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1  Introduction
Glioblastoma (GBM) is the most common and aggressive primary malignant brain 
tumor in adults, classified as a grade IV astrocytoma by the World Health Organiza-
tion (WHO). Despite extensive research efforts, the prognosis for GBM patients remains 
dismal, with a median overall survival of approximately 15 months and a 5-year survival 
rate of less than 5% [1, 2]. This poor prognosis is primarily due to the highly infiltrative 
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Abstract
Glioblastoma (GBM) is the most aggressive primary malignant brain tumor, 
characterized by rapid proliferation, extensive invasion, and significant genetic 
heterogeneity. Despite the availability of standard treatments such as surgical 
resection, radiotherapy, and chemotherapy, the prognosis for GBM patients remains 
poor, with a median survival of approximately 15 months. Recent advances in 
immunotherapy have introduced innovative approaches aimed at leveraging the 
immune system to specifically target and eliminate GBM cells. These strategies 
include cytokine-based therapies, immune checkpoint inhibitors, chimeric 
antigen receptor (CAR) T-cell and natural killer (NK) cell therapies, RNA-based 
immunotherapies, and nanoparticle-mediated drug delivery systems. Furthermore, 
emerging technologies such as CRISPR/Cas9 gene editing, exosome-based delivery, 
STING pathway activation, and AI-guided personalized treatment have shown 
promise in overcoming the immunosuppressive tumor microenvironment and 
enhancing therapeutic efficacy. This review provides a comprehensive overview 
of these cutting-edge approaches, discussing their mechanisms, clinical potential, 
current limitations, and future directions for the development of more effective 
immunotherapies for GBM.
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nature of GBM, which makes complete surgical resection challenging, and its intrinsic 
resistance to conventional therapies such as radiotherapy and chemotherapy. Addition-
ally, the presence of the blood–brain barrier (BBB) significantly limits the delivery of 
therapeutic agents to the tumor site, further complicating treatment [3].

The central nervous system (CNS) has historically been considered an immune-privi-
leged site due to the absence of conventional lymphatic vessels and the protective role of 
the BBB [4]. However, recent evidence has shown that the CNS maintains a unique and 
tightly regulated immune environment that allows for limited surveillance and immune 
activity [5, 6]. Some of these mechanisms, such as restricted antigen presentation [7], 
local immunosuppressive signaling [8], and specialized interactions between glial cells 
and immune cells [9], remain active in GBM. These features contribute to the tumor’s 
ability to evade immune surveillance and create a profoundly immunosuppressive 
microenvironment that hinders effective anti-tumor immunity [10, 11].

In recent years, immunotherapy has emerged as a promising strategy to address these 
challenges by activating the patient’s immune system to specifically target and eliminate 
GBM cells. Unlike traditional treatments that primarily target rapidly dividing tumor 
cells, immunotherapy aims to overcome the immune-suppressive microenvironment of 
GBM and harness the body’s natural defense mechanisms to achieve durable tumor con-
trol [12]. Early immunotherapeutic approaches, such as cytokine-based therapies and 
immune checkpoint inhibitors, have demonstrated potential in preclinical studies but 
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have faced significant challenges in clinical translation due to the complex immunosup-
pressive networks within the GBM tumor microenvironment [13].

To overcome these barriers, researchers are now exploring a range of innovative 
strategies, including exosome-based delivery, CRISPR/Cas9 gene editing, STING path-
way activation, microbiome modulation, and AI-guided personalized treatment. These 
approaches aim to not only enhance immune activation but also precisely target the 
diverse cellular and molecular mechanisms that drive GBM progression and immune 
escape. For instance, exosomes and nanoparticles are being developed as efficient drug 
carriers capable of crossing the BBB, while gene editing technologies such as CRISPR/
Cas9 offer the potential to reprogram immune cells for enhanced anti-tumor activity.

This review provides a comprehensive overview of these emerging immunotherapeu-
tic strategies, highlighting their mechanisms, advantages, limitations, and potential for 
clinical translation. By integrating recent advances in biotechnology, immunology, and 
computational biology, these approaches hold the potential to significantly improve the 
treatment outcomes for GBM patients and transform the landscape of neuro-oncology.

2  Standard treatment approaches for GBM
The WHO classifies grade III and IV astrocytic tumors, including oligodendroglioma 
(grade III) and oligoastrocytoma (grade III), as part of a broader category of malignant 
central nervous system (CNS) tumors known as gliomas [14]. Diagnosis of malignant 
astrocytoma is based on histopathological examination. The WHO recommends using 
the St. Anne-Mayo grading system for confirming the diagnosis of malignant astrocy-
toma (grade III), which requires the presence of at least two of the following four crite-
ria: (1) nuclear atypia, (2) mitosis, (3) endothelial proliferation, and (4) necrosis [1, 2].

GBM (grade IV) is identified by meeting at least three of these four criteria. Since 
the likelihood of systemic dissemination is low, this classification relies solely on path-
ological findings. According to the Central Brain Tumor Registry of the United States 
(CBTRUS), from 2017 to 2021, a total of 445,792 primary CNS tumors were recorded, of 
which 6.3% were GBM, making it the most prevalent type of CNS tumor [15].

GBM is more commonly diagnosed in men than women, with a male-to-female ratio 
of approximately 1.5:1, and it is more frequent in Caucasians compared to African 
Americans, with a ratio of 2:1. Studies have shown that the incidence of GBM increases 
with age, with the highest prevalence observed among individuals aged 75–84 years. The 
average age at diagnosis is around 64 years [16].

Importantly, advanced age is associated with immunosenescence and immune dysreg-
ulation, which significantly affect therapeutic outcomes [17, 18]. Elderly patients, partic-
ularly those in their 70s and 80s, exhibit reduced T-cell proliferative capacity, diminished 
diversity in the T-cell repertoire, and a shift toward immunosuppressive populations 
such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs) [19–
21]. In addition, they often experience chronic “inflammaging,” a state of persistent low-
grade inflammation that paradoxically coexists with impaired immune responses [22, 
23]. These age-related immune alterations can blunt the effectiveness of immunothera-
pies such as checkpoint inhibitors, cancer vaccines, or adoptive T-cell therapies [24, 25]. 
Clinical analyses consistently demonstrate that GBM patients over 65 years of age show 
worse survival and weaker responses to immunotherapy, in part due to these immunose-
nescent changes [26, 27]. Consequently, ongoing and future immunotherapy trials are 
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stratifying patients by age and investigating interventions such as senolytics or immune 
rejuvenation strategies to improve therapeutic efficacy in older adults [28].

Exposure to ionizing radiation is a recognized risk factor for developing malignant 
gliomas, including GBM. Despite advancements in surgical techniques, radiotherapy, 
and chemotherapeutic regimens, the prognosis for GBM remains poor, characterized by 
high recurrence rates and limited long-term survival. Recent studies indicate that the 
median overall survival for GBM patients is approximately 15 months, with one-year 
survival rates around 43% and five-year survival rates ranging between 5 and 10%. These 
statistics underscore the aggressive nature of GBM and highlight the urgent need for 
more effective therapeutic strategies and early diagnostic approaches to improve patient 
outcomes [29, 30]. Patients with anaplastic astrocytoma have a slightly better prognosis, 
with a one-year survival rate of 61% and a five-year survival rate of 27% [31]. Currently, 
the median survival for patients diagnosed with GBM is approximately 12–15 months, 
whereas for those with anaplastic astrocytoma, the median survival ranges between 36 
and 60 months [32]. Typically, patients with GBM present symptoms such as headaches, 
neurological disturbances, altered mental status, personality changes, seizures, nausea, 
vomiting, and increased intracranial pressure. At diagnosis, poor prognostic indicators 
include advanced age, low Karnofsky Performance Status (KPS), inoperable tumors, and 
histological features consistent with GBM [33].

