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Next-generation immunotherapy
biologics for glioblastoma
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George Nageeb1, Shreyas Annagiri2, Lily Kim3,
John Choi3 and Michael Lim3*

1Stanford University School of Medicine, Stanford University, Stanford, CA, United States, 2Stanford
School of Humanities and Sciences, Stanford University, Stanford, CA, United States, 3Department of
Neurosurgery, Stanford University School of Medicine, Stanford University, Stanford, CA, United States
Glioblastoma (GBM) remains largely resistant to immunotherapy despite the

success of immune checkpoint inhibitors in other solid tumors. Phase III trials

have not demonstrated survival benefit for anti-PD-1 monotherapy, likely

reflecting the GBM tumor microenvironment’s profound myeloid-driven

immunosuppression, low neoantigen burden, intratumoral heterogeneity, and

adaptive resistance. These challenges have driven the development of next-

generation immunotherapy biologics designed to reprogram the tumor

microenvironment and overcome the innate and adaptive resistance of GBM.

This review synthesizes advances in immunotherapy biologics including immune

checkpoint combinations, cytokine and immunomodulatory proteins, adoptive

cell therapies, vaccines, and oncolytic viruses, highlighting key preclinical insights

and emerging clinical trial results. We conclude that improved tumor subtyping

and immune profiling will be crucial to guide combination strategies that may

achieve durable clinical benefit in GBM.

KEYWORDS

biologics, cancer vaccination, CAR (chimeric antigen receptor) T cells, checkpoint
inhibition, glioblastoma, immunotherapy, myeloid derived suppressor cells (MDSCs),
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Introduction

Immunotherapy biologics are redefining cancer therapy and include immune

checkpoint inhibitors (ICIs), adoptive cell therapies, oncolytic viruses, vaccines, cytokine

and chemokines, and myeloid modulating biologics. However, while anti-PD-1 has become

first-line treatment for many cancers (1, 2), anti-PD-1 did not have an overall survival (OS)

benefit in newly diagnosed or recurrent glioblastoma (GBM) (3–5). GBM, the most

common primary malignant brain tumor, has a median survival of 15–18 months (6).

The standard of care for primary GBM has not changed since 2005 and is comprised of

maximal safe resection plus adjuvant temozolomide (TMZ) and external beam radiation (7).

GBM has multiple unique features from other solid tumors that explain its poor clinical

outcomes and resistant to therapies. Unlike most other solid tumors, the blood brain barrier

(BBB) selectively prohibits most small molecule drugs and effectively all biological agents

from reaching the tumor. The immunogenicity of GBM does increase BBB permeability;

however, this effect is unequally spatially distributed across the tumor and therefore restricts

drug delivery to invasive margins on the periphery (8). Like other solid tumors, angiogenesis

is a dominant program; however, unlike in other tumors, GBM angiogenesis utilizes
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multiple mechanisms other than VEGF, resulting in extreme

heterogeneity of the vascular compartment (9). Another unique

feature to GBM is its invasive growth via glial interactions.

Oligodendrocytes secrete CCL5, the chemokine to the CCR5

receptor that is enriched on GBM tumor cells, promoting tumor

growth, stemness, and invasiveness (10). In addition to

oligodendrocytes, microglia in GBM mobilize early, forming nets

around invasive tumor tissue and function to guide migration.

Myeloid cells have further pro-tumoral effects such as restructuring

the extracellular matrix and driving immunosuppression (11, 12).

Th i s immunosuppre s s ion re su l t s in a GBM tumor

microenvironment (TME) where infiltrating T cells don’t exhibit

transcriptional exhaustion states as found in other solid tumors but

rather uniquely suppressed transcriptional programs (13).

Collectively, these structural and microenvironmental features

create a permissive niche for both tumor-intrinsic immune

evasion and extrinsic immune suppression.

GBM resistance can be categorized into tumor cell–intrinsic

and tumor-extrinsic microenvironmental mechanisms.

Intrinsically, GBM tumor cells have high intratumoral

heterogeneity and a low neoantigen load, making the tumor of

low immunogenic quality (14). Immunosuppression is

further intrinsically accomplished via the expression of

immunosuppressive molecules including PD-L1 a checkpoint

ligand, IDO1 which depletes tryptophan to promote myeloid

derived suppressor cells (MDSCs) and inhibit effector T and NK

cells, IL-10 to increase Tregs and promote T cell exhaustion, and

TGF-b whose secretion reduced CD8+ T cell and NK cell

cytotoxicity (15). The production of IL-10, TGF-b, as well as

lactate and hypoxic conditions by tumor cells polarize myeloid

cells to immunosuppressive states (16, 17). Glioma stem cells

(GSCs) have complex interactions with surrounding immune

cells, producing chemokines that attract pro-tumoral myeloid

cells (e.g.: E-MDSCs) to the TME (18). However, a significant

resistance of GBM comes from extrinsic mechanisms, which are

largely myeloid driven.

The dominant extrinsic mechanism of resistance in GBM is

innate myeloid–driven immunosuppression. Myeloid cells in the

GBM TME include myeloid-derived suppressor cells (MDSCs), M2

polarized tumor associated macrophages (TAMs), and microglia.

These myeloid compartments are further split into specific pro-

tumor roles. MDSCs include E-MDSCs and M-MDSCs, where M-

MDSCs are derived from E-MDSCs and appear to function in states

of hypoxia and cell stress (18). E-MDSCs function to potentiate

tumor growth and immunosuppression but can transition to other

MDSC states that alternatively promote tumor growth and

immunosuppression when targeted. Therefore, targeting of only

one MDSC subpopulation may not inhibit their pro-tumor effects,

instead likely requiring whole MDSC compartment targeting. Single-

cell and spatial transcriptomic profiling of adult IDH-wild-type GBM

shows that GSC driven infiltration (19) of heterogeneously polarized,

immunosuppressive myeloid cells can make up roughly half of all

tumor‐resident cells while tumor-infiltrating lymphocytes are

typically <5% of the immune infiltrate (18, 20–22). Myeloid cell

immunosuppression is multifaceted, comprising metabolic,

checkpoint, cytokine, among other mechanisms. Myeloid derived
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metabolic immunosuppression includes arginine depletion which

results in T cell anergy, as well as myeloid tryptophan catabolism

and adenosine production resulting in T cell dysfunction and

increased Tregs (23). Immune checkpoints, expressed on myeloid

cells (PD-L1/PD-1, Galectin-9/TIM-3, VISTA/CD28) contribute to

GBM immunosuppression via myeloid polarization and decreased

effector T cell function (24–27). Anti-tumor immune function is

further reduced in the GBM TME by the downregulation of MHC-II

on myeloid cells [e.g.: TLR2 activation (28)], phagocytosis

suppression [e.g.: CD47 overexpression (29)], and extracellular

matrix (ECM) remodeling [e.g.: TAMs enhance MMP signaling

(30)] with perivascular myeloid cuffs and hypoxic regions. In

addition to myeloid-mediated immunosuppression, emerging

evidence suggests that mesenchymal stromal populations and

fibrosis-like ECM remodeling contribute to GBM resistance and

immunosuppression. Perivascular fibroblasts have been correlated

with both poor survival and poor ICI response in GBM (31).

Following myeloid targeting therapy, myeloid and TGF-b signaling

promoted a fibrotic treatment response by perivascular fibroblasts

that reduced immune surveillance and enhanced tumor cell survival

(32). Inhibition of the fibrotic adaptive response improved response

to myeloid targeting therapy in GBM, demonstrating the importance

of fibrosis adaptive resistance mechanisms in GBM.

Upon therapy, GBM exhibits adaptive immunosuppression

including a cytokine driven increase across multiple innate

immunosuppression mechanisms, the up-regulation of alternate

checkpoints such as TIM-3 and TIGIT in response to ICI (33),

secretion of tumor derived extracellular vesicles that inhibit T cell

clonal expansion (34), and upregulation of neutrophil influx and

mesenchymal state following myeloid depletion (35). With the

presence of multiple such immunosuppressive mechanisms, no

trial of any ICI for GBM has demonstrated improved survival.

Thus, ICI therapies are increasingly being combined with recently

developed immunotherapy biologics (36). To orient the reader to

the breadth of biologic strategies under investigation, Figure 1

provides a high-level schematic of therapeutic entry points into

the GBM microenvironment, which are subsequently discussed in

focused sections throughout the manuscript. As preclinical research

continues to discover and characterize the major axes that govern

GBM immunosuppression, immunotherapy biologics are being

developed and translated, often in combined immunotherapies,

for GBM (Table 1).
Immune Checkpoint Inhibitors

Preclinical investigation

Over the past decade, pre-clinical research has rapidly

diversified immune-checkpoint strategies for GBM. For many

tumors, anti-PD-1 monotherapy has successfully programmed T

cells to anti-tumor active states; however, upon ICI administration

GBM exhibits adaptive strategies to express other checkpoint

activators. As ICI monotherapy did not result in survival benefit

for GBM in Phase III trials, current work is developing ICI in
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combination therapy with both other biologic immunotherapies

and standard GBM therapies (e.g.: chemoradiation). Early

demonstration of anti-PD-1 efficacy in murine GBM models

showed that anti-PD-1 monotherapy improved survival and that

there was a synergistic effect when combined with stereotactic

radiosurgery (SRS) in overall survival (control: 25 days, anti-PD-

1: 27 days, SRS: 28 days, anti-PD-1+SRS: 53 days) (37). Dual

therapy with SRS improved survival in another study when

combined with anti-PD-1 and anti-TIM-3, with triple therapy

having the highest overall survival in the murine GBM model

(38). Phase I trial results in recurrent GBM patients of combining

hypofractionated stereotactic re-irradiation with anti-PD-1, anti-

CTLA-4, anti-VEGF resulted in overall survival of 15.6 months and

PFS of 7.1 months, with an acceptable safety profile (39). Local

chemotherapy is another important combination candidate with

ICI and immunotherapy biologics. Preclinical murine studies

identified that local chemotherapy enhances anti-PD-1 efficacy

while systemic chemotherapy has the opposite effect (40). While

systemic chemotherapy combination resulted in systemic and

tumoral lymphodepletion and concordantly decreased immune

memory, local chemotherapy increased dendritic cell infiltration
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into the tumor. This is especially important as trials for

combination of anti-PD-1 with TMZ in GBM that found no

survival benefit with the combination were done using systemic

TMZ therapy (41). These preclinical and early clinical results

evidence the need to study the combination of ICI and other

immunotherapy biologics with SRS and local chemotherapy in

larger trials.

