single-cell T cell receptor analysis, we provide evidence that neoantigen-specific T cells
from the peripheral blood can migrate into an intracranial glioblastoma tumour.
NCT03422094 newly 4 NeoVax single institution, open-  Immune reactivity to NeoVax neoantigens was assessed in peripheral blood mononuclear (33)

diagnosed glioblastoma

label, multi-arm,
pilot study

cells (PBMCs) pre- and post-NeoVax for subjects 1-3 using IFNg-ELISPOT assay. A
statistically significant increase in IFNg producing T cells at the post-NeoVax time point for
several neoantigens was observed. Furthermore, a post-NeoVax tumor biopsy was obtained
from subject 3 and, upon evaluation, revealed evidence of infiltrating, clonally expanded

T cells.
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CAR-T therapy

(Continued)

CAR-T can specifically recognize tumor cell surface antigens,
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(36)
(37)

independent of MHC activation, and produce stronger anti-tumor

immune responses (48) (Table 3, Supplementary Figure 3). There
are also many practices in gliomas. Among them, GD2, EGFR-VIII,
HER2, and IL13Ra2 are the three most common targets and have
been tested in early phase trial.

GD2-targeted CAR-T seemed safe in recurrent or refractory
advanced-stage neuroblastoma and was associated with tumor
regression or necrosis, thereby resulting in longer survival (49).
GD2-targeted CAR-T was tolerable in H3K27M-mutated diffuse
midline gliomas and improved the clinical and radiographic

. Grade 3/4 treatment-related adverse

events (TRAEs) were similar between groups (nivolumab, 33/182 [18.1%]; bevacizumab, 25/165

[15.2%]), with no unexpected neurological TRAEs or deaths due to TRAEs.

outcomes through the pro-inflammatory cytokine levels in the
plasma and cerebrospinal fluid (50). Recent trial assessed the
administration methods of GD2-targeted CAR-T and found that
intravenous alone or intravenous combined with intracavitary
administration of GD2-targeted CAR-T were safe and well
tolerated in glioblastoma and GD2-targeted CAR-T mediated
antigen loss and activated immune responses in the glioblastoma
microenvironment (51). NCT02209376 was the first-in-human
study of EGFRvIII-targeted CAR-T in recurrent glioblastoma.
Intravenous infusion of EGFRvIII-targeted CAR-T was feasible
and safe, increased inhibitory molecules expression and
regulatory T cells infiltration (52). The dose-escalating phase I
study indicated persistence of CAR-T correlated with EGFRVIII-
targeted CAR-T dose, but there were no objective responses (53).
Infusion of autologous HER2-targeted CAR-T was tolerated and

with methylated MGMT promoter. In patients with unmethylated MGMT promoter, mOS was

16.49 months (12.94-22.08) with NIVO+RT+TMZ and 14.41 months (12.55-17.31) with NIVO
+RT. In part B, mOS was 14.75 months (10.01-18.6) with NIVO+RT+TMZ and 13.96 months

(10.81-18.14) with NIVO+RT in patients with unmethylated MGMT promoter.
and not reported in remaining patients. At median follow-up of 9.5 months, median OS (mOS)
was comparable between groups: nivolumab, 9.8 months (95% CI, 8.2-11.8); bevacizumab, 10.0

months (95% CI, 9.0-11.8); HR, 1.04 (95% CI, 0.83-1.30); P = .76. The 12-month OS was 42%
in both groups. The objective response rate was higher with bevacizumab (23.1%; 95% CI,

The MGMT promoter was methylated in 23.4% (43/184; nivolumab) and 22.7% (42/185;
bevacizumab), unmethylated in 32.1% (59/184; nivolumab) and 36.2% (67/185; bevacizumab),
16.7%-30.5%) vs nivolumab (7.8%; 95% CI, 4.1%-13.3%)

and 28.6% (NIVO+RT) in part B. No new safety signals were detected. In part A, median OS
(mOS) with NIVO+RT+TMZ was 33.38 months (95% CI, 16.2 to not estimable) in patients

NIVO+RT + TMZ was tolerable; grade 3/4 treatment-related adverse events occurred in 51.6%
(NIVO+RT+TMZ) and 30.0% (NIVO+RT) of patients in part A and 46.4% (NIVO+RT+TMZ)

=) b=l

was associated with clinical benefit for patients with progressive - é %‘ Z
glioblastoma (54). NCT00730613 was the first-in-human pilot 2 E %
study to evaluate the safety and feasibility of IL13Ro2-targeted 3 5; = %
CAR-T in recurrent glioblastoma. Intracranial delivery of the -§’ s zi S
IL13Ro2-targeted CAR-T was well-tolerated, induced transient v < &£
anti-glioma responses, and increased tumor necrotic volume -
(55). A case report indicated intracranial infusion of IL13Ro2- g
targeted CAR-T was associated with no toxic effects of grade 3 or § § -g
higher. After ILI3Ro2-targeted CAR-T treatment, all intracranial bl = 2
and spinal tumors were regressed along with increased levels of =y = e
cytokines and immune cells in the cerebrospinal fluid (56). Brown . @
and his colleagues generated an off-the-shelf, steroid-resistant, £ E
IL13Ro2-targeted CAR-T and found it was safety and induced E‘ %"_
transient tumor reduction and/or tumor necrosis in patients with '« g © o~
glioblastoma (57). % v K @