The standard treatment protocol for suspected GBM patients involves surgical 
resection followed by focal radiotherapy and concurrent chemotherapy. High-dose 
corticosteroids, particularly dexamethasone, are frequently administered to reduce 
tumor-associated edema and alleviate neurological symptoms [32]. Additionally, anti-
convulsant therapy is initiated when seizures are present. The first step in managing 
GBM patients is surgical tumor resection. A common limitation of surgical interven-
tion is the tumor’s location in critical brain regions responsible for speech and other 
vital functions. Recent findings suggest that resecting at least 78% of the tumor volume 
significantly enhances patient survival. Surgical success is influenced by factors such as 
patient age, KPS, tumor volume, and the extent of resection. After surgery, patients who 
undergo 78% tumor resection have a median survival of 12.5 months, whereas those 
who receive temozolomide chemotherapy experience an extension of survival to approx-
imately 16 months. Since 2005, temozolomide has been widely accepted as a standard 
therapeutic agent for GBM [34]. Researchers assessed the combination of temozolomide 
and radiotherapy in GBM patients. They reported an average survival of 12.1 months 
for patients who received only radiotherapy, compared to 14.6 months for those treated 
with a combination of temozolomide and radiotherapy. Additionally, the two-year sur-
vival rate for patients receiving combination therapy was 26.5%, compared to only 10.4% 
for those who underwent radiotherapy alone [35].

3  Tumor immunosuppressive landscape
3.1  Tumor microenvironment (TME)

The GBM microenvironment is profoundly immunosuppressive, enabling tumor pro-
gression and immune evasion. It comprises both cellular and non-cellular elements, 
including tumor-associated macrophages (TAMs), microglia, Tregs, myeloid-derived 
suppressor cells (MDSCs), immunosuppressive cytokines, and an extracellular matrix 
(ECM) that together create a “hostile soil” for immune attack [36]. TAMs (microglia 
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and macrophages): TAMs can constitute up to ~ 30% of the GBM mass. They include 
yolk-sac–derived brain-resident microglia and infiltrating monocyte-derived macro-
phages. Notably, these populations localize differently: microglia are enriched in peri-
tumoral regions, whereas infiltrating macrophages cluster in perivascular niches. Both 
subtypes typically adopt an M2-like phenotype, releasing IL-10, TGF-β, and VEGF, 
which support angiogenesis, promote tumor growth, and inhibit cytotoxic T-cell activ-
ity [37]. TAMs also downregulate MHC and co-stimulatory molecules, impair antigen 
presentation, and contribute to therapeutic resistance, including reduced responsive-
ness to anti-VEGF therapy [38]. High densities of CD163⁺ M2-polarized TAMs strongly 
correlate with poor prognosis in GBM patients [39]. Tregs: Tregs are enriched in GBM 
and often outnumber effector T cells within tumors. Their expansion is driven by TGF-
β, which induces FOXP3⁺ Treg differentiation, and IL-10, which sustains their pool. 
Tregs potently suppress anti-tumor immunity by inhibiting proliferation and cytokine 
production of effector T cells. Elevated Treg signatures in GBM tumors correlate with 
shorter overall survival, underscoring their clinical significance [40]. Myeloid-derived 
suppressor cells (MDSCs): MDSCs accumulate in both the tumor and circulation of 
GBM patients. They suppress T and NK cell activity through arginase-1, inducible nitric 
oxide synthase (iNOS), reactive oxygen species, and cytokine secretion [36]. MDSCs 
also enhance Treg development, further reinforcing a pro-tumor environment [41]. 
Elevated MDSC levels in patient blood and tumors are associated with worse progno-
sis, while preclinical depletion or reprogramming of MDSCs restores T-cell activity and 
improves immunotherapy efficacy [42]. Extracellular matrix (ECM) and soluble factors: 
The ECM, enriched in glycoproteins and proteoglycans, acts as both a physical and bio-
chemical barrier. Molecules like tenascin-C restrict T-cell infiltration into glioma tissue 
and sequester cytokines, perpetuating immunosuppression [39]. Soluble mediators such 
as prostaglandin E₂ (PGE₂), TGF-β, and IL-10, abundantly produced by GBM cells and 
TAMs, further reinforce immune exclusion [37]. The net result is an immunologically 
“cold” TME that presents a major obstacle to successful immunotherapy [36].

3.2  Mechanisms of immunosuppression

GBM suppresses both local and systemic immune responses through multiple molecular 
pathways.

Immunosuppressive cytokines: TGF-β and IL-10 are central mediators. TGF-β drives 
CD4⁺ T cells toward FOXP3⁺ Treg differentiation, inhibits effector CD8⁺ T-cell cytolytic 
molecules (perforin, granzymes, IFN-γ), and downregulates activating receptors such 
as NKG2D on NK cells [43]. TGF-β2 also reduces HLA-DR expression on GBM cells, 
impairing neoantigen presentation [44]. IL-10, secreted by both GBM and TAMs, blocks 
antigen presentation, inhibits dendritic cell maturation, and expands Treg populations 
[45]. PGE₂ synergizes by promoting MDSC expansion [46].

Immune checkpoint receptor–ligand interactions: PD-L1 expression on GBM and 
infiltrating myeloid cells engages PD-1 on T cells, recruiting SHP2 phosphatases that 
inhibit TCR/CD28 signaling cascades (PI3K–Akt, NF-κB, NFAT), driving exhaustion 
and anergy [43]. CTLA-4, expressed on Tregs and activated T cells, competes with CD28 
for CD80/CD86 on APCs, blocking co-stimulation and suppressing IL-2 production 
[47]. FasL (CD95L), expressed on GBM endothelium or tumor cells, triggers apoptosis 
of Fas⁺ tumor-infiltrating lymphocytes, eliminating tumor-specific T cells at the invasive 
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margin [48]. Together, these checkpoint-mediated interactions form a “molecular shield” 
against effector immunity.

IDO1 pathway: Indoleamine 2,3-dioxygenase 1 (IDO1) is often upregulated in GBM. 
By catabolizing tryptophan into kynurenine, IDO1 induces immunosuppression via 
two mechanisms: (i) tryptophan depletion activates the GCN2 stress pathway in effec-
tor T cells, halting proliferation and inducing apoptosis; (ii) kynurenine engages the aryl 
hydrocarbon receptor (AhR) on T and NK cells, downregulating activating receptors 
(e.g., NKG2D, NKp46) and impairing cytotoxicity [48]. IDO1 activity skews the immune 
balance toward Tregs and MDSCs, while suppressing effector T/NK cell responses [49].

Extracellular vesicles (EVs): GBM-derived EVs (exosomes and microvesicles) act as 
potent immunosuppressive agents. They carry PD-L1, FasL, IL-10, TGF-β, and regula-
tory microRNAs [44]. Functionally, EVs dose-dependently inhibit CD4⁺ and CD8⁺ T-cell 
receptor–mediated activation, proliferation, and cytokine secretion. In vitro studies 
show that this suppression can be partially reversed by PD-1 blockade, confirming EV 
PD-L1’s role [50]. EV uptake by monocytes reprograms them into tumor-supportive 
phenotypes, extending local suppression into systemic compartments [51]. These find-
ings highlight EVs as critical drivers of GBM immune escape. The immunosuppressive 
microenvironment caused by GBM is summarized in Fig. 1.