Beyond SRS and local chemotherapy, alternative ICI targets

have been characterized. In addition to PD-1 and CTLA-4, V-

domain Ig suppressor of T cell activation (VISTA) has emerged as a

relevant checkpoint in GBM. It is highly expressed on tumor-

associated myeloid cells and contributes to T cell dysfunction via

reduced TLR downstream signaling and augments MDSC

immunosuppression (42). Preclinical studies suggest that VISTA

blockade may relieve myeloid-mediated suppression and enhance

effector T cell responses, demonstrating improved T cell infiltration

and activation, supporting its inclusion in combinatorial

checkpoint strategies.

The combination of ICI with therapies aimed at adaptive and

innate ICI resistance, largely driven by immunosuppressive TAMs

is the focus of recent preclinical work. As illustrated in Figure 1
FIGURE 1

An overview of the principal biologic strategies discussed in this review and their interaction with tumor cells and immune elements within the
glioblastoma microenvironment. The schematic highlights three major domains: (1) immune checkpoint and antibody-based strategies targeting T
cells and myeloid cells, (2) cytokine and immunomodulatory protein delivery platforms, and (3) adoptive cell and vaccine-based approaches directed
against tumor-associated antigens. The figure emphasizes the multidirectional crosstalk between tumor cells, myeloid populations, lymphocytes,
and engineered biologics within the GBM tumor microenvironment. The diagram is conceptual and does not represent relative dominance or
sequence of signaling events.
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TABLE 1 Results from phase II and III clinical trials of immunotherapy in patients with glioblastoma. For inclusion studies were identified from clinicaltrials.gov using the search: glioblastomaimmunotherapy Phase:

2, 3 Interventional studies Studies with results Study start from 01/01/2012 to 02/03/2026.

Progression free survival
(PFS)

Objective response
rate (ORR)

1.9 months, 95% CI: 1.8-2.7) 2.2%, 95% CI: (0.1 to 9.9)

5.6 months, 95% CI: (3.6-10.0) 14.3%, 95% CI: (5.0 to 29.8)

19.9 weeks, 95% CI: (16.0-32.3) NR

16.0 weeks, 95% CI: (11.9-16.1)

PFS-6: 34.5%, 95% CI: (19.8-49.6) NR

NR

3.61 months (95% CI: 2.79-5.08) 2.4%

2.7 months (95% CI: 0.9-12.5)
(n=3) (note: Cohort 6 results
shown, using 3x10(9) cells)

0%

5.3 months (95% CI: 3.9-5.6) 21.1% (95% CI: 13.9-30.0)

3.8 months (95% CI: 3.7–5.6) 13.0% (95% CI: 7.3-20.8)

5.92 months (95% CI: 1.48-13.93) NR

PFS at 6 months; 1 participant NR

PFS at 6 months; 1 participant

PFS at 6 months; 0 participants

PFS at 6 months; 91.3 participants
(95% CI: 69.5-97.9)

NR

NR NR

NR Complete Response: 0% (95%
CI: 0-60.2)

Complete Response Rate: 0%
(95% CI: 0-45.9)

(Continued)
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NCT Enrollment Immunotherapeutic agent(s) Patient population Overall survival (OS)

NCT02078648 74 Arm 1: SL-701 (glioma antigen vaccine),
vaccine adjuvants (imiquimod, GM-CSF)

Recurrent GBM OS at 12 Months: 20/46 (43.5%)

Arm 2: SL-701 (glioma antigen vaccine),
poly-ICLC, Bevacizumab (anti-VEGF)

OS at 12 Months: 14/28 (50%)

NCT02336165 159 Radiation therapy followed by Durvalumab
(anti-PD-L1)

Newly Diagnosed Un-methylated
GBM

Up to 36 months: 64.8 weeks (n=40)

Durvalumab (anti-PD-L1) and Bevacizumab
(anti-VEGF)

Recurrent GBM – bevacizumab
naïve

37.3 weeks (n=33)

NCT04013672 41 Pembrolizumab (anti-PD-1), SurVaxM
(survivin peptide vaccine), GM-CSF,
montanide

Recurrent GBM –

immunotherapy naïve
NR

Recurrent GBM – failed prior
immunotherapy

NCT02858895 47 MDNA55 (IL-4 fused to Pseudomonas
aeruginosa exotoxin A)

Recurrent or Progressive GBM 10.2 months (n=47, ITT analysis)
11.64 months (n=44, PP analysis)

NCT01454596 18 EGFRvIII CAR-T, IL-2 Recurrent Glioblastoma NR

NCT03149003 221 Arm 1: DSP-788 (WT1 peptide vaccine) Dosing
Emulsion + Bevacizumab (anti-VEGF)

Recurrent or Progressive GBM OS at 12 months; 37.9% (95% CI:
28.7-47.0)

Arm 2: Bevacizumab (anti-VEGF) OS at 12 months; 31.6% (95% CI:
22.9-40.7)

NCT03367715 10 Nivolumab (anti-PD1) and Ipilimumab
(anti-CTLA-4) followed by radiation therapy

MGMT Un-methylated
Glioblastoma

OS at 3 years; 16.85% (95% CI: 4.49-
32.89)

NCT04406272 15 Arm 1: VB-111 (adenoviral vector) before
and after surgery

Recurrent or Primary
Glioblastoma

OS at 11–15 months; 0 participants

Arm 2: VB-111 (adenoviral vector) after surgery OS at 11–15 months; 1 participant

Arm 3: Placebo OS at 11–15 months; 1 participant

NCT01811498 31 Superselective Intra-arterial Cerebral
Infusion of Bevacizumab (anti-VEGF)

Newly Diagnosed GBM Median OS; 23.1 months (95% CI:
12.2-36.9)

NCT02663271 10 Optune Tumor Treating Fields +
Bevacizumab (anti-VEGF)

Bevacizumab – Refractory GBM Insufficient number of participants
with events

NCT03018288 90 Arm 1: Heat Shock Protein Peptide Complex-96
vaccine + Pembrolizumab (anti-PD-1) + RT/
TMZ

Newly Diagnosed GBM OS at 12 months; 52.5% (95% CI:
24.5-100)

Arm 2: Pembrolizumab (anti-PD-1) + RT/
TMZ

OS at 12 months; 71.4% (95% CI:
44.7-100)
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TABLE 1 Continued

Progression free survival
(PFS)

Objective response
rate (ORR)

PFS at 6 months; 46.7% (95% CI:
32.1-61.2)

Overall Response Rate; 18%

PFS at 6 months: 44.6% (95% CI:
29.4-59.8)

Overall Response Rate; 16%

4.1 months (95% CI: 2.8-5.5) Overall Radiographic Response;
0.20% (95% CI: 0.11-0.32)

1.4 months (95% CI: 1.4-2.7) Overall Radiographic Response;
0% (95% CI: 0.0-0.095)

6.5 months (95% CI: 4.4-12.1) NR

NR NR

3.0 months (95% CI: 2.9-4.1) 21.8% (95% CI: 14.2-31.1)

6.1 months (95% CI: 3.9-11.0) NR

6.4 months (95% CI: 4.2-10.8)

11.79 months (95% CI: 8.71-22.72) NR

NR Objective Radiographic
Response; 0% (95% CI: 0-19)

1.51 months (95% CI: 1.48-1.61) 7.8% (95% CI: 4.1-13.3)

3.61 months (95% CI: 2.99-4.60) 23.1% (95% CI: 16.7-30.5)

- 4.2 months (SE: 0.4551) 1 participant

4.0 months (SE: 0.5467) 1 participant

Median PFS for newly diagnosed
GBM patients, Dose Level 1 x 10^8;
19 weeks (95% CI: 9-20)

Objective Response Rate for
newly diagnosed GBM patients,
Dose Level 1 x 10^8: 3
participants

7.9 months (95% CI: 4.8-10.4) 33.3% (3/9)

NR NR

(Continued)
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NCT Enrollment Immunotherapeutic agent(s) Patient population Overall survival (OS)

NCT03452579 90 Arm 1: Nivolumab (anti-PD1) + Standard
Dose Bevacizumab (anti-VEGF)

Recurrent Glioblastoma OS at 12 months; 41.1% (95% CI:
26.1-56.1)

Arm 2: Nivolumab (anti-PD1) + Low Dose
Bevacizumab (anti-VEGF)

OS at 12 months; 37.7% (23.1-52.4)

NCT02337491 80 Arm 1: Pembrolizumab (anti-PD-1) +
Bevacizumab (anti-VEGF)

Recurrent Glioblastoma 8.8 months (95% CI: 7.7-14.2)

Arm 2: Pembrolizumab (anti-PD-1) 10.3 months (95% CI: 8.5-12.5)

NCT02366728 64 Human CMV pp65-LAMP mRNA pulsed
autologous DC vaccine

Newly Diagnosed Glioblastoma 16 months (95% CI: 12.8-25.5)

NCT03047473 30 Avelumab (anti-PD-L1) Newly Diagnosed Glioblastoma NR

NCT03797326 611 (n=102 GBM) Lenvatinib
+ Pembrolizumab (anti-PD-1)

Patients with previously treated
solid tumors

8.6 months (95% CI: 7.4-10.8)

NCT02465268 175 Pp65-shLAMP dendritic cells with GM-CSF Newly Diagnosed Glioblastoma 16.9 months (95% CI: 12.7-22.8)

Pp65-flLAMP dendritic cells with GM CSF 16.2 months (95% CI: 13.8-19.2)

NCT03405792 40 Optune Tumor Treating Fields +
Pembrolizumab (anti-PD-1) + TMZ

Newly Diagnosed Glioblastoma NR

NCT04225039 39 INCMGA00012 (anti-PD1) +
INCAGN01876(anti-GITR) + SRS

Recurrent Glioblastoma NR

NCT02017717 369 Arm 1: Nivolumab (anti-PD1) Recurrent Glioblastoma OS at 12 months; 41.8% (95% CI:
34.7-48.8)