In addition to the targets reviewed above, CD7 (58) and EphA2 'E . B
(59, 60) have conducted relevant research. Some research have also % § E
emerged. Local intracranial CAR-T elicits superior anti-tumor £ *g % %.E
efficacy as compared to intravenous CAR-T, with intraventricular % 3 = K
administration exhibiting possible benefits over intracranial g % > % §
administration in a multifocal disease model (61). E & § _‘éb §
Cyclophosphamide and fludarabine but not PD-1 inhibitor
enhanced the expansion or persistence of GD2-targeted CAR-T 2
(62). Trivalent CAR-T (HER2, IL13R0o2, and EphA2-targeted % E E
CAR-T) mediated immunoreaction forming polarized microtubule § o g o g
organizing centers, exhibited improved cytotoxicity and cytokine %’ é %‘ g
release, and overcame antigenic heterogeneity in glioblastoma E 2 2«
thereby improving treatment outcomes (63). Moreover, HER2- i o~ b

Frontiers in Immunology 08 frontiersin.org


https://doi.org/10.3389/fimmu.2024.1476436
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

ABojounwiwi| Ul s1213U044

60

610 UISIBIUOLY

TABLE 2 Continued

Trial

CheckMate
548, NCT02667587

CheckMate
498, NCT02617589

Participants

newly diagnosed
glioblastoma with
methylated
MGMT promoter

newly diagnosed
glioblastoma with
unmethylated
MGMT promoter

Sample size

716

560

Intervention Study design

nivolumab

nivolumab

phase III, single-
blind trial

open-label, randomized,
phase III study

Results

As of December 22, 2020, median (m)PFS (blinded independent central review) was 10.6
months (95% CI, 8.9-11.8) with NIVO + RT + TMZ vs 10.3 months (95% CI, 9.7-12.5) with
PBO + RT + TMZ (HR, 1.1; 95% CI, 0.9-1.3) and mOS was 28.9 months (95% CI, 24.4-31.6) vs
32.1 months (95% CI, 29.4-33.8), respectively (HR, 1.1; 95% CI, 0.9-1.3). In patients without
baseline corticosteroids, mOS was 31.3 months (95% CI, 28.6-34.8) with NIVO + RT + TMZ vs
33.0 months (95% CI, 31.0-35.1) with PBO + RT + TMZ (HR, 1.1; 95% CI, 0.9-1.4). Grade 3/4
treatment-related adverse event rates were 52.4% vs 33.6%, respectively.

Median OS (mOS) was 13.4 months (95% CI, 12.6 to 14.3) with NIVO + RT and 14.9 months
(95% CI, 13.3 to 16.1) with TMZ + RT (hazard ratio [HR], 1.31; 95% CI, 1.09 to 1.58; P =
.0037). Median progression-free survival was 6.0 months (95% CI, 5.7 to 6.2) with NIVO + RT
and 6.2 months (95% CI, 5.9 to 6.7) with TMZ + RT (HR, 1.38; 95% CI, 1.15 to 1.65).
Response rates were 7.8% (9/116) with NIVO + RT and 7.2% (8/111) with TMZ + RT; grade 3/
4 treatment-related adverse event (TRAE) rates were 21.9% and 25.1%, and any-grade serious
TRAE rates were 17.3% and 7.6%, respectively.

Reference

(38)

(39)

NCT02550249

resectable glioblastoma

recurrent, surgically

resectable glioblastoma

30

35

nivolumab

pembrolizumab

single-arm phase II
clinical trial

randomized, multi-
institution clinical trial

Neoadjuvant nivolumab resulted in enhanced expression of chemokine transcripts, higher
immune cell infiltration and augmented TCR clonal diversity among tumor-infiltrating T
lymphocytes, supporting a local immunomodulatory effect of treatment. Although no obvious
clinical benefit was substantiated following salvage surgery, two of the three patients treated
with nivolumab before and after primary surgery remain alive 33 and 28 months later.

Patients who were randomized to receive neoadjuvant pembrolizumab, with continued adjuvant
therapy following surgery, had significantly extended overall survival compared to patients that
were randomized to receive adjuvant, post-surgical programmed cell death protein 1 (PD-1)
blockade alone. Neoadjuvant PD-1 blockade was associated with upregulation of T cell- and
interferon-y-related gene expression, but downregulation of cell-cycle-related gene expression
within the tumor, which was not seen in patients that received adjuvant therapy alone. Focal
induction of programmed death-ligand 1 in the tumor microenvironment, enhanced clonal
expansion of T cells, decreased PD-1 expression on peripheral blood T cells and a decreasing
monocytic population was observed more frequently in the neoadjuvant group than in patients
treated only in the adjuvant setting.