3.3  Metabolic checkpoints (Lactate & adenosine)

A hallmark of GBM’s immunosuppressive environment is metabolic reprogramming, 
which creates additional barriers to effective immunity.

Lactate: Due to the Warburg effect, GBM cells produce large amounts of lactate, lead-
ing to acidification of the TME. Lactate skews macrophages toward the M2 phenotype, 
impairs T-cell proliferation and cytotoxicity, and suppresses NK cell degranulation. 
Acidic conditions also reduce TCR signaling, reinforcing immune dysfunction [52].

Adenosine: GBM and stromal cells upregulate CD39 and CD73 ecto-enzymes, which 
hydrolyze ATP into adenosine, particularly under hypoxic conditions [53]. Adenosine 
binds to A2A receptors on T and NK cells, suppressing MAPK, NF-κB, and NFAT sig-
naling, reducing IL-2/IFN-γ/TNF-α production, and upregulating inhibitory check-
points (PD-1, CTLA-4, LAG-3) [54]. Adenosine also promotes FOXP3⁺ Treg and M2 

Fig. 1  Illustration of the immunosuppressive microenvironment created by glioblastomas. MDSCs refer to MDSCs, 
while NK stands for natural killer cells
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macrophage expansion, while impairing NK and dendritic cell activity [55]. This posi-
tions adenosine as a key “metabolic immune checkpoint [56].”

Therapeutic implications: Targeting these metabolic barriers is a growing strategy. 
A2A antagonists (e.g., ciforadenant/CPI-444) and anti-CD73 antibodies restore T-cell 
activity in preclinical models, with early-phase trials including GBM cohorts [57]. Block-
ing lactate production/export via LDHA or MCT4 inhibitors reduces M2 polarization 
and relieves T-cell dysfunction [52]. Combination therapies—such as PD-1 blockade 
plus A2A inhibition plus stereotactic radiation—are under investigation [58]. Challenges 
remain, as tumor metabolism is redundant and systemic inhibition may affect normal 
physiology, but correlative studies suggest GBM patients with lower lactate/adenosine 
activity have improved immune responses and outcomes [59] (Table 1).

4  Conventional immunotherapy
4.1  Immune checkpoint inhibitors

Immune checkpoint inhibitors (ICIs) are monoclonal antibodies designed to block 
inhibitory pathways that tumors exploit to evade immune detection and destruction. 
The most extensively studied immune checkpoints in GBM are PD-1/PD-L1 and CTLA-
4. These checkpoints normally function to maintain immune homeostasis and prevent 
autoimmunity, but tumors often overexpress their ligands to inhibit effective anti-tumor 
immune responses [60].

The PD-1/PD-L1 pathway involves the binding of PD-L1, expressed on tumor cells, 
to the Programmed Death-1 (PD-1) receptor on T cells, resulting in the suppression 
of T cell activation and proliferation. Blocking this pathway with antibodies such as 
nivolumab or pembrolizumab has demonstrated clinical efficacy in other cancers like 
melanoma and non-small cell lung cancer (NSCLC) [61, 62]. However, clinical trials in 
GBM have yielded mixed results due to the highly immunosuppressive tumor microen-
vironment and low mutational burden of GBM (Khasraw et al., 2020) [63]. For example, 
in the CheckMate-143 phase III trial, nivolumab failed to improve overall survival com-
pared to bevacizumab in recurrent GBM patients, highlighting the limitations of single-
agent PD-1 blockade [64] (Fig. 2).

Similarly, the CTLA-4 pathway involves the inhibitory receptor Cytotoxic T-Lympho-
cyte Antigen 4 (CTLA-4), which competes with CD28 for binding to B7 molecules on 
antigen-presenting cells. Blocking CTLA-4 with ipilimumab has been effective in other 
cancers, but clinical studies in GBM have shown minimal activity, likely due to poor BBB 
penetration and profound immunosuppression in the TME [65–67]. To overcome these 
limitations, researchers are pursuing combination immunotherapy approaches, pairing 
ICIs with other modalities to amplify anti-tumor immunity:

Checkpoint–Checkpoint Combinations: Dual blockade of PD-1 and CTLA-4 has 
shown synergistic effects in melanoma and is under evaluation in GBM. Preclinical gli-
oma models demonstrate that combined anti–PD-1 + anti–CTLA-4 therapy elicits more 
robust T-cell infiltration and tumor control than either agent alone [68, 69]. Early-phase 
GBM trials of nivolumab + ipilimumab indicate feasibility but also increased immune-
related toxicities, underscoring the challenge of balancing efficacy with safety [70, 71].

Checkpoint + Vaccine or Agonist Strategies: In preclinical models, adding Smac 
mimetics (IAP antagonists) to PD-1 or CTLA-4 blockade markedly enhanced anti-
GBM immunity. In murine GBM models (CT-2A, GL261), Smac mimetics synergized 
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with anti–PD-1 or anti–CTLA-4 to produce durable cures, an effect dependent on CD8⁺ 
T cells and TNF-α signaling, and accompanied by a reduction of immunosuppressive 
Tregs [72]. Strikingly, triple therapy with a Smac mimetic, anti–PD-1, and anti–CTLA-4 
achieved 100% durable cures in mice, demonstrating the potential of IAP-targeting 
drugs to potentiate checkpoint blockade. Similarly, anti–PD-1 combined with a TLR3 

Table 1  Mechanisms of immunosuppression and metabolic checkpoints in GBM
Pathway / factor Mechanism of 

action
Effect on im-
mune cells

Therapeutic 
implications

Challenges / 
limitations

Refer-
ences

TGF-β Induces FOXP3⁺ 
Tregs; inhibits 
perforin, granzymes, 
IFN-γ; downregulates 
NKG2D on NK cells; 
reduces HLA-DR 
expression

Promotes Treg 
expansion, sup-
presses CD8⁺ 
T cells and NK 
activity

Anti–TGF-β 
antibodies, TGF-βR 
inhibitors in trials

Pleiotropic ef-
fects; systemic 
blockade risks 
autoimmunity

[43, 
44]

IL-10 Inhibits DC matura-
tion; blocks antigen 
presentation; 
expands Tregs

Dendritic cell 
dysfunction; Treg 
proliferation

IL-10/IL-10R 
blockade under 
preclinical study

Broad immu-
noregulatory 
role may impair 
homeostasis

[45]

PGE₂ Promotes MDSC ex-
pansion; synergizes 
with IL-10 and TGF-β

Expands im-
munosuppressive 
myeloid cells

COX-2/PGE₂ inhibi-
tors may reduce 
MDSCs

Widespread 
systemic effects 
limit specificity

[46]

PD-1/PD-L1 axis PD-L1 on GBM/
myeloid cells binds 
PD-1, recruiting 
SHP2 to block TCR/
CD28 signaling 
(PI3K–Akt, NF-κB, 
NFAT)

T-cell exhaustion, 
anergy, loss of 
cytotoxicity

Checkpoint inhibi-
tors (nivolumab, 
pembrolizumab) 
tested in GBM

Limited efficacy 
as monotherapy; 
antigen-poor 
TME

[43]

CTLA-4 Competes with 
CD28 for CD80/
CD86; suppresses 
IL-2 production

Blocks T-cell prim-
ing; promotes 
Treg suppression

Anti–CTLA-4 (ipili-
mumab, tremelim-
umab) explored in 
GBM combos

High toxic-
ity; limited brain 
penetration

[47]