Arm 2: Bevacizumab (anti-VEGF) OS at 12 months; 42.4% (95% CI:
34.9-49.6)

NCT03661723 60 Arm 1: Pembrolizumab (anti-PD-1) + RT Bevacizumab Naïve and
Bevacizumab Resistant Recurrent
Glioblastoma

OS at 12 months; 40% (95% CI: 22.8
56.6)

Arm 2: Pembrolizumab (anti-PD-1) +
Bevacizumab (anti-VEGF) + RT

OS at 12 months; 16.6% (95% CI:
6.0-31.7)

NCT02661282 65 (n=3 for Newly
Diagnosed GBM
patients in dose
level 1 x 10^8)

Dose escalation of CMV-specific T cells +
TMZ

Recurrent or Newly Diagnosed
Glioblastoma

Median OS for newly diagnosed
GBM patients, Dose Level 1 x 10^8;
24 weeks (95% CI: 13-24)

NCT02343549 13 Bevacizumab (anti-VEGF) + Optune Tumor
Treating Fields, + TMZ + RT

Newly Diagnosed Unresectable
GBM

9.9 months (95% CI: 4.8-12.8)

NCT03927222 6 Human CMV pp65-LAMP mRNA
autologous dendritic cells + GM CSF

Newly Diagnosed WHO Grade IV
glioma, CMV positive, MGMT
unmethylated

17.4 months (95% CI: 13.3-NA)
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TABLE 1 Continued

Progression free survival
(PFS)

Objective response
rate (ORR)

GBM/AA Cohort PFS; 55 days
(95% CI: 52-84)

GBM/AA Cohort ORR; 1
participant

3.7 months 2.9-4.8 Radiographic Response; 22.5%
(95% CI: 12.1-37.7)

PFS of Marizomib 0.8 mg/m2
Bevacizumab 10mg/kg cohort; 1.8
months (95% CI: 1.5-1.9)

Radiographic Objective
Response Rate of 0.8 mg/m2
Bevacizumab 10mg/kg cohort;
3.3% (95% CI: 0.1-17.2)

NR NR

12.5 weeks (95% CI: 6-37) 40%

PFS at 6 months: 56.2% (95% CI:
29.9-80.2)

NR

1.81 months (1.25-2.07) NR

PFS at 6 months; 33% (95% CI: 9-
60)

Complete Response: 1
participant
Partial Response: 3 participants

6.98 months (95% CI: 5.55–11.04) NR

7.20 months (95% CI: 5.78–8.61)

6.9 months (95% CI: 6.2-9.7) Radiographic Response Rate: 4
participants

89.0 days (SD: 95.6) 3 participants

10.4 months (95% CI: 7.1-11.7) Complete Response: 8
participants

4.2 months (95% CI: 1.4–5.7) NR

PFS at 4 months; 32 participants NR

(Continued)
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NCT Enrollment Immunotherapeutic agent(s) Patient population Overall survival (OS)

NCT04704154 175 (n=30 GBM/
Anaplastic
Astrocytoma)

Regorafenib (multi-kinase inhibitor) +
Nivolumab (anti-PD1)

Solid Tumors GBM/AA Cohort OS; 245 days (95%
CI: 127-377)

NCT01738646 48 Vorinostat (histone deacetylase inhibitor) +
Bevacizumab (anti-VEGF)

Recurrent Glioblastoma 10.4 months (95% CI: 7.6-12.8)

NCT02330562 121(n=30 for
Marizomib 0.8
mg/m2 +
Bevacizumab
10mg/kg cohort)

Dose Escalation of Marizomib (proteasome
inhibitor) + Bevacizumab (anti-VEGF)

Recurrent Glioblastoma OS of Marizomib 0.8 mg/m2 +
Bevacizumab 10mg/kg cohort; 8.3
months (95% CI: 4.8-11.3)

NCT02794883 36 Arm 1: Tremelimumab (anti-CTLA-4) Recurrent Glioblastoma 7.246 months (95% CI: 2.746-16.32)

Arm 2: MEDI4736 (anti-PD-L1) 11.71 months (95% CI: 8.332-32.71)

Arm 3: Tremelimumab (anti-CTLA-4) +
MEDI4736 (anti-PD-L1)

7.703 months (95% CI: 7.411-40.14)

NCT01582152 12 TPI 287 + Bevacizumab (anti-VEGF) Recurrent Glioblastoma NR

NCT02120287 16 Border Zone SRS + Bevacizumab (anti-
VEGF)

Recurrent or Progressive
Glioblastoma

11.73 months (95% CI: 8.64-26.05)

NCT01564914 22 Carotuximab (anti-endoglin) + Bevacizumab
(anti-VEGF)

Recurrent or Progressive
Glioblastoma

5.75 months (95% CI: 4.21–9.86)

NCT01894061 25 Bevacizumab (anti-VEGF) + Nova Tumor
Treating Fields

Recurrent Glioblastoma NR

NCT03532295 51 Arm 1: Retifanlimab (anti-PD1) + RT +
Bevacizumab (anti-VEGF)

Recurrent Glioblastoma OS at 12 months; 50% (95% CI: 34-
75)

Arm 2: Retifanlimab (anti-PD1) + RT +
Bevacizumab (anti-VEGF) + Epacadostat
(ID01 inhibitor)

OS at 12 months; 38% (95% CI: 23-
62)

NCT03139916 36 Bavituximab (anti-phosphatidylserine) + RT
+ TMZ

Newly Diagnosed Glioblastoma OS at 12 months; 72.7% (95% CI: 59-
90)

NCT04006119 40 Ad-RTS-hIL-12 + Veledimex + Cemiplimab
(anti-PD-1)

Recurrent or Progressive
Glioblastoma

NR

NCT03347617 52 Ferumoxytol MRI + Pembrolizumab (anti-
PD-1)

Newly Diagnosed Glioblastoma 15.2 months (95% CI: 12.5-17.1)

NCT02968940 6 Avelumab (anti-PD-L1) + Hypofractionated
Radiation Therapy

IDH mutant Glioblastoma 10.1 months (95% CI: 6.8–12)

NCT02342379 35 Bevacizumab (anti-VEGF) + TH-302 Glioblastoma with Bevacizumab
treatment failure

NR
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TABLE 1 Continued

rogression free survival
PFS)

Objective response
rate (ORR)

R 0 participants

R NR

R 2 participants

R NR

FS at 6 months; 95% (95% CI: 86-
8)

NR

18 days (95% CI: 63-172) NR

2 days (95% CI: 45-142)

FS at 21.8 months; 0 participants NR

FS at 6 months; 15 participants 3 participants with response

.7 months (95% CI: 2.9-5.4) NR

.2 months (95% CI: 3.7-5.6) Radiographic Response Rate;
4.2% (95% CI: 0-9.8)

.7 months (95% CI: 6.5-8.5) NR

.2 months (95% CI: 2.6-4.6) NR

FS at 6 months; 54.3% (95% CI:
2.9-65.4)

29.9% (95% CI: 20.0-41.4) with
response

.84 months (95% CI: 1.78-2.63) NR

0.64 months (95% CI: 8.90-11.79) NR

.01 months (95% CI: 5.56-6.21) NR

.9 months (95% CI: 8.8-13.6) NR

FS at 6 months; 25% (95% CI: 7.5-
3.0)

NR

FS at 6 months; 40% (95% CI:
5.8-62.0)
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NCT Enrollment Immunotherapeutic agent(s) Patient population Overall survival (OS) P
(

NCT04479241 25 Lerapolturev (oncolytic viral therapy) +
Pembrolizumab (anti-PD-1)

Recurrent Glioblastoma OS at 24 months; 10.2 months (95%
CI: 8.9–15.9)

N

NCT03430791 5 Nivolumab (anti-PD1) + Ipilimumab (anti-
CTLA-4) + Optune Tumor Treating Fields

Recurrent Glioblastoma NR N

NCT02986178 121 Lerapolturev (oncolytic viral therapy) +
Lomustine

Grade IV malignant glioma 7.1 months (95% CI: 4.0-8.1) N

NCT04116658 100 EO2041 (1,2mg) multi-peptide therapeutic
vaccine + Nivolumab (anti-PD1) +
Bevacizumab (anti-VEGF)

Recurrent Glioblastoma 12.1 months (95% CI: 8.0-14.8) N

NCT02455557 66 SurVaxM (surviving peptide cancer vaccine)
+ TMZ

Newly Diagnosed Glioblastoma 25.8 months (95% CI: 19.5-43.5) P
9

NCT02974621 70 Arm 1: Olaparib (PARP inhibitor) + Cediranib
Maleate (VEGFR tyrosine kinase inhibitor)

Recurrent Glioblastoma 316 days (95% CI: 178-459) 1

Arm 2: Bevacizumab (anti-VEGF) 218 days (95% CI: 135-368) 9

NCT02743078 3 Bevacizumab (anti-VEGF) + Tumor
Treating Fields

Bevacizumab Refractory Recurrent
Glioblastoma

OS at 21.8 months; 1 participant P

NCT02337686 18 Pembrolizumab (anti-PD-1) + Surgery Recurrent Glioblastoma 20 months (95% CI: 8.64-28.45) P

NCT01814813 90 HSPPC-96 (heat shock protein peptide
complex-96 vaccine) + Concomitant
Bevacizumab (anti-VEGF)

Recurrent Glioblastoma 6.6 months (95% CI: 5.4-10.4) 3

NCT01609790 137 Bevacizumab (anti-VEGF) + AMG 386
(angiopoietin-1/2 inhibitor)

Recurrent Brain Tumors 7.5 months (95% CI: 6.8-10.1) 4

NCT04396860 159 Ipilimumab (anti-CTLA-4) + Nivolumab
(anti-PD1) + RT

Newly Diagnosed MGMT
Unmethylated Glioblastoma

NR 7

NCT01648348 116 Bevacizumab (anti-VEGF) + TRC105 (anti-
endoglin)