(41)

(42)

NCT03233152

recurrent glioblastoma

recurrent glioblastoma

66

27

pembrolizumab
or nivolumab

nivolumab
and ipilimumab

retrospective analysis

single-center, open-
label, phase I
clinical trial

Genomic and transcriptomic analysis revealed a significant enrichment of PTEN mutations
associated with immunosuppressive expression signatures in non-responders, and an
enrichment of MAPK pathway alterations (PTPN11, BRAF) in responders. Responsive tumors
were also associated with branched patterns of evolution from the elimination of neoepitopes as
well as with differences in T cell clonal diversity and tumor microenvironment profiles.

All patients underwent maximal safe resection and planned IC administrations and
preoperative NIVO. Thirteen patients (cohort-1: n=3; cohort-2: n=10) received all five
postoperative intravenous doses of NIVO. In cohort-2, 14 patients received a median of 3
(range 1-4) intravenous doses. Subacute postoperative neurological deterioration (n=2) was
reversible on steroid treatment; no other central nervous system toxicity was observed.
Immune-related adverse events were infrequent and mild. GB recurrence was diagnosed in 26
patients (median progression-free survival (PFS) is 11.7 weeks (range 2-152)); 21 patients have

(43)

(44)

(Continued)
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TABLE 2 Continued

Trial

Participants

Sample size

Intervention Study design

Results

died due to progression. Median OS is 38 weeks (95% CI: 27 to 49) with a 6-month, 1-year,
and 2-year OS-rate of, respectively, 74.1% (95% CI: 57 to 90), 40.7% (95% CI: 22 to 59), and
27% (95% CI: 9 to 44). OS compares favorable against a historical cohort (descriptive Log-Rank
p>0.003). No significant difference was found with respect to PFS (descriptive Log-Rank test
p>0.05). A higher tumor mRNA expression level of B7-H3 was associated with a significantly
worse survival (multivariate Cox logistic regression, p>0.029).

Reference

CheckMate
908, NCT03130959

high-grade
CNS malignancies

166

nivolumab
and ipilimumab

open-label, sequential-
arm, phase 1b/2 study

As of January 13, 2021, median OS (80% CI) was 11.7 (10.3-16.5) and 10.8 (9.1-15.8) months
with NIVO and NIVO + IPI, respectively, in newly diagnosed DIPG. Median PFS (80% CI)
with NIVO and NIVO + IPI was 1.7 (1.4-2.7) and 1.3 (1.2-1.5) months, respectively, in
recurrent/progressive high-grade glioma; 1.4 (1.2-1.4) and 2.8 (1.5-4.5) months in relapsed/
resistant medulloblastoma; and 1.4 (1.4-2.6) and 4.6 (1.4-5.4) months in relapsed/resistant
ependymoma. In patients with other recurrent/progressive CNS tumors, median PES (95% CI)
was 1.2 (1.1-1.3) and 1.6 (1.3-3.5) months, respectively. Grade 3/4 treatment-related adverse-
event rates were 14.1% (NIVO) and 27.2% (NIVO + IPI). NIVO and IPI first-dose trough
concentrations were lower in youngest and lowest-weight patients. Baseline tumor programmed
death ligand 1 expression was not associated with survival.

(45)

recurrent high-
grade gliomas

32

bevacizumab
and
pembrolizumab

phase I study

The most common treatment-related adverse events (TRAEs) were proteinuria (40.6%), fatigue
(25%), increased alanine aminotransferase (25%), and hypertension (25%). TRAEs leading to
discontinuation occurred in 1 patient who experienced a grade 3 elevation of aspartate
aminotransferase. In the bevacizumab-naive cohort, 20 patients (83%) had a complete response
or partial response. The median overall survival (OS) and progression-free survival (PFS) were
13.45 months (95% CI: 9.46-18.46) and 7.92 months (95% CI: 6.31-12.45), respectively. In the
bevacizumab-resistant cohort, PR was achieved in 5 patients (62%). Median OS was 9.3 months
(95% CI: 8.97-18.86) with a median PFS of 6.54 months (95% CI: 5.95-18.86). The majority of
patients (n = 20/26; 77%) had tumor-cell/tumor-microenvironment PD-L1 expression <1%.

(46)

NCT03637764

glioblastoma

33

isatuximab
plus
atezolizumab

phase I/II, open-label,
multicenter study

In phase I, Isa + Atezo showed an acceptable safety profile, no dose-limiting toxicities were
observed, and RP2D was confirmed. Most patients experienced >1 treatment-emergent adverse
event (TEAE), with <48.5% being grade >3. The most frequent TEAE was infusion reactions.
The study did not continue to stage 2 based on prespecified targets. Tumor-infiltrating CD38+
immune cells were reduced and almost cleared after treatment. Isa + Atezo did not significantly
modulate Tregs or PD-L1 expression in the TME.

(47)
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TABLE 3 Some trials of CAR-T therapy in glioma.

Trial

Participants

recurrent or refractory
advanced-
stage neuroblastoma

Sample size

11

Targets

GD2

Study design

Primary clinical trial

Results

Here we show in individuals with neuroblastoma that EBV-specific CTLs expressing a chimeric
GD2-specific receptor indeed survive longer than T cells activated by the CD3-specific antibody
OKT3 and expressing the same chimeric receptor but lacking virus specificity. Infusion of these
genetically modified cells seemed safe and was associated with tumor regression or necrosis in
half of the subjects tested.