Fas/FasL FasL on GBM en-
dothelium induces 
apoptosis in Fas⁺ TILs

Eliminates tumor-
specific T cells at 
invasive margins

Fas/FasL blockade 
considered in pre-
clinical models

Risk of inter-
fering with 
normal apoptosis 
pathways

[48]

IDO1–Kynurenine Catabolizes tryp-
tophan, depleting 
it and producing 
kynurenine (activates 
AhR)

T-cell apoptosis, 
reduced NK cyto-
toxicity, Treg and 
MDSC expansion

IDO1 inhibitors 
(indoximod, 
epacadostat) under 
evaluation

Resistance via 
redundant meta-
bolic pathways

[48, 
49]

Extracellular 
vesicles (EVs)

EVs carry PD-L1, 
FasL, IL-10, TGF-β, 
microRNAs

Inhibit CD4⁺/
CD8⁺ prolifera-
tion, reprogram 
monocytes into 
suppressive 
phenotypes

EV-targeted thera-
pies and EV PD-L1 
blockade explored

EV heterogene-
ity and systemic 
spread compli-
cate targeting

[44, 
50, 
51]

Lactate (Warburg 
effect)

Excess lactate acidi-
fies TME, reduces TCR 
signaling

M2 macro-
phage skewing, 
impaired T-cell 
proliferation, 
suppressed NK 
function

LDHA or MCT4 
inhibitors reduce 
lactate; metabolic 
reprogramming

Systemic 
blockade risks 
affecting normal 
metabolism

[52]

Adenosine (CD39/
CD73 → A2A 
receptor)

Hypoxia-induced 
ATP hydrolysis 
generates adenos-
ine, suppressing 
MAPK, NF-κB, NFAT 
pathways

Reduced cyto-
kine secretion; 
T-cell exhaustion; 
Treg and M2 
macrophage 
expansion

A2A antagonists 
(ciforadenant), anti-
CD73 antibodies in 
early trials

Redundant 
adenosine path-
ways, systemic 
side effects

[53–
57]
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agonist (poly(I:C)) and a dendritic cell vaccine induced stronger tumor-specific T-cell 
responses than any monotherapy [73]. Clinically, pembrolizumab combined with the 
oncolytic virus DNX-2401 increased long-term responders in recurrent GBM.

Checkpoint + Standard Therapy: Radiation synergizes with PD-1 blockade by increas-
ing antigen release and T-cell trafficking. Preclinical and early clinical studies of neoad-
juvant PD-1 blockade with radiation have shown augmented immune gene expression in 
GBM tumors [74, 75]. Chemotherapy, however, presents a double-edged sword: temo-
zolomide (TMZ) can cause lymphopenia, which may facilitate adoptive cell therapy 
engraftment but also increases Tregs and PD-L1 expression. In murine studies, concur-
rent high-dose TMZ reduced anti–PD-1 efficacy due to T-cell depletion and elevated 
Tregs, highlighting the need for careful sequencing of TMZ with immunotherapy [60].

Novel Combinations: Several innovative pairings are entering trials, including atezoli-
zumab (anti–PD-L1) with tocilizumab (IL-6 blockade) to mitigate steroid-induced 
immunosuppression, and pembrolizumab with a CD73 inhibitor plus stereotactic radia-
tion to counteract adenosine-mediated T-cell suppression. Preclinical work also high-
lights checkpoint blockade combined with STING agonists as a promising approach, 
leveraging innate immune activation to improve adaptive responses [76, 77].

In summary, While single-agent checkpoint blockade has shown limited efficacy in 
GBM, combination strategies that incorporate Smac mimetics, innate immune agonists, 
or rational sequencing with radiation and chemotherapy have produced encouraging 
preclinical results and are now the focus of multiple ongoing trials. The optimization of 
BBB penetration, biomarker selection, and toxicity management will be crucial for suc-
cessful clinical translation.

Combination strategies involving ICIs and other therapeutic modalities, such as 
CAR-T cell therapy, cytokine-based treatments, and radiotherapy, are currently under 
investigation to enhance their efficacy against GBM [78, 79]. Improving delivery systems 

Fig. 2  Immunotherapeutic approaches for GBM treatment include several strategies. a Immune checkpoint re-
ceptors and ligands, such as PD-1 on T cells and PD-L1 on tissue cells, can suppress the adaptive immune response 
in healthy tissues. Tumors can also express PD-L1, further preventing T cell activation within the tumor environ-
ment. Immune checkpoint inhibitors are antibodies that block these receptor-ligand interactions, like those be-
tween PD-1 and PD-L1, thereby counteracting their immunosuppressive effects. b Vaccines work by presenting 
GBM-specific antigens to antigen-presenting cells (APCs), including dendritic cells, and depend on MHC-mediated 
presentation to activate T cells for a targeted immune response against GBM. c CAR-T cell therapy involves using a 
patient’s own T cells, which are genetically engineered to recognize specific surface antigens associated with GBM, 
such as EGFRvIII and IL-13Rα2. Unlike vaccines, CAR-T cells function independently of MHC-dependent antigen 
presentation. d Viral therapy utilizes oncolytic viruses and retroviruses to induce tumor cell death and release 
tumor antigens or to incorporate therapeutic genes that can be expressed by the tumor cells
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to penetrate the BBB and identifying biomarkers to predict response to ICIs are critical 
areas of ongoing research [80].

4.2  Vaccine-Based approaches

Vaccine-based immunotherapy, which stimulates active immune responses against 
GBM, is currently being investigated using cell-based and peptide-based vaccines. 
Among these, dendritic cell (DC) vaccination has been the most extensively studied. 
Over 20 phase I and II clinical trials have evaluated DC vaccines for adult GBM patients. 
In most studies, DCs are generated by differentiating peripheral blood monocytes with 
IL-4 and GM-CSF. Other agents, such as IL1B, TNF, TLR agonists, and IFN-γ, have also 
been used to enhance DC maturation [81].

Antigen sources vary across trials, but commonly include: (1) Autologous tumor 
lysates, (2) Tumor-specific peptides, (3) mRNA extracted from tumor lysates, (4) Pep-
tides derived from autologous tumor cells [82].

Vaccines are generally administered subcutaneously, intradermally, or intracranially. 
DC-based vaccines are generally well-tolerated, with only mild side effects such as flu-
like symptoms, headaches, and minor inflammation reported [13, 83]. Severe adverse 
effects are rare, with only one documented case of peritumoral edema and sensory loss. 
Most clinical studies suggest that DC immunotherapy benefits some GBM patients.

Yamanaka and colleagues conducted a phase I/II trial involving 24 patients with newly 
diagnosed or recurrent GBM. These patients received autologous tumor cells combined 
with DCs and keyhole limpet hemocyanin (KLH). The DCs were administered either 
intradermally alone or with additional intracranial injections. Results showed improved 
survival in patients receiving both subcutaneous and intracranial injections, as well as 
in those vaccinated with mature DCs [84]. Liau and colleagues reported that immune 
responses involving T cell infiltration into tumor tissues and decreased TGF-β levels 
were associated with better overall survival in patients [85]. While vaccines and check-
point inhibitors remain at the forefront of conventional immunotherapy, their limited 
efficacy highlights the urgent need for more sophisticated approaches. This has paved 
the way for advanced molecular and cellular strategies, which seek to overcome the 
barriers of GBM by reprogramming immune responses at the genetic, epigenetic, and 
nanoscale levels.