Recurrent Glioblastoma 7.4 months (95% CI: 6.5-12.7) 3

NCT01730950 182 Bevacizumab (anti-VEGF) + RT Recurrent Glioblastoma OS at maximum follow up; 21.6%
(95% CI: 12.1-31.1)

P
4

NCT02327078 307 (n=33 GBM) Epacadostat (ID01 inhibitor) + Nivolumab
(anti-PD1)

Solid Tumors OS at 9 months; 45.8% (95% CI:
29.7-60.5)

1

NCT02667587 716 Nivolumab (anti-PD1) + RT + TMZ Newly Diagnosed Glioblastoma OS at 12 months; 82.7% (95% CI:
78.3-86.3)

1

NCT02617589 560 Nivolumab (anti-PD1) + RT Newly Diagnosed Glioblastoma 13.40 months (95% CI: 12.62-14.29) 6

NCT01740258 68 Bevacizumab (anti-VEGF) + RT + TMZ Newly Diagnosed Glioblastoma 17.8 months (95% CI: 15.2-23.2) 9

NCT03718767 62 Nivolumab (anti-PD1) for Hypermutated
IDH mutant gliomas

IDH-mutant gliomas 7.4 months (95% CI: 4.7-NA) P
8

Nivolumab (anti-PD1) for Non-
hypermutated IDH mutant gliomas

31.6 months (95% CI: 10.2-NA) P
2
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(right panel), checkpoint inhibitors and myeloid-targeted

antibodies converge on T cell and APC interactions within the

tumor microenvironment. IL-10 expression has been increasingly

implicated as an adaptive resistance mechanism to ICI in GBM.

Oxidative-stress–driven microglial IL-10 skews macrophages to

contribute to immune exhaustion via IL-10 and CD206

upregulation (43), a profile that directly correlates with elevated

PD-1/TIM-3 expression and functional exhaustion of infiltrating

CD8+ lymphocytes (44). In mice, microglial inhibition with anti-

PD-1 doubled median survival relative to either monotherapy. IL-

10 signaling is a druggable target to relieve T-cell exhaustion in

GBM (45). Additionally, IL-6 is a major regulator of myeloid

derived suppressor cell (MDSC) formation in GBM, thus serving

as a key regulating contributor to the overall immunosuppressive

tumor microenvironment (46–49). Anti-IL-6 therapy combined

with an anti-CD40 antibody which restored anti-tumor myeloid

activation, reversed immunosuppression, and when layered onto

PD-1 + CTLA-4 blockade, drove complete tumor regression in a

murine model of glioma (50). Myeloid reprogramming via cytokine

inhibition is a promising combination therapy with other ICIs.

Multiple other TAM targeting strategies include EGFR targeted

immunotoxins that establishing durable, tumor-specific memory

(51) and the colony-stimulating-factor-1 receptor (CSF-1R) axis

which is known to induce conversion of microglia and infiltrating

peripheral monocytes into pro-tumorigenic immune cells (52).

However, prolonged CSF-1R therapy has been demonstrated to

elicit a compensatory TGF-b–driven fibroblast scar perivascularly,

encase residual tumor cells and dampen antitumor immunity,

ultimately fostering lethal recurrence (32). Co-targeting TGF-b or

fibrosis-associated pathways abrogates scar formation and

suppresses tumor recurrence (32). This delicate balance in

targeting myeloid axes may be a good fit for antisense

oligonucleotides. Antisense oligonucleotides represent a potential

therapeutic approach that offer the ability to suppress synthesis

intracellularly and may avoid BBB permeability challenges as well as

potentially reduce some adaptive mechanisms (53). Future studies

should investigate the potential synergy of combining these myeloid

reprogramming strategies with ICI.

Clinical trials

A proof-of-concept neoadjuvant case showed that a single dose

of triple checkpoint blockade—nivolumab (anti-PD-1), relatlimab

(anti-LAG-3) and ipilimumab (anti-CTLA-4)—administered 12

days before resection markedly increased intratumoral CD4+ and

CD8+ T-cell density, activation and clonotype diversity; nivolumab

was detected on tumor-infiltrating lymphocytes (TILs), confirming

systemic antibodies can reach the brain. Seventeen months later the

patient remained recurrence-free, prompting formal evaluation in

the ongoing GIANT trial (NCT06816927) (54). In addition,

multiple human trials are exploring different ICI combinations

with other classical treatment strategies. NCT04225039 couples

stereotactic radiosurgery with INCMGA00012 (anti-PD-1) plus

the GITR agonist INCAGN01876 to “heat up” recurrent disease.

NCT02337491 showed that adding bevacizumab to pembrolizumab

was safe but did not improve outcomes over historical bevacizumab
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controls, underlining the limits of angiogenesis–checkpoint

combinations and setting benchmarks for future additive

regimens. Final ly , NCT02336165 profi les durvalumab

monotherapy across five GBM cohorts, generating biomarker-

driven selection criteria. While initial studies of anti-PD-1 for

newly diagnosed and recurrent GBM did show few responders to

therapy, there was a lack of biomarkers. By subtyping GBM, future

clinical trials can potentially concentrate a patient cohort that

significantly responds to ICI.

While much effort has focused on reversing myeloid-driven

immunosuppression and restoring adaptive T cell function,

emerging data suggest that immune escape in GBM is not solely

governed by classical checkpoint or cytokine networks. In addition,

glioblastoma co-opts neural circuitry itself as a pro-tumorigenic

signaling axis, linking synaptic integration and activity-dependent

signaling to tumor growth and immune resistance. Thus, targeting

neuron–glioma crosstalk represents a complementary biologic

strategy aimed at disrupting non-immune drivers of tumor

persistence that may indirectly reinforce immunosuppressive states.

Targeting synaptogenesis and
axonogenesis in GBM

Recent studies have characterized GBM as a malignancy that is

electrically and synaptically integrated within the neural circuitry of

the brain (55–58). More specifically, GBM cells form a-amino-3-

hydroxy-5-methyl-4-isoxazole-propionic-acid (AMPA)–receptor-

dependent excitatory synapses with neighboring neurons and

participate in activity-evoked extracellular-potassium currents (55,

56). These inputs depolarize tumor membranes, accelerate

proliferation and invasion, and can be attenuated by genetic

disruption of AMPA receptors or pharmacological blockade of

AMPA with Perampanel, thereby prolonging survival in murine

models (55, 56). Extending this paradigm, a study by Taylor and

colleagues demonstrated that neuron-to-glioma synapses undergo

activity-regulated plasticity through the following mechanism: brain-

derived neurotrophic factor (BDNF) acting through TrkB–CaMKII

signaling increases AMPA-receptor trafficking, amplifies depolarizing

currents and drives tumor growth (58). Genetic or pharmacological

inhibition of TrkB arrests progression and improves survival in

pediatric and adult xenografts (58). Complementing these

mechanistic insights, intra-operative electrophysiology and site-

directed biopsies from patients revealed that GBM remodels large-

scale language circuits (57). Specifically, regions of high tumor–brain

functional connectivity are enriched for synaptogenic,

thrombospondin-1–secreting tumor subpopulations, and the extent

of this connectivity correlates with poorer cognition and reduced

overall survival—effects that can be mitigated by gabapentin-

mediated thrombospondin-1 blockade (57). Together, these

findings position neuron–glioma electrochemical crosstalk, its

BDNF-driven plasticity and circuit-level remodeling as convergent

drivers of GBM pathogenesis and highlight anti-synaptogenic

strategies as rational therapeutic avenues.

From a therapeutic standpoint, Venkatesh et al. showed that

genetic ablation of NLGN3, or systemic inhibition of its sheddase

ADAM10 (INCB7839), arrests orthotopic glioma xenografts and
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prolongs mouse survival—establishing NLGN3 as a druggable

extracellular dependency rather than just a biomarker (59). While

no neutralizing antibody has yet entered the clinic, humanized anti-

NLGN3 IgGs and bispecifics could serve as next-generation

“synapse-checkpoint” inhibitors that could replace or synergize

with traditional ICIs. Additionally, EphA2 and EphA3, originally

defined as axon-path-finding receptors, are up-regulated in GSCs,

tumor microtubes and perivascular niches (60). A pre-clinical study

with antibody–drug conjugates (ADI-1C1 for EphA2, PAY-loaded

huE19 for EphA3) or anti-EphA3 CAR-T cells eliminate patient-

derived organoids and extend survival in multiple murine GBM

models (60). Neuropilin-1 (NRP1) is a glycoprotein that was found

to be a contributor of glioma invasiveness (61). When NRP1 was

silenced, either through siRNA inhibition or CRISPR-mediated

knockout, there was a down-regulated surface b3-integrin
(ITGB3), producing an anti-invasive effect (61). Additionally,

NRP1 signaling increases TGF-b; therefore, future work may

combine this approach with other immunotherapeutic modalities

to curb the infiltration of GBM as well as its immunosuppressive

effects (61).

Although targeting neuron–glioma synaptic integration

addresses a distinct axis of tumor progression, it does not directly

modulate the soluble signaling networks that coordinate immune cell

recruitment and polarization within the tumor microenvironment.

Consequently, parallel efforts have focused on cytokine and

immunomodulatory protein engineering to reshape these

communication pathways and restore immune effector function

in GBM.
Cytokines and immunomodulatory
proteins

Given the central role of cytokines in cellular communication,

immunomodulation, and tumorigenesis, harnessing biologics to

modulate these signals represents a promising therapeutic strategy.

However, because cytokines are inherently unstable and can exert

broad, nonspecific effects, it is critical that their use be precisely

tailored to the tumor context (62). To this end, multiple preclinical

and clinical studies have investigated cytokines and other

immunomodulatory proteins as potential therapies for GBM. The

cytokine strategies depicted in Figure 1 (upper left) are designed to

reshape soluble signaling networks that regulate myeloid polarization

and T cell activation within the GBM microenvironment.

Preclinical investigations

Cytokines and immunomodulatory proteins for GBM therapy

are under development in preclinical research. Modulation of CD4+

and CD8+ T cells with NT-I7, a long-acting IL-7, has been explored.