Reference

(49)

NCT04196413

diffuse midline gliomas

GD2

first-in-human phase I
clinical trial

Toxicity was largely related to the location of the tumour and was reversible with intensive
supportive care. On-target, off-tumour toxicity was not observed. Three of four patients
exhibited clinical and radiographic improvement. Pro-inflammatory cytokine levels were
increased in the plasma and cerebrospinal fluid. Transcriptomic analyses of 65,598 single cells
from CAR T cell products and cerebrospinal fluid elucidate heterogeneity in response between
participants and administration routes.

(50)

NCT03170141

NCT02209376

NCT01454596

NCT01109095

glioblastoma

recurrent glioblastoma

recurrent glioblastoma

progressive glioblastoma

10

33

17

GD2

EGFRVIII

EGFRVIIT

HER2

phase 1 trial

phase 1 first-in-
human study

dose-escalating phase
I study

open-label phase 1 dose-
escalation study

4SCAR-T cells expanded for 1-3 weeks and persisted at a low frequency in peripheral blood. Of
the eight evaluable patients, four showed a partial response for 3 to 24 months, three had
progressive disease for 6 to 23 months, and one had stable disease for 4 months after infusion.
For the entire cohort, the median overall survival was 10 months from the infusion. GD2
antigen loss and infiltrated T cells were observed in the tumor resected after infusion.

We found that manufacturing and infusion of CAR-modified T cell (CART)-EGFRVIII cells are
feasible and safe, without evidence of off-tumor toxicity or cytokine release syndrome.

Eighteen patients were treated with final infusion products ranging from 6.3x10 to 2.6x10 anti-
EGFRVIII CAR T cells. Median progression-free survival was 1.3 months (interquartile range:
1.1-1.9), with a single outlier of 12.5 months. Two patients experienced severe hypoxia,
including one treatment-related mortality after cell administration at the highest dose level. All
patients developed expected transient hematologic toxicities from preparative chemotherapy.
Median overall survival was 6.9 months (interquartile range: 2.8-10). Two patients survived
over 1 year, and a third patient was alive at 59 months. Persistence of CAR cells correlated with
cell dose, but there were no objective responses.

Infusions were well tolerated, with no dose-limiting toxic effects. HER2-CAR VSTs were
detected in the peripheral blood for up to 12 months after the infusion by quantitative real-time
polymerase chain reaction. Of 16 evaluable patients (9 adults and 7 children), 1 had a partial
response for more than 9 months, 7 had stable disease for 8 weeks to 29 months, and 8
progressed after T-cell infusion. Three patients with stable disease are alive without any
evidence of progression during 24 to 29 months of follow-up. For the entire study cohort,
median overall survival was 11.1 months (95% CI, 4.1-27.2 months) from the first T-cell
infusion and 24.5 months (95% CI, 17.2-34.6 months) from diagnosis.

(51)

(52)

(53)

(59)

NCT00730613

recurrent glioblastoma

IL13R0:2

single-institution first-
in-human pilot study

We demonstrate the feasibility of manufacturing sufficient numbers of autologous CTL clones
expressing an IL13(E13Y)-zetakine CAR for redirected HLA-independent IL13Roi2-specific
effector function for a cohort of patients diagnosed with GBM. Intracranial delivery of the IL13-
zetakine(+) CTL clones into the resection cavity of 3 patients with recurrent disease was well-
tolerated, with manageable temporary brain inflammation. Following infusion of IL13-zetakine
(+) CTLs, evidence for transient anti-glioma responses was observed in 2 of the patients.
Analysis of tumor tissue from 1 patient before and after T-cell therapy suggested reduced
overall IL13R02 expression within the tumor following treatment. MRI analysis of another

(55)

(Continued)
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targeted CAR-NK cells (64) and ErbB2-targeted CAR-NK cells (65)
might be feasible and safe in recurrent glioblastoma. In a first-in-
human trial published in 2024, three patients with recurrent
glioblastoma received CARv3-TEAM-E T cell therapy (66).
CARV3-TEAM-E T cells are chimeric antigen receptor (CAR)
T cells that target both the epidermal growth factor receptor
variant III (EGFRVIII), a tumor-specific antigen, and wild-type
EGFR protein, attacking via secreted T cell-engaging antibody

Reference

(56)
(57)

molecules (TEAM). The treatment did not cause any grade 3 or
higher adverse events or dose-limiting toxicities. Radiological
imaging revealed a rapid and significant reduction in tumor size,
with responses occurring within days after a single intraventricular
injection. However, two of the patients experienced only short-
lived responses.