5  Advanced and molecular strategies
5.1  Gene therapy

Gene therapy vectors have been extensively explored as innovative tools to enhance the 
clinical efficacy of GBM treatment. These vectors are typically engineered to promote 
localized release of pro-inflammatory cytokines that attract immune cells to the tumor 
microenvironment (e.g., Flt3L), stimulate the host immune response (e.g., interleu-
kin-12), or exert direct anti-tumor effects (e.g., interferon-alpha) [86, 87].

Among these strategies, local expression of Flt3L, a growth factor essential for 
the proliferation and differentiation of dendritic cells, has received particular atten-
tion. Intracranial administration of adenoviral vectors encoding Flt3L (Ad-Flt3L) has 
been shown to induce dendritic cell proliferation and migration into the brain paren-
chyma [88]. Preclinical studies demonstrated that intratumoral injection of Ad-Flt3L 
significantly increased dendritic cell infiltration and enhanced the presence of other 
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antigen-presenting cells within rodent GBM models [43]. However, despite robust 
immune cell recruitment, Ad-Flt3L alone did not produce consistent tumor inhibition, 
suggesting that combination approaches may be required to achieve therapeutic benefit 
[87].

5.2  RNA-based therapy

RNA-based immunotherapies have gained significant attention as versatile tools to 
reprogram immune responses against GBM. Unlike conventional therapies, RNA ther-
apeutics can directly encode tumor antigens or immunomodulatory molecules within 
target cells, enabling rapid and highly specific immune activation [89].

One of the most advanced approaches is mRNA vaccines, which deliver tumor-spe-
cific antigens into dendritic cells or other antigen-presenting cells. These cells then 
translate the encoded antigens and stimulate strong cytotoxic T-lymphocyte responses 
[90]. Advances in lipid nanoparticle (LNP) technology have improved RNA stabil-
ity and intracellular delivery, making systemic administration feasible [91]. Preclinical 
orthotopic GBM models confirmed that LNP-mRNA vaccines achieve protein expres-
sion within tumors and trigger robust immune activation [92]. Early clinical efforts using 
mRNA vaccines encoding GBM-associated antigens, such as EGFRvIII or patient-spe-
cific neoantigens, have demonstrated immunogenicity [93]. A particularly noteworthy 
translational finding came from a veterinary trial in pet dogs with spontaneous gliomas, 
where a multi-antigen mRNA vaccine elicited measurable immune responses and pro-
longed survival, supporting feasibility in human applications [94].

Parallel strategies employ small interfering RNAs (siRNAs) and microRNAs (miRNAs) 
to suppress immunosuppressive signaling in the GBM microenvironment. For instance, 
siRNAs targeting PD-L1, IDO1, or STAT3 reprogrammed TAMs from an M2 tumor-
supportive phenotype to an M1 pro-inflammatory state in preclinical studies [95]. Like-
wise, miR-124 delivered via polymeric carriers downregulated immune checkpoint 
molecules and significantly extended survival in murine GBM models [96].

RNA therapies present distinct advantages, including rapid design for novel targets, 
high specificity, and favorable safety profiles due to transient expression. Neverthe-
less, challenges remain. RNA molecules are inherently unstable, can trigger unintended 
innate immune activation through Toll-like receptors, and display limited penetration 
across the blood–brain barrier. Off-target accumulation in the liver and spleen also 
poses risks. Current research focuses on refining delivery platforms through advanced 
LNPs, targeted ligands, biomaterial scaffolds, and nanoparticles [97]. Furthermore, 
combining RNA-based therapies with immune checkpoint inhibitors or radiotherapy is 
under investigation as a strategy to maximize efficacy [98].

5.3  CAR-T and CAR-NK Therapy

Chimeric antigen receptor (CAR) technologies represent a major advance in cellular 
immunotherapy for GBM, enabling MHC-independent recognition of tumor-associated 
antigens [99].

CAR-T cells engineered to target EGFRvIII, a tumor-specific EGFR variant, showed 
potent preclinical efficacy but only transient responses in a phase I trial due to anti-
gen loss and tumor heterogeneity [100]. To overcome this, alternative targets such as 
IL13Rα2, HER2, EphA2, and B7-H3 are under investigation [99]. IL13Rα2-directed 
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CAR-T therapy delivered locoregionally demonstrated dramatic responses in individual 
cases, and a subsequent phase I trial confirmed safety and transient tumor regression 
[101]. Delivery route has proven critical: intravenous infusion is feasible but limited by 
BBB penetration, while intracavitary or intraventricular administration enhances local 
distribution and tumor infiltration. Comparative trials suggest intraventricular deliv-
ery provides broader CNS coverage, whereas intratumoral delivery yields higher local-
ized concentrations [101, 102]. Combination strategies are also being explored, such as 
CAR-T cells with checkpoint inhibitors, radiotherapy, or oncolytic viruses, as well as 
“armored” CARs engineered to secrete cytokines or T-cell engagers [102, 103].

CAR-NK cells offer complementary advantages, as they can mediate tumor killing via 
both CAR-directed recognition and innate NK pathways (e.g., NKG2D, DNAM-1, anti-
body-dependent cytotoxicity) [98–100]. Unlike CAR-T cells, CAR-NK therapies can be 
generated from allogeneic sources without risk of graft-versus-host disease and display 
a lower incidence of cytokine release syndrome or neurotoxicity [104, 105]. Preclini-
cal studies demonstrated effective tumor clearance in GBM models using EGFRvIII- or 
B7-H3-targeted CAR-NK cells. However, their limited persistence remains a challenge, 
prompting engineering strategies such as IL-15 expression to prolong survival. These 
features suggest CAR-NK cells may serve as safer, “off-the-shelf” options or in sequential 
use with CAR-T therapies [106].

5.4  Nanoparticles and exosome-based delivery

5.4.1  Nanoparticle systems

Nanoparticles (NPs) provide a platform to improve GBM immunotherapy delivery by 
enhancing BBB penetration, sustaining drug release, and enabling targeted delivery [107, 
108]. Lipid nanoparticles have successfully transported mRNA encoding tumor antigens 
or cytokines into GBM models, while polymeric nanoparticles have delivered siRNAs 
targeting STAT3 or S100A4 in TAMs to reprogram them toward pro-inflammatory phe-
notypes [109, 110]. Inorganic particles such as iron oxide and gold nanoparticles can also 
be guided or activated externally to disrupt the blood–tumor barrier or provide adjuvant 
hyperthermia [107].

Innovative designs include macrophage-coated nanoparticles that evade immune 
clearance and preferentially home to GBM tissue, as well as nanoparticles loaded with 
STING agonists or TLR ligands, which induced strong innate responses and extended 
survival in GL261 and CT-2A models [111, 112]. Challenges include off-target accumu-
lation, limited penetration through heterogeneous BBB regions, and variability in tumor 
uptake. One promising alternative is using immune cells, particularly monocytes and 
macrophages, as delivery vectors. These cells naturally migrate to GBM and can trans-
port therapeutic payloads, including oncolytic viruses or engineered exosomes, directly 
into the TME [113].