IL-7 plays a critical role in T cell maturation and homeostasis. In

GL261 glioma-bearing mice, treatment with NT-I7 combined with

radiation, or with radiation plus TMZ significantly prolonged

survival. While NT-I7 alone did not improve survival, its

potential as an adjuvant to standard therapies remains promising
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(63). Another promising approach involves targeting IL-13 receptor

alpha 2 (IL13Ra2) and ephrin type A receptor 2 (EPHA2), which

are receptors expressed in GBM and absent within healthy brain

tissue. The Pseudomonas exotoxin A (64), was bound to ephrin A1

(eA1) and IL-13 resulting in median PFS of 187 days, a median

tumor reduction of 42%, and reduced tumor volumes in 15/16

canines at 42 days following treatment (65). Another approach

involves fusing the monoclonal antibody L19 with cytokines such as

tumor necrosis factor (TNF), IL-12, and IL-2, generating the fusion

proteins L19-TNF, L19-IL12, and L19-IL2. L19 targets the

alternatively spliced extra-domain B of fibronectin, a site highly

expressed in GBM, enabling selective delivery of the fused

cytokines. In murine models, these antibody–cytokine conjugates

cross the BBB and localize to syngeneic tumors. Treatment with

L19-TNF and L19-IL12 significantly prolonged survival in GL261

glioma-bearing mice, whereas L19-IL2 conferred little to no survival

benefit. L19-IL12 enhanced infiltration of CD4+ and CD8+ T cells as

well as natural killer (NK) cells, whereas L19-TNF primarily

increased NK cell infiltration. In contrast, L19-IL2 elicited both

proinflammatory and immunosuppressive responses (66). Due to

its efficacy, L19TNF was later tested in combination with the

chemotherapy agent chloroethyl-cyclohexyl-nitrosourea (CCNU).

The combination outperformed L19-TNF monotherapy in murine

models of GL261 and CT-2A gliomas. Early-phase clinical

evaluation (NCT04573192) yielded encouraging results, with 2 of

6 patients demonstrating strong responses (67). These findings

suggest that leveraging L19 as a GBM-homing signal to modulate

cytokine activity may meaningfully impact disease progression.

Delivery mechanism for cytokine and immunomodulatory

protein therapies is important for limiting toxicity and adverse

effects in addition to limiting systemic immune effects, given the

complex landscape of peripheral immunosuppression (68, 69). Cells

can be engineered to deliver cytokines directly to tumors. In CT-2A

glioma-bearing mice, tumor resection followed by treatment with

inactivated tumor cells engineered to secrete interferon-b (IFN-b)
and GM-CSF led to significantly prolonged survival and robust

immune cell infiltration within the tumor (70). Also, CAR-T cells

engineered to express IFN-a2 and IL-12 demonstrated superior

antitumor activity in glioma models compared to conventional

CAR-T cells (71). Similarly, hematopoietic stem cells engineered

to deliver IFN-a and IL-12 directly to gliomas achieved more

effective cytokine delivery than systemic administration and

resulted in robust tumor inhibition (72). Other cell-based delivery

mechanisms have been developed. TNF-related apoptosis-inducing

ligand (TRAIL), which induces apoptosis by binding death

receptors 4 and 5, both highly expressed in GBM, has been

preclinically investigated as a GBM therapy. To facilitate delivery

across the BBB, tumor localizing mesenchymal stem cells were

engineered to secrete TRAIL. These engineered cells were also

modified to also secrete FMS-like tyrosine kinase 3 ligand

(FLT3L), which promotes the maturation of antigen-presenting

dendritic cells (DCs). In CT-2A glioma–bearing mice, TRAIL

delivery increased survival but failed to reduce tumor volume or

elicit a robust T cell response. Co-secretion of FLT3L did not

substantially improve outcomes. However, TRAIL combined with

FLT3L secretion following tumor resection significantly prolonged
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survival, decreased recurrent tumor volume, and increased tumor

infiltrating CD8+ T cells, highlighting its potential as an adjunct to

surgical resection (73). Collectively, these findings highlight the

potential for cell-based approaches as platforms for localized

cytokine therapy in GBM.

Viral vectors have also been explored as platforms for delivering

immunomodulatory biologics. A retroviral replicating vector

encoding interferon regulatory factor 8 (IRF8), a key transcription

factor for the type 1 conventional dendritic cell (cDC1) lineage, was

used in murine glioma models. This approach reduced tumor

volume, prolonged survival, and enhanced intratumoral

infiltration of cDC1 and CD8+ T cells (74). Another study

investigated the viral delivery of C-C motif ligand 5 (CCL5) by

targeting epidermal growth factor receptor (EGFR). This treatment

also improved survival and increased activated immune cell

infiltration into the CT-2A glioma bearing mice (75).

Clinical trials

A non-randomized phase 2 trial (NCT04013672) evaluated the

combination of pembrolizumab and SurVaxM, a cancer vaccine, in

patients with recurrent GBM who had failed chemotherapy and

radiation and had not received immunotherapy. While the primary

focus of the trial was to assess pembrolizumab and SurVaxM,

Sargramostim was also administered as part of the regime (76,

77). Sargramonstim, also known as recombinant human

granulocyte-macrophage colony-stimulating factor (rhu GM-

CSF), is a myeloid hematopoietic growth factor that promotes a

proinflammatory state and has historically been used as a tumor

vaccine adjuvant (78). Among the 41 enrolled patients, 34.5 (95%

CI:19.8 to 49.6) had progression free survival (PFS) at 6 months

from treatment. rhu GM-CSF was used as a vaccine adjuvant in

another non-randomized phase 2 trial (NCT03927222). In this

study, patients were pre-conditioned with tetanus-diphtheria

toxoid following TMZ and radiation therapy. Patients then

received Human CMV pp65-LAMP mRNA-pulsed autologous

DCs alongside adjuvant GM-CSF. Median overall survival (mOS)

for the six patients studied was 17.4 months (95% CI: 13.3–NA)

(79). While no direct comparison was performed to evaluate the

effect of rhu GM-CSF in either of the two studies, these results

suggest its potential role as an immunomodulatory agent (77, 79).

GM-CSF was compared against polyinosinic-polycytidylic acid

stabilized with polylysine and carboxymethyl cellulose (Poly-ICLC)

in a phase 1/2 clinical trial (NCT02078648). This trial studied the

effect the cancer vaccine SL-701, and GM-CSF and Poly-ICLC were

used as vaccine adjuvants (80). Poly-ICLC is a double-stranded

ribonucleic acid known for eliciting a broad cytokine release and

promoting T cell and NK cell activation (81). In the study, one

experimental treatment arm received SL-701 with GM-CSF and the

other received SL-701 with poly-ICLC followed by bevacizumab.

Final results were posted on the clinical trial registry but have not

been peer reviewed. Overall survival at 12 months (OS-12) was

similar across treatment groups with 43.5% for SL-701 + GM-CSF

and 50.0% for SL-701 + Poly-ICLC + bevacizumab. Treatment was

also well tolerated between groups with no participants

experiencing regime-limiting toxicity or sudden/unexplainable
Frontiers in Immunology 10
death. However, the SL-701 + Poly-ICLC + bevacizumab cohort

experienced improved objective response rate of 14.3 (95% CI: 5.0

to 29.8) versus the SL-701 + GM-CSF cohort that with a rate of 2.2

(95% CI: 0.1 to 9.9). Again, the vaccine adjuvants did not have direct

comparisons with this trial, making definitive claims on their

efficacy challenging. Also, the role that bevacizumab plays in

treatment response is unclear since it had no comparison either

(80). However, the use of vaccine adjuvants alongside cancer

vaccines remains an option for treatments seeking to

optimize immunomodulation.

Similar efforts have attempted to develop cytokines for

combination with adoptive cell therapies. A non-randomized

phase 2 trial (NCT01454596) evaluated EGFRvIII-targeted CAR-

T cells in combination with chemotherapy, with aldesleukin

administered as an adjuvant across all treatment arms (82).

Aldesleukin, an IL-2 historically used to treat metastatic

melanoma (83), was included to support T cell activity. The

primary aim of the study was to assess the safety of EGFRvIII-

directed CAR-T cells, however, the therapy did not result in

meaningful survival benefit or tumor response (84). In the

absence of a control group, the specific contribution of IL-2 to

the immune response remains unclear, raising questions about the

utility of cytokine adjuvants in future CAR-T cell strategies.

In contrast to vaccine and adoptive cell therapy adjuvants,

MDNA55 takes a targeted cytotoxic strategy. This biologic was

produced by fusing IL-4 to a modified Pseudomonas aeruginosa

exotoxin A (PE). The IL-4 receptor (IL4R) is widely expressed in

both GBM cells and immunosuppressive myeloid derived

suppressor cells with the TME. MDNA55 binds to IL4R, is

endocytosed, and then delivers the toxic PE payload to induce

apoptosis (85). A phase 2 non-randomized trial (NCT02858895)

used Convection-Enhanced Delivery (CED) to deliver the drug past

the blood brain barrier (BBB). Within the intent-to-treat (ITT)

population, the mOS of the 47 patients was 10.2 (one-sided 80% CI:

8.39 to 12.75), and OS-12 was 43% (95% CI: 29%–57%). For the

per-protocol (PP) population, the mOS of the 44 patients was 11.64

(one-sided 80% CI: 8.62 to 15.02), and OS-12 was 46% (95% CI:

31%–60%). Treatment was well-tolerated by all but two patients,

and most adverse events were neurological due to GBM disease

burden (85, 86). Given these results and its favorable safety profile,

MDNA55 represents a potential therapeutic strategy for GBM,

leveraging IL-4–mediated targeting to deliver a cytotoxic exotoxin

selectively to tumor cells.