Oncolytic virotherapy

Oncolytic viruses are a type of tumor-killing virus with
replication ability. They not only proliferate infinitely within
tumor cells, leading to their death, but also directly or indirectly
activate the anti-tumor immune system, specifically killing tumor
cells (67) (Table 4, Supplementary Figure 4). Due to its ability to
recognize tumor cells specifically through corresponding receptors
and its replication relying on tumor-specific promoters, oncolytic
viruses do not affect normal brain tissue cells.

for in vitro alloreactivity. Intracranial administration of GRm13Z40-2 in four doses of 108 cells
cell infusion in four of the six treated research subjects. Antibody reactivity against GRm13Z40-

over a two-week period with aldesleukin (9 infusions ranging from 2500-5000 IU) was well
2 cells was detected in the serum of only one of the four tested subjects.

tumors was observed, along with corresponding increases in levels of cytokines and immune
The GRm13Z40-2 product displayed dexamethasone-resistant effector activity without evidence
tolerated, with indications of transient tumor reduction and/or tumor necrosis at the site of T

cells in the cerebrospinal fluid. This clinical response continued for 7.5 months after the

effects of grade 3 or higher. After CAR T-cell treatment, regression of all intracranial and spinal
initiation of CAR T-cell therapy.

patient indicated an increase in tumor necrotic volume at the site of IL13-zetakine(+) T-
Intracranial infusions of IL13Ro2-targeted CAR T cells were not associated with any toxic

cell administration.

A phase I dose-escalating clinical study showed that 24 patients
with recurrent malignant gliomas received intracerebral injections of
ONYX-015, an E1B-attenuated adenovirus. None of the patients had

T
é . ii § any adverse events related to ONYX-015 injection, confirming the
3 g 23 relative safety of ONYX-015 in the treatment of malignant gliomas
= b = % (68). DNX-2401, an ElA-attenuated adenovirus, resulted in more
g é —é g than 3 years of progression free survival in 12% of patients with
recurrent malignant gliomas that were probably due to direct
oncolytic effects of DNX-2401 followed by elicitation of an
43 o o immune-mediated response (69, 70). DNX-2401 promoted a pro-
o § g inflammatory microenvironment and M1 characteristics of tumoral
P = = macrophages in glioblastoma (71), a later phase I clinical trial also
- indicated that DNX-2401 locally delivered by convection-enhanced
3 delivery in tumor and surrounding brain induced local inflammatory
%_ reaction in patients with recurrent glioblastoma (72). DNX-2401 is
% also used in conjunction with other treatment methods. Intertumoral
2 — 0 infusion of DNX-2401 followed by radiotherapy in pediatric patients
; with newly diagnosed diffuse intrinsic pontine glioma resulted in
g changes in T-cell activity and a reduction in or stabilization of tumor
-og g }.ﬁ size in some patients but was associated with adverse events (73). The
.3 B =™ 5 first-in-human investigation of combined DNX-2401 with
2 § gm g pembrolizumab for recurrent glioblastoma confirmed the safety
&E g Té g with notable survival benefits in select patients and response to
treatment informed by the balance between immune infiltration
b and expression of immune checkpoint inhibitors (74). In addition,
2 intratumoral infusion of PVSRIPO, recombinant nonpathogenic
§ % § polio-rhinovirus chimera, in patients with recurrent malignant
- 5 E glioma confirmed the absence of neurovirulent potential and
'g % % improved survival (75). A first-in-human, open-label, phase 1,
= “ - dose-escalation trial indicated neural stem cell delivery of an
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TABLE 4 Some trials of oncolytic virotherapy in glioma.

NCT00805376

Participants

recurrent
malignant gliomas

recurrent
malignant gliomas

Adenovirus

E1B

EIA

Sample size

24

37

Oncolytic
viruses

ONYX-015

DNX-2401

Study design

phase I open-label,
dose-escalation, multi-
institutional trial

phase 1, dose-escalation,
biologic-end-point
clinical trial

Adverse events were identified on physical exams and testing of hematologic,
renal, and liver functions. Efficacy data were obtained from serial MRI scans.
None of the 24 patients experienced serious adverse events related to ONYX-
015. The maximum tolerated dose was not reached at 10(10) pfu. The median
time to progression after treatment with ONYX-015 was 46 days (range 13 to
452 + days). The median survival time was 6.2 months (range 1.3 to 28.0 +
months). One patient has not progressed and 1 patient showed regression of
interval-increased enhancement. With more than 19 months of follow-up, 1/6
recipients at a dose of 10(9) and 2/6 at a dose of 10(10) pfu remain alive. In 2
patients who underwent a second resection 3 months after ONYX-015
injection, a lymphocytic and plasmacytoid cell infiltrate was observed.
Injection of ONYX-015 into glioma cavities is well tolerated at doses up to 10
(10) pfu.

In group A (n = 25), 20% of patients survived > 3 years from treatment, and
three patients had a > 95% reduction in the enhancing tumor (12%), with all
three of these dramatic responses resulting in > 3 years of progression-free
survival from the time of treatment. Analyses of post-treatment surgical
specimens (group B, n = 12) showed that DNX-2401 replicates and spreads
within the tumor, documenting direct virus-induced oncolysis in patients. In
addition to radiographic signs of inflammation, histopathologic examination
of immune markers in post-treatment specimens showed tumor infiltration by
CD8+ and T-bet+ cells, and transmembrane immunoglobulin mucin-3
downregulation after treatment. Analyses of patient-derived cell lines for
damage-associated molecular patterns revealed induction of immunogenic cell
death in tumor cells after DNX-2401 administration.