5.4.2  Exosome-based immune modulation and delivery

Exosomes are endogenous vesicles capable of crossing the BBB, offering low toxicity and 
stability in circulation [114]. They have been engineered to deliver tumor antigens, cyto-
kines, or oligonucleotides to immune or tumor cells [112]. Exosomes carrying therapeu-
tic oligonucleotides have also been shown to modulate TAMs, supporting their role as 
versatile immune modulators [115].
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A notable translational effort involved canine spontaneous GBM, where personal-
ized mRNA vaccines and tumor-lysate–based immunotherapies were tested in pet dogs. 
These studies demonstrated feasibility, induced tumor-specific immune responses, and 
extended survival, supporting their role as an intermediate step toward human trials 
[116]. Despite promise, clinical-scale exosome manufacturing and concerns regarding 
tumor-derived exosome immunosuppression remain significant challenges [117]. Build-
ing upon these molecular and delivery-based strategies, another promising approach 
involves bispecific antibodies that can directly link T cells to tumor cells.

5.5  Bispecific antibodies

Bispecific antibodies (BsAbs) and multi-specific formats have emerged as highly promis-
ing immunotherapeutic strategies for GBM. These engineered molecules are designed to 
simultaneously recognize two or more antigens, thereby enhancing immune system pre-
cision and cytotoxicity. A key mechanism of BsAbs is the redirection of T lymphocytes 
toward tumor cells by engaging a tumor-associated antigen (TAA) on GBM cells and the 
CD3 receptor on T cells, which fosters direct immune–tumor interactions and facili-
tates tumor eradication [118]. Preclinical studies have demonstrated that BsAbs target-
ing EGFRvIII, HER2, and B7-H3 can elicit potent antitumor responses in GBM models, 
particularly where tumor-specific mutations are present [119, 120].

To overcome the heterogeneity and adaptive resistance that characterize GBM, multi-
specific strategies are also under development. These approaches aim to expand immune 
engagement by targeting multiple TAAs concurrently or by integrating tumor-directed 
recognition with immune checkpoint blockade [121]. Such combinatorial designs may 
prove particularly effective in tumors like GBM, where therapeutic resistance and anti-
genic diversity remain significant challenges.

Despite encouraging results, the clinical translation of BsAbs faces major obstacles, 
especially limited penetration across the blood–brain barrier (BBB) and the need to 
minimize off-target effects on healthy tissues. Advances in antibody engineering, along 
with optimized carrier systems such as nanoparticles and viral vectors, are expected 
to improve safety, specificity, and delivery efficiency [122, 123]. Collectively, bispecific 
and multi-specific antibodies represent a rapidly evolving class of immunotherapeutics 
with strong potential for future GBM treatment (Table 2). Beyond antibody engineering 
and exosome-based platforms, innate immune sensing has emerged as another promis-
ing avenue. In particular, activation of the STING pathway provides a unique means of 
converting GBM into an immune-responsive tumor and has gained growing attention in 
both preclinical and translational studies.

5.6  STING pathway activation

The cyclic GMP–AMP synthase (cGAS)–stimulator of interferon genes (STING) path-
way is a central component of innate immunity that detects cytosolic DNA and trig-
gers the production of type I interferons together with inflammatory cytokines [124]. 
In GBM, which is generally considered an immunologically “cold” tumor with low basal 
STING activity, activating this pathway has emerged as a promising strategy to reshape 
the TME into an immune-infiltrated “hot” state [125]. When STING is activated in den-
dritic cells it promotes type I interferon signaling, enhances antigen presentation, and 
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Therapy type Mechanism / 
target

Preclinical / clini-
cal evidence

Advantages / 
clinical promise

Challenges / 
limitations

Ref-
er-
ences

Gene therapy (Ad-
Flt3L, IL-12, IFN-α 
vectors)

Local cytokine ex-
pression to recruit 
dendritic cells and 
stimulate T cell 
priming

Ad-Flt3L increased 
dendritic cell infil-
tration in rodent 
GBM; IL-12 vectors 
enhanced intratu-
moral lymphocyte 
recruitment

Strong local im-
mune activation; 
enhances anti-
gen presentation

Limited efficacy as 
monotherapy; in-
vasive intracranial 
delivery

[43, 
86–
88]

RNA-based therapy 
(mRNA vaccines, 
siRNA, miRNA)

mRNA vaccines 
encode tumor 
antigens (e.g., EG-
FRvIII, neoantigens); 
siRNA/miRNA 
suppress immune 
checkpoints (PD-L1, 
STAT3, IDO1)

mRNA vaccines 
induced CTL 
responses in 
preclinical GBM 
and canine glioma 
trials; siRNA against 
PD-L1/STAT3 
reprogrammed 
TAMs; miR-124 
prolonged survival 
in mice

Rapidly adapt-
able, transient 
expression 
improves safety; 
LNP technology 
supports sys-
temic delivery

RNA instability, 
innate immune 
activation via TLRs, 
limited BBB pen-
etration, off-target 
accumulation

[89–
97]

CAR-T therapy MHC-independent 
T cell recognition 
of TAAs (EGFRvIII, 
IL13Rα2, HER2, 
EphA2, B7-H3)

EGFRvIII CAR-T 
showed safety but 
transient benefit 
in phase I; IL13Rα2 
CAR-T induced 
dramatic regres-
sion in case stud-
ies; intraventricular 
delivery expanded 
CNS coverage

Potent tumor-
specific killing; 
multiple delivery 
routes (IV, 
intratumoral, 
intraventricular); 
combinable with 
checkpoints or 
radiotherapy

Antigen loss, 
heterogeneity, 
limited persis-
tence, toxicity risk

[99–
103]

CAR-NK therapy NK cells engineered 
with CARs for dual 
recognition via 
CAR and innate 
NK pathways (e.g., 
NKG2D, DNAM-1)

Preclinical GBM 
models using 
EGFRvIII or B7-H3 
CAR-NKs showed 
effective tumor 
clearance; engi-
neered IL-15 CAR-
NKs prolonged 
persistence

Allogeneic “off-
the-shelf” use; 
reduced CRS/
neurotoxicity 
risk; innate + CAR 
killing

Limited persis-
tence; clinical 
trials still early; 
large-scale 
NK expansion 
challenging

[98–
106]

Nanoparticles (NPs) LNPs deliver mRNA; 
polymeric NPs carry 
siRNAs; inorganic 
NPs enable target-
ed BBB disruption 
or hyperthermia

LNP-mRNA 
achieved protein 
expression in 
orthotopic GBM; 
polymeric siRNA 
NPs repro-
grammed TAMs; 
macrophage-
coated NPs homed 
to GBM

Enhanced BBB 
penetration; 
sustained drug 
release; tunable 
targeting

Off-target ac-
cumulation in 
liver/spleen; 
heterogeneous 
BBB penetration; 
variable tumor 
uptake

[107–
113]

Exosome-based 
delivery

Natural vesicles 
engineered to carry 
antigens, cytokines, 
or oligonucleotides

Engineered 
exosomes repro-
grammed TAMs; 
canine glioma tri-
als with exosome/
mRNA vaccines 
improved survival

Cross BBB natu-
rally; low toxicity; 
versatile immune 
modulation

Clinical-scale 
production 
difficult; tumor-
derived exosomes 
may suppress 
immunity

[112–
117]

Table 2  Advanced and molecular strategies in GBM immunotherapy
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drives the priming and recruitment of cytotoxic T lymphocytes and natural killer (NK) 
cells, thereby linking innate and adaptive immunity [124, 126].