Despite some progress, several challenges remain before

cytokines and related immunomodulatory proteins can be

effectively leveraged to treat GBM. One major hurdle is the

translation of findings from animal models to humans. Even

subtle differences in receptor expression or timing can have

dramatic consequences for translating highly targeted

interventions (73). Furthermore, immune signaling molecules

often display dual and context-dependent roles. For example,

TRAIL has been shown to both inhibit tumor growth and

support T cell activity in one setting, while inducing T cell

apoptosis in another (73, 87). Adding to the complexity, immune

signaling networks are highly redundant (88), meaning that

targeting a single cytokine may be insufficient to achieve durable
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therapeutic effects. This points to the need to study complex

combination therapies (63). However, the vast number of possible

cytokine combinations, coupled with the practical limitations of

tumor models, presents a significant barrier to exhaustively testing

these strategies and suggesting a role for high throughput

techniques or machine learning (65). Perhaps the greatest hurdle

is that systemic administration of cytokines is not feasible due to

their toxicity and severe side effects (66, 89). Effective application

will therefore require delivery strategies that are tumor-specific and

restrict distribution to healthy tissues. While engineering cells to

secrete cytokines in a targeted manner offers one solution, this

approach is unlikely to be practical as a primary treatment strategy

but does offer a combination therapy opportunity with adoptive cell

therapies (70).
Adoptive cell therapies for GBM

Clinical trials of CAR-T cells

To date, multiple early-phase clinical trials have investigated

chimeric antigen receptor (CAR) T cells, T cells engineered to

recognize and target specific GBM neoantigens, with limited clinical

efficacy. As shown in Figure 1 (lower left), adoptive cell platforms

directly target tumor-associated antigens while variably modulating

the surrounding immune microenvironment. One of the first

targets was the tumor-specific Epidermal Growth Factor Receptor

Variant III (EGFRvIII), expressed in roughly 30% of GBMs (90). In

2019, a phase I dose escalation trial of third-generation EGFRvIII-

directed CAR-T cells in recurrent GBM (NCT01454596) following

lymphodepleting chemotherapy was tolerated at lower dose levels,

only reaching dose-limiting pulmonary toxicity at the study’s

highest concentration of ≥10 (10) CD3+ cells (91). However, the

treatment did not produce any objective tumor or radiographic

responses, and 16 of 17 evaluable patients progressed within 3

months. Subsequently in 2024, one trial of newly diagnosed

EGFRvIII+ GBM patients repeated peripheral infusions of the

CAR-T combined with pembrolizumab (92). Once again, the

treatment was safe but had limited clinical efficacy. Of note,

paired tumor analyses demonstrated increased T-cell exhaustion

and regulatory programs at relapse. Together, these studies

demonstrate that innate tumor heterogeneity, antigen loss, and

TME-driven adaptive immunosuppression are potential resistance

mechanisms by which GBM may abrogate EGFRvIII CAR-

T activity.

Redirecting CARs to alternative antigens, such as HER2 and

IL13Ra2, has similarly encountered innate and adaptive barriers.

Human epidermal growth factor receptor 2 (HER2) is

overexpressed in up to 80% of glioblastomas (93), making it an

attractive antigen for targeted adoptive cell therapies. IL-13 receptor

alpha 2 (IL13Ra2), a membrane receptor of IL-13 is overexpressed

on around half of all GBMs (94). In one pilot study, three patients

received multiple intracavitary infusions of IL13Ra2 CAR-T cells

via indwelling catheters placed in the resection cavity, which was

well tolerated and led to transient regression of intracranial and
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spinal tumors, with CAR-T cells detected in the cerebrospinal fluid

indicating trafficking throughout the CNS (95). Building upon this,

a 2024 phase I trial of 65 patients with recurrent high-grade glioma

showed that locoregional infusion of IL13Ra2 CAR-T cells was

both feasible and safe, with no dose-limiting toxicities and evidence

of clinical activity (96). Half of the patients achieved stable disease

or better, and a small number experienced radiographic partial or

complete responses. The most favorable outcomes were seen in the

cohort receiving dual intratumoral and intraventricular infusions

with memory-enriched CAR-T products, where median overall

survival in the recurrent GBM subgroup reached 10.2 months

compared with 7.7 months across the entire study population.

Still, objective radiographic responses were rare (3 of 58 evaluable

patients), most patients experienced only transient disease

stabilization, and outcomes were strongly influenced by

pretreatment intratumoral T cell infiltration. Moreover, IL13Ra2
expression was heterogeneous across tumors, highlighting the risk

of antigen escape.

Resistance mechanisms and next-
generation strategies

As evidenced by the aforementioned clinical trials, GBM

presents an immunosuppressive milieu which abrogates the

efficacy of various adoptive cell therapies. Although most clinical

trials have shown that adoptive cell therapies are safe and

efficacious, next generation therapies must improve upon the

clinical efficacy of these treatments. Of the many innate and

adaptive resistance mechanisms which GBM presents, one

significant challenge is antigenic heterogeneity. Unlike B-cell

leukemias which uniformly express CD19, GBM tumors are

notoriously heterogeneous, often containing mixtures of antigen

positive and negative cells. This allows for immune escape by

antigen loss, whereby the expression of a single antigen may be

downregulated if it is the sole target of an adoptive cell therapy,

which was demonstrated by the EGFRvIII CAR-T trial (97). Even

when CAR-T cells effectively killed EGFRvIII-expressing glioma

cells, the remaining tumor simply consisted of EGFRvIII-negative

cells, leading to relapse. Similarly, other targets like HER2 and

IL13Ra2 are not expressed on every cell in a tumor, and

heterogeneous expression means that a single-antigen CAR-T

therapy can leave some cells untouched. One strategy to account

for the intratumoral heterogeneity of GBM neoanitgens is the

SynNotch-CAR-T. These CAR-T cells are only active upon being

locally induced by recognizing their target antigen. This strategy

prevents off-tumor killing, T cell anergy, and the need for

homogenous expression of the target antigen on tumor cells.

Preclinical studies in murine models demonstrated increased

antitumor efficacy and durability of the constructs compared to

conventional CAR-T cells (98). The SynNotch safety mechanism is

a powerful tool that can be combined with other antigen targeting.

Whereas EGFRvIII is very specific to GBM but not highly

homogenously expressed across the tumor, there are other

antigens including EphA2 and IL-13Ra2 that are less specific for

GBM but more highly expressed across the tumor. A Phase I study

for newly diagnosed and recurrent EGFRvIII+ GBM is trialing anti-
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EGFRvIII SynNotch CAR-T cells that upon activation are induced

to also target EphA2 and IL-13Ra2.
One limitation of CAR-T cells is that they do not increase the

cytotoxicity or targeting of other local T cells and therefore do not

exhibit response amplification while requiring large numbers of the

constructs which are susceptible to anergy. The lack of professional

APC and CD4+ priming results in limited endogenous response or

epitope spreading. To address GBM’s intratumoral heterogeneity

and the lack of endogenous T cell amplification, CAR-T cells with a

T-cell-engaging-molecule (TEAM) have been developed. CARv3-

TEAM-E T cells, in addition to specific targeting of EGFRvIII tumor

cells, upon activation secrete a bispecific antibody that tethers

EGFRwt tumor cells to CD3 T cells including the CAR-T

construct or bystander T cells in the TME. Phase 1 study in only

three patients of this construct in human recurrent GBM patients

demonstrated rapid radiographic tumor regression within days of a

single intraventricular infusion (99). However, eventual tumor

progression occurred in two of three patients demonstrating the

complex adaptive response to the therapy and potential for

synergistic immune therapies to enhance long term memory and

anti-tumor activity. Another next-generation strategy to prevent

antigen escape is to target multiple antigens simultaneously.

Tandem CAR-T constructs co-targeting multiple GBM-associated

antigens (EGFRvIII, IL-13Ra2) demonstrated a long-term,

complete, and durable response which was not achieved by

comparison arm of single-antigen CAR-T cells in preclinical

models (100). Bivalent CAR-T cells, which co-target two tumor

antigens, aim to kill heterogeneous tumor cell populations and

reduce the chance of immune evasion. In a recent phase I UPenn

trial of dual EGFRvIII/IL13Ra2 CAR-T cells, all six treated

recurrent GBM patients showed early MRI reductions in tumor

burden however these findings represent early interim data from a

small cohort. While Modified Response Assessment in Neuro-

Oncology (mRANO) objective responses were not yet achieved in

this small cohort, these findings strongly motivate broader testing of

dual- and multi-antigen CAR constructs to determine whether they

can outperform monovalent approaches (101). One current trial,

BrainChild-04, is even investigating a quad-CAR-T construct for

treating DIPG, DMG, and other CNS tumors by simultaneously

targeting B7-H3, EGFR, HER2, and IL13Ra2 (102). Of note, this is
a first in human early phase trial without mature efficacy data at this

time. One major benefit of targeting multiple antigens is that it

allows to not only target the tumor but also to target

immunosuppressive axis around the tumor. In parallel, tenascin-

C–specific CAR-T cells targeting a tumor-enriched extracellular

matrix glycoprotein showed selective tumor cell killing with

significant murine survival benefit, supporting the feasibility of

ECM-directed CAR strategies (103).

In all, CAR-T cell trials in GBM have demonstrated that

locoregional delivery is safe and biologically active, but durable

responses remain rare, limited by antigen heterogeneity, adaptive

antigen loss, and profound immunosuppression in the tumor

microenvironment. These shortcomings have motivated both

preclinical innovations to enhance CAR function as well as

parallel exploration of other adoptive T cell strategies. While

logic-gated CAR-T systems address antigen heterogeneity and
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spatial specificity, their efficacy remains constrained by T cell

exhaustion and the suppressive glioblastoma microenvironment.

This has prompted exploration of alternative innate-like

lymphocyte platforms, including NK, NKT, and gd T cells, which

may offer complementary persistence, reduced alloreactivity, and

distinct mechanisms of tumor recognition.

Other adoptive cell transfer approaches

Beyond CAR-T cells, several other adoptive cell strategies have

been explored in GBM. Adoptive NK cell therapies have been built

to enhance innate anti-tumor immune activity. In GBM, IL-21

expressing NK cells via CEBPD are reprogrammed to have

enhanced long-term cytotoxicity and metabolic fitness (104).