Reference

(68)

(69)

NCT03178032

newly diagnosed diffuse
intrinsic pontine glioma

EIA

12

DNX-2401

single-center, dose-
escalation study

total of 12 patients, 3 to 18 years of age, with newly diagnosed DIPG received
1x1010 (the first 4 patients) or 5x1010 (the subsequent 8 patients) viral
particles of DNX-2401, and 11 received subsequent radiotherapy. Adverse
events among the patients included headache, nausea, vomiting, and fatigue.
Hemiparesis and tetraparesis developed in 1 patient each. Over a median
follow-up of 17.8 months (range, 5.9 to 33.5), a reduction in tumor size, as
assessed on magnetic resonance imaging, was reported in 9 patients, a partial
response in 3 patients, and stable disease in 8 patients. The median survival
was 17.8 months. Two patients were alive at the time of preparation of the
current report, 1 of whom was free of tumor progression at 38 months.
Examination of a tumor sample obtained during autopsy from 1 patient and
peripheral-blood studies revealed alteration of the tumor microenvironment
and T-cell repertoire.

(73)

NCT02798406

recurrent glioblastoma

EIA

49

DNX-2401

two-part, phase 1/2,
multicenter, open-label
clinical trial

The primary endpoints were overall safety and objective response rate. The
primary safety endpoint was met, whereas the primary efficacy endpoint was
not met. There were no dose-limiting toxicities, and full dose combined
treatment was well tolerated. The objective response rate was 10.4% (90%
confidence interval (CI) 4.2-20.7%), which was not statistically greater than

(74)

(Continued)
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TABLE 4 Continued

NCT01491893

Participants

recurrent
malignant glioma

Adenovirus  Sample size = Oncolytic
viruses

CD155 61 PVSRIPO

Study design

phase 1 clinical trial
with dose expansion

Results

the prespecified control rate of 5%. The secondary endpoint of overall survival
at 12 months was 52.7% (95% CI 40.1-69.2%), which was statistically greater
than the prespecified control rate of 20%. Median overall survival was 12.5
months (10.7-13.5 months). Objective responses led to longer survival (hazard
ratio 0.20, 95% CI 0.05-0.87). A total of 56.2% (95% CI 41.1-70.5%) of
patients had a clinical benefit defined as stable disease or better. Three
patients completed treatment with durable responses and remain alive at 45,
48 and 60 months.

Dose level -1 (5.0x107 TCID50) was identified as the phase 2 dose. One dose-
limiting toxic effect was observed; a patient in whom dose level 5 (1010
TCID50) was administered had a grade 4 intracranial hemorrhage
immediately after the catheter was removed. To mitigate locoregional
inflammation of the infused tumor with prolonged glucocorticoid use, dose
level 5 was deescalated to reach the phase 2 dose. In the dose-expansion
phase, 19% of the patients had a PVSRIPO-related adverse event of grade 3 or
higher. Overall survival among the patients who received PVSRIPO reached a
plateau of 21% (95% confidence interval, 11 to 33) at 24 months that was
sustained at 36 months.

Reference

(75)

NCT03072134

newly diagnosed
malignant gliomas

neural stem cells 12 NSC-CRAd-
S-pk7

first-in-human, open-
label, phase 1, dose-
escalation trial

Histopathological evaluation identified 11 (92%) of 12 patients with
glioblastoma and one (8%) of 12 patients with anaplastic astrocytoma. The
median follow-up was 18 months (IQR 14-22). One patient receiving 1-50 x
108 NSCs loading 1-875 x 1011 viral particles developed viral meningitis
(grade 3) due to the inadvertent injection of NSC-CRAd-S-pk7 into the lateral
ventricle. Otherwise, treatment was safe as no formal dose-limiting toxicity
was reached, so 1.50 x 108 NSCs loading 1-875 x 1011 viral particles was
recommended as a phase 2 trial dose. There were no treatment-related deaths.
The median progression-free survival was 9-1 months (95% CI 8-5-not
reached) and median overall survival was 18-4 months (15-7-not reached).

(76)
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oncolytic adenovirus (NSC-CRAd-S-pk7) in newly diagnosed
malignant gliomas was feasible and safe (76). Ling AL, Solomon
IH, Landivar AM, et al. report a phase I clinical trial linking oncolytic
virus-mediated immune activation to survival in glioblastoma
patients. In this study, 41 patients with recurrent glioblastoma were
treated with CAN-3110, an oncolytic herpes virus designed for
preferential tumor replication. No dose-limiting toxicities were
observed. Improved survival was notably associated with HSV1
seropositivity, which also correlated with enhanced T cell response
and immune activation signatures in the tumor microenvironment.
These findings provide evidence supporting the therapeutic potential
of oncolytic viruses in immunosuppressive tumors like
glioblastoma (77).