Preclinical studies using murine glioma models such as GL261 and CT-2A have dem-
onstrated that intratumoral administration of STING agonists, including cyclic dinucle-
otides (CDNs) like 2′3′-cGAMP and synthetic small molecules, can markedly improve 
survival [125, 127]. The efficacy of these treatments was completely abolished in STING-
deficient mice, confirming that the therapeutic effects are pathway-specific [128]. In 
addition to immune cell recruitment, STING activation disrupted tumor vasculature 
and induced a pro-inflammatory state that opposed tumor progression [129]. More 
recently, next-generation agonists such as compound 8803 achieved complete responses 
in resistant QPP8 glioma models, further highlighting the therapeutic potential of opti-
mized STING stimulation [130].

Beyond monotherapy, combination approaches have produced encouraging results. 
Incorporating STING agonists with immune checkpoint inhibitors, cancer vaccines, 
or CAR-T therapies led to synergistic outcomes, as STING-induced interferon signal-
ing created a favorable context for adaptive immune responses [125, 131]. Because this 
mechanism does not depend on MHC presentation or pre-existing T cell repertoires, it 
has broad potential across patients with highly heterogeneous GBM [132].

Translational research has also reached canine spontaneous gliomas. In these studies, 
intratumoral delivery of STING agonists led to measurable tumor regression in several 
animals, although severe inflammatory toxicity was observed in others, underscoring 
the need for careful dosing and safety monitoring [133]. Early clinical trials in non-CNS 
solid tumors have reported immune activation but variable efficacy, reflecting the chal-
lenges of delivery and immune regulation that must still be addressed for GBM [134].

Major practical barriers remain. Systemic administration is restricted by the blood–
brain barrier and carries a significant risk of systemic inflammation, while intratumoral 
injection requires invasive neurosurgical procedures and limits distribution to diffuse 
infiltrative tumor regions [135]. To overcome these limitations, new strategies such as 
convection-enhanced delivery, implantable biomaterial scaffolds, and nanoparticle-
based carriers are being developed to improve brain-specific targeting, retention, and 
safety [131, 136].

In conclusion, activating the STING pathway offers a unique opportunity to initiate 
upstream immune signaling in GBM, converting tumors with weak immunogenicity into 
highly immune-active lesions [137]. If the challenges of delivery and toxicity can be over-
come, STING agonists are likely to become a valuable component of future combination 
immunotherapy strategies for GBM [138] (Table 3).

Therapy type Mechanism / 
target

Preclinical / clini-
cal evidence

Advantages / 
clinical promise

Challenges / 
limitations

Ref-
er-
ences

Bispecific anti-
bodies (BsAbs, 
multi-specifics)

Engage T cells 
(CD3) with tumor 
antigens (EGFRvIII, 
HER2, B7-H3); 
multi-specific 
formats address 
heterogeneity

Preclinical BsAbs 
induced potent 
T cell–mediated 
killing of GBM; 
multi-specifics 
explored for 
checkpoint + TAA 
targeting

Redirects host T 
cells to tumor; 
can target 
multiple TAAs 
simultane-
ously; modular 
engineering

Limited BBB pen-
etration; potential 
off-target toxicity; 
still early-phase 
development

[118–
123]

Table 2  (continued) 
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6  Personalized immunotherapy
6.1  Neoantigen vaccines

Neoantigens are tumor-specific antigens derived from somatic mutations that are absent 
from normal tissues. Due to their unique tumor-specific nature, neoantigens pres-
ent attractive targets for the immune system [13]. The identification of these antigens 
through whole-exome sequencing and mass spectrometry enables the design of person-
alized vaccines capable of eliciting robust T cell responses. Several studies have dem-
onstrated the potential of neoantigen-based vaccines to induce effective anti-tumor 
immunity in GBM models [139]. However, challenges remain in identifying high-qual-
ity neoantigens and developing standardized protocols for vaccine preparation and 
administration.

6.2  TCR engineering

T cell receptor (TCR) engineering involves modifying autologous T cells to express 
receptors that specifically recognize antigens presented by tumor cells. Unlike CAR T 
cells, TCR-engineered cells can target intracellular antigens processed and presented 
via major histocompatibility complex (MHC) molecules [140]. This feature makes TCR 
therapy particularly valuable for targeting GBM-specific antigens such as EGFRvIII and 
other mutation-derived peptides [141]. Early-phase clinical trials have demonstrated 
promising results, but challenges related to MHC restriction and antigen heterogeneity 
remain [102].

Table 3  Therapeutic targeting of the STING pathway in GBM
Strategy / approach Model / 

setting
Key findings Advantages / clini-

cal promise
Challenges / 
limitations

Refer-
ences

STING activation with 
cyclic dinucleotides 
(e.g., 2′3′-cGAMP)

Murine 
GBM mod-
els (GL261, 
CT-2A)

Improved survival; 
efficacy lost in STING-
deficient mice

Pathway-specific 
immune activation; 
promotes cytotoxic T 
cell priming

Limited brain 
penetration; local 
injection required

[125, 
127, 
128]

Synthetic small-mole-
cule agonists

Murine 
GBM 
models

Induced immune 
infiltration, vascular 
disruption, and tumor 
control

Strong innate 
immune activa-
tion, potential for 
systemic use

Risk of systemic 
inflammation; 
short half-life

[129]

Next-generation ago-
nists (e.g., compound 
8803)

Resistant 
QPP8 
glioma 
model

Achieved complete 
responses in resistant 
tumors

Potential to 
overcome therapy 
resistance

Still preclinical; 
unknown human 
safety

[130]

Combination with 
checkpoint inhibitors

Preclini-
cal GBM 
models

Enhanced response vs 
monotherapy; synergis-
tic antitumor effect

Creates favorable 
context for adaptive 
immunity

Increased risk of 
toxicity; variable 
synergy

[125, 
131]

Combination with 
vaccines or CAR-T

Preclini-
cal GBM 
models

Improved vaccine-
induced T cell activ-
ity; enhanced CAR-T 
efficacy

Broad application 
across heteroge-
neous tumors

Complex trial de-
sign; manufactur-
ing challenges

[131, 
132]

Canine glioma 
studies

Sponta-
neous 
gliomas in 
dogs

Tumor regression in 
some animals; severe 
toxicity in others

Proof-of-concept in 
large spontaneous 
models

Dosing and 
safety remain 
unresolved

[133]

Human early-phase 
trials (non-CNS 
tumors)

Solid 
tumors

Immune activation ob-
served; mixed efficacy

Translational feasibil-
ity demonstrated

Delivery to brain 
remains unsolved

[134]

Novel delivery strate-
gies (nanoparticles, 
scaffolds, convection-
enhanced delivery)

Preclinical 
models

Improved targeting 
and retention; reduced 
systemic toxicity

Potential for local-
ized and sustained 
release in brain

Still experimen-
tal; regulatory 
barriers

[131, 
135, 
136]
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6.3  TIL therapy

Tumor-infiltrating lymphocyte (TIL) therapy involves isolating lymphocytes from the 
patient’s tumor, expanding them ex vivo, and reintroducing them to enhance immune-
mediated tumor destruction. While TIL therapy has demonstrated efficacy in melanoma, 
its application in GBM has been limited by the immunosuppressive tumor microenvi-
ronment and the challenge of obtaining sufficient viable T cells from the tumor. How-
ever, ongoing research is focused on improving TIL isolation techniques and optimizing 
expansion protocols to enhance therapeutic efficacy [142].