Recent targeting of GBM with NK cells in a similar approach to

CAR-T cells has led to the development of CAR-NK cells. In nine

patients with recurrent glioblastoma, intracranial injection of CAR-

NK cells using a HER2 chimeric antigen was found to be feasible

and safe with injections ranging from 7 to 37 weeks and no patients

developing cytokine release syndrome (105). Preliminary efficacy

results include five of nine patients showing stable disease following

relapse surgery. In recurrent GBM human patients, a Phase 2 trial

(NCT06061809) of combination of CAR-NK cell therapy (PD-L1

target), IL-15 agonist, and tumor treating fields (TTFs) released

preliminary results of 12 patients (3 of which received TTFs) who

received 57 total doses, with one patient at the time with ongoing

complete radiographic response and resolved lymphopenia where

eight other patients demonstrating increased and maintained

lymphocyte count from baseline (106). Of note, these results are

preliminary and not peer reviewed. Recent work has applied

synNotch engineering to iPSC-derived NK cells to reprogram

immunosuppressive signaling in glioblastoma (107). By

converting the inhibitory TIGIT–CD155 interaction into an

activating synNotch signal that induces CD73 blockade, this

platform simultaneously disrupts checkpoint and adenosine-

mediated immunosuppression. In orthotopic patient-derived

GBM models, these engineered NK cells enhanced cytotoxicity,

reprogrammed the tumor microenvironment, and achieved

complete tumor eradication, supporting their potential as an

allogeneic, programmable adoptive therapy.

CAR macrophages have similarly been constructed and trialed

in glioma models, and while CAR T, NK, and macrophages have

distinct effects on the GBM TME, their combination with cytokines

demonstrates a similar improved effect (108). Adoptive CAR

therapies are a promising intervention that should be further

investigated and combined with other immunotherapies including

other adoptive T cell therapies and cytokine therapies.

Beyond conventional CAR-T and NK platforms, recent work

has expanded adoptive strategies to include innate-like T cell

subsets. Allogeneic CAR-NKT cells have demonstrated preclinical

activity in glioblastoma models, leveraging their inherent ability to

recognize CD1d-presented glycolipids while simultaneously

delivering CAR-mediated cytotoxicity, offering the potential for

reduced graft-versus-host risk and off-the-shelf scalability (109).

Similarly, engineered gd T cells represent a promising approach

given their MHC-independent tumor recognition and capacity to
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function within immunosuppressive microenvironments, with

recent studies demonstrating feasibility and antitumor activity in

GBM-relevant systems (110). Together, these platforms broaden the

adoptive immunotherapy landscape by integrating innate immune

recognition with engineered specificity, potentially mitigating

antigen escape and HLA restriction limitations inherent to

conventional CAR-T therapies.

Preclinical advances

When CAR-T cells infiltrate GBM, they immediately encounter

the complex array of GBM immunosuppression (111). In the

EGFRvIII CAR trial, along with antigen loss, the recurrent

tumors showed upregulation of PD-L1, IDO1 enzyme, and

immunosuppressive cytokines after CAR-T infusion (97). This

suggests the tumor can adapt by activating redundant immune

checkpoints and metabolic suppression to dampen T cell attack.

One strategy to combat this is combining CAR therapies with

checkpoint blockade, which for CAR-NK cells combined with anti-

PD-1 increased T and NK cell infiltration and resulted in successful

treatment of murine orthotopic tumors refractory to CAR-NK cell

monotherapy (112). Another strategy is the construction of

“armored” CAR-T cells that can modulate the environment or

resist exhaustion. One approach is engineering CAR-T cells to

secrete blockers of suppressive pathways, such as a recent preclinical

study which investigated CAR-T cells that constitutively secrete a

modified SIRPg protein, which blocks the CD47 anti-phagocytic

signal that tumor cells use to inhibit macrophages (113). In an

orthotopic EGFRvIII-mosaic GBM model, these armored CARs

enhanced microglia/monocyte-derived macrophage (GAM)

phagocytosis and eliminated antigen-negative bystander tumor

cells, achieving near-complete clearance. Similarly, CAR-NK cells

have been engineered to activate within the GBM TME to suppress

the concentration of adenosine via CD73 (114). Other CAR-driven

TME reprogramming strategies include CAR-T cells that secrete

chemokines to attract additional T cells into the tumor, or those that

express dominant-negative TGF-b receptors to render them

resistant to TGF-b (115–117). Finally, the lack of truly tumor-

specific targets complicates adoptive cell therapy for GBM (118,

119). An ideal target is expressed only on tumor cells and not on

essential normal cells. EGFRvIII fits this criterion but is absent in

many patients and is not expressed on all tumor cells. An emerging

antigen target is advillin, which represents a potentially more

tumor-restricted target that may help address the longstanding

challenge of on-target/off-tumor toxicity in adoptive cell therapies

(120). The identification of an advillin-directed inhibitor further

supports its therapeutic tractability and highlights the continued

importance of systematic antigen discovery to expand the repertoire

of safer, GBM-specific targets.

Current preclinical work and early translational efforts point to

several rational avenues to address CAR resistance mechanisms,

including multi-antigen and on/off-gated receptors to mitigate

antigen escape and improve specificity, armored designs that

deliver cytokines or checkpoint/myeloid modulators and
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incorporate resistance to TGF-b, and approaches to enhance

homing and durability. Future trials should integrate prospective

tumor and CSF correlative studies, perhaps by utilizing patient

derived organoids (121), to track antigen dynamics, T-cell

phenotypes, and microenvironmental programs to determine

whether next-generation products can produce sustained clinical

benefit beyond the transient responses observed to date.
Reprogramming the ‘cold’ GBM TME:
vaccines and oncolytic viruses

While adoptive cell therapy has sought to reprogram the TME by

enhanced cytotoxicity, oncolytic viruses and GBM vaccines are two

other immunotherapy biologics that attempt to reverse the

immunological ‘coldness’ of GBM. One of the most inherent

challenges of GBM is that it is a ‘cold’ tumor, with low mutational

burden, low cytotoxic immune cell infiltration, and a highly

immunosuppressive environment (14). GBM vaccines present selected

antigens and prime T cells in lymph nodes to enhance an effector

response while addressing the low mutational burden. However, GBM

vaccines do not directly change the TME and are dependent on an anti-

tumor myeloid environment in the TME to allow for T cell infiltration

and cytotoxicity. Furthermore, vaccines rely on functioning dendritic

cells for antigen presentation which is often suppressed in GBM. Lastly,

the monoclonal priming to the selected antigen risks immune escape.

Therefore, vaccines are commonly combined with other

immunotherapies (e.g.: poly-ICLC, GM-CSF, STING, ICI) aimed at

stimulating an inflammatory response and reversing myeloid driven

immunosuppression in the TME. On the other hand, oncolytic viruses

are a directly immunogenic therapy that specifically target tumor cells

which they infect and lyse, creating a release of antigens and viral

pathogen associatedmolecular patterns (PAMPs) in the TME. This lysis

results in pushing the TME to a ‘hot’ state via polyclonal priming,

inflammation via Type I Interferon signaling, and the active recruitment

of DC, NK, and T cells to the TME. These vaccine and viral platforms

are summarized in Figure 1 (lower right), highlighting their role in

priming adaptive immunity and inflaming the otherwise

immunologically ‘cold’ GBM microenvironment.

Vaccines

Therapeutic vaccination in GBM has aimed to generate tumor

specific T cell response but clinical efficacy has been limited.

Rindopepimut is one experimental vaccine that combines the

EGFRvIII antigen to a carrier protein. A phase II clinical trial

(ACT III) of Rindopepimut combined with GM-CSF in newly

diagnosed EGFRvIII expressing GBM patients demonstrated

elevated anti-EGFRvIII antibody titers and elimination of

EGFRvIII in four of six tumor samples after three months of

therapy (122). However, the phase III randomized clinical trial

(ACT IV) in the same patient population compared Rindopepimut

and GM-CSF versus control where both groups had concurrent
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TMZ treatment showed no significant overall survival effect

hypothesized to have been limited by antigen heterogeneity and

loss (123). There were some preliminary promising phase II results

of Rindopepimut with Bevacizumab vs Bevacizumab alone in

EGFRvIII expressing recurrent GBM where the vaccine group had

significantly increased survival. However, the primary PRS6

endpoint was not significantly increased and only 73 patients

were included in the study and thus requires validation in larger

sized trials (124). Other vaccine efforts using single antigen design

include SurVaxM which targets survivin. Final results demonstrate

that the peptide vaccine SurVaxM combined with TMZ and

immune adjuvants (Montanide and GM-CSF) in a phase II trial

in newly diagnosed GBM patients resulted in mPFS (11.4 months)

and mOS (25.9) with PFS6 of 95.2% greater than the estimated 54%

rate from historical controls (125). The active multicenter

SURVIVE phase II trial aims to evaluate these findings in a

larger cohort.

Given the disappointing phase III trial results of single target

vaccines, novel vaccine designs have increasingly used autologous

tumor lysate to not limit priming to single antigens. DCVax-L is a

dendritic cell vaccine that uses autologous tumor lysate pulsed

dendritic cells as adoptive therapy following resection of newly

diagnosed GBM. A Phase III trial (NCT00045968) compared

standard of care with and without DCVax-L following resection

of newly diagnosed GBM. A total of 331 patients were included

using a crossover design where following recurrence all patients

were allowed to receive DCVax-L. The phase III trial found that

adding DCVax-L to standard of care significantly increased survival

in both newly diagnosed (median OS: 19.3 versus 16.5 months) and

recurrent GBM (median OS: 13.2 versus 7.8 months) (126). The

success of this trial demonstrates that GBM patients can mount

robust peripheral T cell responses. This is further supported by the

results of a Phase I trial following resection of newly diagnosed

GBM which used patient specific unmutated antigens and predicted

neoepitopes identified through individualized genomic,

transcriptomic, and immunopeptidomic profiling for vaccination

(127). Patients were restricted to those with GBM positive for

human leukocyte antigen (HLA)-A*02:01 or HLA-A*24:02. The

vaccines that were combined with immune adjuvant poly-ICLC and

GM-CSF showed sustained CD8 and CD4 T cell responses against

the predicted neoepitopes. However, when patients underwent

resection for recurrent tumors, vaccine induced clonotypes were

present in blood but barely detectable in tumor specimens, with

most T cells localized to perivascular regions and not infiltrating

into tumor parenchyma, and an immunosuppressive myeloid TME.