Discussion

Glioma is one of the most concerning fields in neurological
tumors, and its treatment is a clinical challenge. Although
the standard post-surgical treatment for newly diagnosed
glioblastoma, involving concurrent radiotherapy and the
alkylating chemotherapeutic agent temozolomide (TMZ) followed
by adjuvant TMZ, has been established for over a decade,
glioblastoma inevitably recurs and develops resistance to further
chemotherapy. One of the earliest mechanisms of resistance to
TMZ is the upregulation of DNA methyltransferase (MGMT),
which removes methyl adducts from DNA, enabling mismatch
repair and allowing tumor DNA replication to continue (78).
Immunotherapy is a research hotspot, and many immunotherapy
studies are targeting glioma. Here, we reviewed the current concepts
of immunotherapy in glioma (Tables 1-4), the current clinical
research results may be encouraging, but there is still much room
for improvement.

Tumor vaccines activate T cells in patients by introducing
tumor antigens, thereby inducing an immune response to kill
tumor cells. Compared with traditional radiotherapy and
chemotherapy, tumor vaccines have become highly promising
immunotherapy due to their convenient operation process, strong
specificity, good safety, and ability to establish long-term immune
memory. The core of tumor vaccine development lies in accurately
screening suitable tumor antigens and determining effective antigen
delivery methods. To overcome these challenges, researchers have
proposed various strategies. Firstly, the combination of tumor
vaccines and immune checkpoint inhibitors is used to enhance
immune response, thereby enhancing treatment efficacy. NEO-PV-
01, a personalized neoantigen vaccine, in combination with
pembrolizumab, supports the safety and immunogenicity in
patients with advanced non-squamous non-small cell lung cancer
(79). Secondly, the personalized vaccine strategy based on
neoantigens improves the targeting and efficacy of tumor vaccines
by accurately identifying tumor-specific antigens. The future
research focus will be on combining clinical efficacy and artificial
intelligence technology to improve the accuracy of predicting
neoantigens, thereby optimizing the therapeutic effect and
application scope of vaccines. Finally, utilizing systems biology
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methods could optimize vaccine design and improve vaccine
delivery systems. By utilizing advanced biomaterials such as
nanoparticles to optimize drug delivery systems could improve
the vaccine efficacy and reduce side effects (80). KK2DP7, a
simple dendrimer polypeptide nanoparticle, enhances antitumor
immunity of a neoantigen-based vaccine (81). CRISPR-Cas9
technology enhances the immune response by precisely modifying
the genetic information of immune cells or tumor cells. The
engineered therapeutic tumor cells, repurposed from interferon-3
sensitive to resistant using CRISPR-Cas9 by knocking out the
interferon-f-specific receptor, eliminated established glioblastoma
tumors in mice (82).

The research progress on immune checkpoint inhibitors is
rapid, especially monoclonal antibodies targeting PD-1/PD-L1
and CTLA-4, which have been approved by the FDA for first-line
treatment of melanoma and/or lung cancer. At the same time,
research is also underway, including targeting LAG3, TIM3, and
other checkpoint inhibitors. The combination immunotherapy
method of PD-1 blockade was successfully used for advanced
glioma. However, intratumoral heterogeneity (83, 84), low PD-L1
expression (85), low mutation burden (86), and chemotherapy-
induced mutation properties (87, 88) in diffuse midline glioma
might explain why no survival benefits have been observed with
immune checkpoint inhibitors monotherapy (16, 89). Therefore,
the FDA has not yet approved malignant glioma as a treatment
indication for immune checkpoint inhibitors. In the future, further
research is needed on neuroimmunology and the possibility of
combining immune checkpoint inhibitors with other therapies to
treat glioma.

Due to the heterogeneity of glioma and the immune
suppression of CAR-T by the tumor microenvironment,
increasing the number of CAR-T coverage antigens and
combination therapy is key to improving the efficacy of CAR-T.
Combination therapy with Lp2-targeted CAR-T and oncolytic virus
G47A further inhibited the glioblastoma growth and improved
survival (90). Although CAR-T treatment for glioma is still in its
early stages, the emergence and application of advanced
biotechnology will accelerate the search for new strategies for
glioma. The method of genome-scale screening using CRISPR-
Cas9 can significantly shorten the time for discovering key genes
that can be interfered with to improve the therapeutic effect of
CAR-T, a three-dimensional model of glioblastoma organoids that
summarizes the cellular heterogeneity, structure, and function of
primary tissues can be used for better preclinical studies of CAR-T
therapy, and single-cell sequencing technology can accurately reveal
the intratumoral heterogeneity of glioma cells and other cellular
components of tumor microenvironment to provide rich
information for monitoring immune response and predict
therapeutic efficacy during the treatment process.