Building on the limitations of prior peptide and dendritic cell–

based vaccines, a recently reported personalized mRNA vaccine

platform in Glioblastoma has demonstrated encouraging preclinical

and early clinical activity (128). In murine models, lipid

nanoparticle–formulated mRNA vaccines encoding patient-

specific tumor antigens induced rapid dendritic cell activation,

type I interferon signaling, and expansion of tumor-reactive T

cells, translating into delayed tumor progression. First-in-human

data following resection showed the approach is feasible and

capable of eliciting rapid systemic and intratumoral T cell
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responses. Unlike earlier vaccine strategies limited to single

epitopes or labor-intensive ex vivo cell platforms, mRNA vaccines

enable rapid, multi-antigen personalization with intrinsic innate

immune stimulation, offering a scalable strategy to address GBM

heterogeneity and immune evasion. However, the poor T cell

infiltration of previous trials will likely similarly limit mRNA

vaccination paradigms. Taken together these results evidence that

while vaccines mount a robust peripheral T cell effector and

memory response, the peripheral response is not enough to

overcome the GBM TME and necessitates combination with

other strategies that can turn the ‘cold’ TME into a ‘hot’ anti-

tumor inflammatory environment.

Oncolytic viruses

Oncolytic viruses (OVs) are among the few agents that can

actively inflame GBM’s profoundly ‘cold’ immunosuppressive

microenvironment (129) by driving immunogenic tumor cell

lysis, inducing type I interferons, and recruiting both innate and

adaptive immune effectors. In murine GBM studies, OV therapy

armed with IL-12 decreased angiogenesis, decreased Treg in the

TME, and increased IFN-g release (130). The triple combination of

an OV expressing IL-12, anti-PD-1, and anti-CTLA-4, cured most

mice in two glioma models where following treatment was a

macrophage influx of M1-like polarization, distinct from the

overwhelming immunosuppressive TAMs that normally

characterize the GBM TME (131). The treatment was further

associated with an increase in effector vs regulatory T cells. An

important result of this study was that CD4 T cells, CD8 T cells, and

macrophages were all required for synergistic response, evidencing

the power of OVs to reprogram an array of immune cell programs

in the GBM TME to anti-tumor roles (131).

In early human trials, OVs have demonstrated some promise,

including the OV G47D earning approval in Japan for malignant

gliomas including GBM (132). A combination OV, targeting

tumors by carrying E1A gene deletion rendering the virus

incapable of replicating in normal cells with a functional Rb

pathway (133), combined with anti-PD-1 ICI in recurrent GBM

was tested in a phase I/II trial. The combination of OV and ICI has

improved outcomes in melanoma, where responders had increased

CD8 T cells, elevated PD-L1, and higher IFN-g following treatment

but response was not correlated with pretreatment CD8 T cell

infiltration or IFN-g signature (134). In recurrent GBM, the

combination therapy was found to be both safe as well as have an

overall survival at 12 months increased from prespecified controls

(OS12: 52.7% versus 20%). Furthermore, patients with objective

response had longer survival and three patients with completed

treatment had durable responses remaining alive at 45, 48, and 60

months (135). The expression of alternative immune checkpoints

(TIGIT, LAG3 and B7-H3) was elevated following treatment in

specimens from those with disease progression (135). Further early

evidence for the role of OVs in GBM therapy comes from the phase

I study of an OV using an engineered herpes virus with viral

neurovirulence gene transcribed by a promotor for nestin which is

overexpressed in GBM versus healthy differentiated tissue. Results
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demonstrated safety of the therapy and that the viral serology

predicted improved survival. The anti-tumor response was

demonstrated in OV seropositive participants by an immune

response consisting of peripheral expansion of T cells of multiple

clonotypes, increased T cells in tumors, expansion of tissue-resident

memory T cell clonotypes, and transcriptomic signatures of tumor

immune activation (136, 137). In two patients, CD68+ macrophage

populations were present following treatment, specifically in

perinecrotic tumor regions (136). Future therapies may seek to

develop novel OV designs and combination therapies to increase

the inflammatory anti-tumor macrophage response following OV

therapy as preclinical studies demonstrated that synergistic effect is

dependent on CD4 T cells, CD8 T cells, and macrophages in

the TME.
Discussion

The ‘cold’ immunosuppressive GBM TME has resulted in

disappointing performance of most immunotherapy trials. The

low mutational burden, large intertumoral and intratumoral

heterogeneity, and myeloid derived immunosuppression across

multiple axes result in unfavorable responses to mono-

immunotherapy. Despite strong preclinical rationale, the

translation of biological immunotherapy in GBM has often failed.

For example, despite robust response in preclinical models, success

in humans across multiple solid tumors, high PD-L1 expression on

GBM cells, and evidence of exhausted T cells in the GBM TME,

anti-PD-1 therapy has not worked thus far in GBM. Unique factors

to the GBM TME have driven this effect including low baseline T

cell infiltration, antigen scarcity, non-PD-1 based myeloid

immunosuppression, and the trapping of T cells in perivascular

spaces. In response to these failed trials, immunotherapy has sought

to address these resistance mechanisms, most notably the

immunosuppressive myeloid compartment. Anti-PD-1 combined

with anti-myeloid CSF-1R inhibition showed strong synergy in

murine models (138), but direct myeloid modulation has not shown

clinical efficacy in GBM (139). While the murine syngeneic model is

an important tool, there is a significant mismatch in antigen

availability and immunogenicity between murine models and

human GBM. It is likely that human GBM has unique

mechanisms of myeloid resistance and immunosuppression.

Given the success across multiple therapies in murine GBM, and

the disappointing results in human, studying human GBM TME

dynamics is paramount. Patient derived organoids, which have

demonstrated impressive biomarker ability for response to

treatment, represent a promising approach to this problem (121).

The heterogeneous responses observed across immunotherapy

trials in glioblastoma suggest that therapeutic efficacy is likely

context-dependent and contingent upon the dominant immune

and tumor-intrinsic state. While bulk transcriptional subtypes have

historically defined GBM as proneural, classical, or mesenchymal,

emerging single-cell and spatial analyses indicate that these states

coexist within tumors and fail to reliably predict response to
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immunotherapy. Thus, biologic selection may require stratification

based less on static subtype labels and more on functional immune

architecture. In this framework, tumors characterized by dense

myeloid infiltration and elevated IL-6, TGF-b, or CSF-1R–

dependent programs may be preferentially suited to myeloid-

reprogramming strategies layered with checkpoint inhibition.

Tumors with preserved antigen presentation and detectable tumor-

reactive T cell clonotypes, yet limited intratumoral trafficking, may

benefit more from inflammatory priming approaches such as

oncolytic viruses or cytokine-armed cellular therapies. Similarly,

quantitative profiling of antigen density and intratumoral

heterogeneity may inform the selection of monovalent versus

multi-antigen or logic-gated adoptive platforms to mitigate antigen

escape. By aligning dominant immune states with mechanistically

matched biologics, future trial design may transition personalized

combination of immunotherapies in GBM.

While each biologic platform is often evaluated independently,

meaningful clinical responses in GBM will likely require

mechanistically rational combinations that address complementary

resistance axes. For example, oncolytic viruses may enhance CAR-T

efficacy by inducing type I interferon signaling, increasing antigen

release, and reprogramming tumor-associated macrophages toward

pro-inflammatory states, thereby overcoming myeloid suppression

and spatial T cell exclusion. Similarly, myeloid-directed therapies

targeting IL-6 or CSF-1R may restore antigen presentation and

reduce immunosuppressive cytokine signaling, creating a

permissive environment for checkpoint blockade or adoptive cell

therapies. Cytokine-armed cellular platforms and logic-gated

constructs may further enhance persistence and mitigate antigen

escape. Integrating biologics based on dominant, or even

personalized, resistance mechanisms will be critical to achieving

durable responses in GBM. In parallel, improved understanding of

adaptive responses to each therapeutic axis and immunotherapy

method will better guide combination selection.

Future directions

Given the dynamic array of immunosuppressive axes in the GBM

TME, the selection of therapies to develop in future combination trials is

an extremely difficult task. Detailing the dominant immunosuppressive

axis in human GBM over time in response to specific treatment can

uncover combination needs. Longitudinal profiling of tumor, CSF, and

blood before and during both standard of care and clinical trial therapies

can detail immunosuppression and adaptive resistance across myeloid,

metabolic, and spatial axes. This may uncover necessary timing

components to combination therapies. For example, activating

lymphoid cells before myeloid reprograming is complete may

accelerate exhaustion. Biomarkers from longitudinal profiling efforts

will be crucial to guide sequential combination therapies. Furthermore,

combination therapies should include not just the targeting of a single

immunosuppressive axis, but also the targeting of its known adaptive

response. Patient derived organoids should be included in clinical trials to

detail adaptive responses by the myeloid compartment separated by the

therapeutic target, to allow future combinations to incorporate targeting

of these respective adaptive axes.
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Some promising results are noted in recent trials of

combination therapies composed of a combination of biologics

including ICIs, cytokines, immunomodulatory proteins, CAR-T

and CAR-NK adoptive therapies, vaccines, and oncolytic viruses.

Across many trials, even those that did not achieve their primary

efficacy endpoints, several patients demonstrate long-term response

to therapy. Therefore, there is a necessity for improved subtyping of

GBM for improved trial design to identify specific therapies and

patients with clinical response. Subtyping GBM is a difficult task,

what was once thought of as classical subtypes of proneural vs

mesenchymal from bulk RNA data has been found to likely be a

composite of many co-existing cell states from large snRNA efforts

(140). Immune biomarkers from clinical trial results have similarly

been limited in separating responders versus non-responders (36,

141). New techniques being used in combination with current

clinical trials including serial tumor tissue biopsies and patient

derived organoids are promising strategies to improve our

biomarkers and subtyping of GBM (121, 137). The development

of improved biomarkers and GBM subtyping will guide the

appropriate selection and combination of the many promising

biologics in GBM immunotherapy to catalyze therapeutic

development and improve patient outcomes.
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