The progress of basic research and the iteration of technology
have made oncolytic viruses more specific, effective, and safe in the
treatment of glioma. More and more oncolytic viruses are entering
phase I, II, and even III clinical trials. However, there are still many
challenges in the treatment of glioma with oncolytic viruses. Firstly,
in terms of safety, although existing clinical trial results have not
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reported significant safety events, there is still a risk of off-target
treatment. In addition, although genetically modified viruses
enhance their ability to recognize tumor cells, elderly people and
immunocompromised patients may still be infected with the virus
and cause serious consequences. Secondly, in terms of drug delivery
routes, most oncolytic viruses are currently administered locally
through direct intratumoral injection in the treatment of gliomas,
reducing the risk of virus replication in non-target cells (91).
However, there are problems such as bleeding, infection, and
difficulty in drug delivery in deep lesions, and continuous
improvement of targeted guidance techniques and the technical
standards for intratumoral drug delivery should be emphasized.
Compared with direct intratumoral injection, intravenous injection
is undoubtedly more convenient and safer (92). However, due to the
dilution of systemic blood, rapid neutralization of antibodies, and
isolation of non-target organs and the blood-brain barrier, the
application of intravenous medication is greatly limited.
Increasing the dose of oncolytic viruses used for intravenous
injection, improving oncolytic virus vectors, and using new
ultrasound to open the blood-brain barrier (93) may improve the
effectiveness of intravenous administration. Finally, how to improve
the therapeutic effect of oncolytic viruses is also a difficult problem.
Attention should be paid to the application of combining oncolytic
virotherapy with other treatments such as chemotherapy,
radiotherapy, and immune checkpoint inhibitors in the treatment
of glioma to increase anti-tumor synergistic effects. Because there
are currently no biomarkers available to predict the dose of relevant
oncolytic viruses and their potential for in vivo replication (94), in
addition to central imaging review, molecular pathology, and
immune monitoring, in-depth research on virus replication and
clinical anti-tumor response should be conducted in preclinical
models and clinical trials.

The challenge of immunotherapy for glioma is still limited by
objective factors. From an anatomical perspective, it is difficult to
obtain central nervous system tumor section specimens, and due to
the presence of the blood-brain barrier, some drugs are difficult
to accurately reach the tumor periphery. To address anatomical
difficulties, it is possible to simultaneously obtain tumor
pathological tissue specimens on the basis of maximizing tumor
tissue resection, and analyze individual tumor phenotype
characteristics using multiple immunohistochemistry, proteomics,
spatial transcriptomics techniques, etc. It is also possible to collect
tumor-derived circulating DNA from cerebrospinal fluid before
surgical resection, supplemented by tumor genome analysis, to
obtain immunotherapy target information for a certain
individual. Local administration (intratumoral delivery) may be
feasible for addressing the challenges of the blood-brain barrier.
Meanwhile, with the development of nanotechnology, it can cross
the blood-brain barrier and target tumor sites, bringing new ways
for immunotherapy of glioma. From the perspective of peritumoral
characteristics, the immunosuppressive microenvironment is
dynamic, which poses challenges to micro level research.
Enhanced monitoring of individual patients may help capture
immune dynamics, and non-invasive methods may be urgently
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needed due to increased frequency. With the widespread
application of second-generation sequencing technology, the
current research direction is mainly to search for new tumor
mutations and antigens; in addition, research on immune related
pathways and immunosuppressive mechanisms is also a new
direction in tumor immunotherapy. Gliomas also exhibit a
tendency to recur, further limiting the effectiveness of
immunotherapy. It is possible to enhance the function of memory
lymphocytes, search for specific receptors on the surface of memory
lymphocytes, promote the function of activating receptors, and
block the function of inhibitory receptors.

In addition, clinical research design also needs improvement. In
clinical trials, the number of glioma patients is relatively small
compared to more common solid tumors, which requires new
therapies, including immunotherapy, to be tested in small,
underpowered, and non-randomized designs. Nearly half of the
published clinical studies are single-arm studies with a sample size
of no more than 50 patients. These limitations make it difficult to
demonstrate the efficacy of new therapies in glioma. Low
randomization rate, insufficient use of the controls, and
overestimation of benefits/effects, especially in early trials, may
limit the widespread applicability of the results. The suboptimal
design may be driven by accrual challenges, emphasizing the need
for more collaborative efforts and creating incentives in these areas
to enable larger-scale experiments, ideally using synchronous
controls, but in appropriate cases, inequal randomization can be
considered. The use of historical data can lead to bias in patient
selection. Therefore, it is recommended to conduct randomized
controlled clinical studies. Another area that needs improvement is
the outcome indicators. Response rate is not an ideal endpoint for
immunotherapy. Similarly, progression free survival is often used,
but progression free survival also has the same issue in terms of
response rate dependent on MRI evaluation, which may be
inaccurate as pseudoprogression and pseudoresponse are
common in glioblastoma. The Response Assessment in Neuro-
Oncology criteria may provide some assistance. The most powerful
clinical endpoint is overall survival. However, overall survival need
longer follow-up time. Finally, the regulatory and technical
authorities for trials should strengthen their supervision of the
design and implementation of trials, and if necessary, terminate
trials promptly to ensure that trials are designed and conducted in a
safe, effective, and feasible manner for glioma patients.

Overall, despite the uneven quality and mixed results of available
clinical trials, we still see the dawn of immunotherapy for glioma.
Molecular biomarkers are of great significance in providing assistance
and evaluating prognosis (95). With the advancement of cutting-edge
technologies (artificial intelligence, CRISPR-Cas9, and single-cell
sequencing), not only new evaluation methods can be provided for
the immunotherapy of glioma, but more importantly, it is conducive
to the rapid development of new immunotherapy strategies. The field
of clinical trials of immunotherapy may contribute to individualized
and personalized treatment and ultimately be applied in clinical
practice, achieving the ultimate goal of improving the prognosis of
patients with glioma (96).
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