6.4  Biomarker-guided therapy

Biomarkers play a critical role in guiding personalized immunotherapy by predicting 
patient responses to specific treatments. For example, MGMT promoter methylation 
status, IDH mutation status, and PD-L1 expression are well-established biomarkers that 
influence treatment outcomes in GBM [143]. Patients with MGMT promoter meth-
ylation tend to respond better to temozolomide, while those with high PD-L1 expres-
sion may benefit from immune checkpoint inhibitors. Personalized immunotherapy 
approaches that incorporate biomarker-guided therapy are expected to enhance treat-
ment efficacy by identifying patients most likely to benefit from specific interventions 
[144].

6.5  Epigenetic factors

Epigenetic silencing of the MGMT gene promoter is a molecular marker with significant 
prognostic implications. The MGMT gene encodes a DNA repair protein responsible for 
removing alkyl groups from the O6 position of guanine. Promoter methylation causes 
epigenetic silencing and impairs DNA repair mechanisms [145].

Patients with methylated MGMT promoters treated with temozolomide and radio-
therapy demonstrated a median survival of 21.7 months, whereas patients without 
MGMT promoter methylation exhibited a median survival of 15.3 months under the 
same treatment regimen [146]. Beyond genetic and epigenetic markers, the impact of 
standard chemotherapies such as temozolomide on the efficacy of immunotherapy also 
warrants consideration.

6.6  Impact of temozolomide and chemotherapy on immunotherapy efficacy

Temozolomide (TMZ), the standard chemotherapeutic agent for GBM, exerts complex 
immunomodulatory effects that influence the outcome of immunotherapy. While TMZ 
can induce immunogenic cell death of tumor cells and transiently deplete lymphocytes 
to create “space” for adoptive T-cell therapies, its lymphodepletion is often profound 
and persistent at standard dosing, resulting in reduced effector T-cell numbers and 
increased relative frequencies of Tregs and myeloid-derived suppressor cells (MDSCs) 
[147]. In murine GBM models, the combination of anti-PD-1 therapy with TMZ pro-
duced superior short-term tumor control compared to monotherapy, yet it abolished the 
establishment of durable antitumor immunological memory, which was preserved only 
with anti-PD-1 alone [148]. Likewise, Karachi et al. demonstrated that standard high-
dose TMZ combined with anti-PD-1 increased Treg frequency and upregulated PD-L1 
expression on tumor cells, thereby attenuating checkpoint blockade efficacy, whereas 
metronomic low-dose TMZ was less suppressive but still promoted Treg expansion 
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[149]. Clinically, these observations help explain why concurrent TMZ has not consis-
tently enhanced immunotherapy outcomes and suggest alternative strategies such as 
scheduling immunotherapy during TMZ breaks, employing shorter or dose-dense regi-
mens to trigger immunogenic cell death without long-term lymphopenia, or supporting 
lymphocyte recovery with hematopoietic growth factors [150]. Other alkylating agents 
like lomustine (CCNU) similarly cause lymphocyte nadirs that can blunt vaccine or 
adoptive cell therapy responses [151]. Furthermore, chemotherapy-induced DNA dam-
age can increase PD-L1 expression on tumor and myeloid cells, providing a rationale 
for rational sequencing with checkpoint blockade only when sufficient immune effector 
cells remain present [152]. In summary, standard cytotoxic regimens act as a double-
edged sword: they may promote antigen release and transiently reset immunosuppres-
sive circuits, but they also deplete the very immune populations required for sustained 
tumor control [153]. Future GBM protocols may therefore need to use chemotherapy 
in immunomodulatory doses or carefully timed schedules to maximize synergy with 
immunotherapy rather than antagonize it [154].

6.7  Clinical and preclinical trials of immunotherapy in GBM

Over the past decade, numerous clinical and preclinical studies have evaluated immuno-
therapeutic strategies for GBM. These include checkpoint inhibitors, dendritic cell and 
peptide vaccines, CAR-T and CAR-NK therapies, oncolytic viruses, gene therapies, and 
novel modalities such as exosome-based delivery and STING pathway activation [43]. 
Table 4 summarizes selected trials from 2014 to 2025, highlighting their phase, target, 
key outcomes, and translational relevance (Table 4).

6.7.1  Critical appraisal of immunotherapy trials (Table 4)

The trials summarized in Table 4 illustrate both the progress and limitations of immuno-
therapy in GBM. While checkpoint blockade and peptide vaccines have shown minimal 
benefit as monotherapies, vaccines such as DCVax-L and SurVaxM suggest that durable 
survival is achievable in selected patients, particularly in the newly diagnosed setting. 
Oncolytic viruses, especially PVSRIPO and DNX-2401, have also provided encourag-
ing survival signals in subsets of recurrent GBM patients. Cell-based therapies such as 
CAR-T have proven safe but are hampered by antigen loss and the highly suppressive 
tumor microenvironment, highlighting the need for multi-target or combination strate-
gies. Preclinical advances, including STING agonists and exosomal delivery platforms, 
point to novel ways of reshaping immune responses but remain early in development. 
Overall, the clinical evidence to date indicates that no single immunotherapy is suffi-
cient in GBM. The next phase of research should focus on rational combinations, patient 
stratification using biomarkers, and integration of translational endpoints to guide 
mechanistic understanding. For clinical practice, these therapies remain investigational, 
but they provide a foundation for designing the next generation of trials aimed at mak-
ing GBM an immunologically manageable disease.

Although personalization of immunotherapy through biomarkers, neoantigen vac-
cines, and TCR-engineered cells offers a tailored approach, additional systemic and 
technological innovations are needed to maximize treatment outcomes. Two emerging 
frontiers, namely the gut microbiome and artificial intelligence, illustrate how cross-dis-
ciplinary advances can further reshape GBM immunotherapy.
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Table 4  Summary of clinical and preclinical studies from 2014 to 2025
Therapy type Phase Subjects Target Key findings Status Reference
PD-1 inhibitor 
(Nivolumab, 
CheckMate 
143)

Phase III 369 (rGBM 
patients)

PD-1/PD-L1 No OS benefit vs 
bevacizumab

Completed [64]

DCVax-L (au-
tologous tumor 
lysate-loaded 
DC)

Phase III 331 (ND & 
rGBM)

Tumor antigens Improved OS in 
ND GBM (19.3 
vs ~ 16 mo); 5-yr 
survival 13%

Completed [155]

Rindopep-
imut (EGFRvIII 
vaccine)

Phase III 745 (ND 
EGFR-
vIII + GBM)

EGFRvIII No OS benefit; 
trial stopped for 
futility

Terminated [156]

SurVaxM 
(survivin-tar-
geting peptide 
vaccine)

Phase IIa 63 (ND 
GBM)

Survivin Improved OS 
(25.9 mo); 
robust immune 
response

Completed [157]

CAR-T therapy 
(EGFRvIII)

Phase I 10 (rGBM) EGFRvIII Safe, but 
transient effect; 
antigen loss 
observed

Completed [158]

CAR-T therapy 
(IL13Rα2)

Phase I 65 (across 
studies)

IL13Rα2 Safe with some 
responses; lim-
ited OS benefit

Completed [101]

Oncolytic ad-
enovirus (DNX-
2401) + anti–
PD-1

Phase I/II 49 (rGBM) Adenovirus + PD-1 52.7% 12-mo 
OS; durable 
responses in 
subset

Completed [159]

Gene therapy 
(Ad–RTS-
hIL-12) + veledi-
mex (with/
without 
nivolumab)

Phase I/IB 31 (rGBM) IL-12 Controllable 
intratumoral 
IL-12 expression; 
OS ~ 12.7 mo 
(high dose); 
lymphocyte infil-
tration noted

Completed [160]

Oncolytic polio-
virus (PVSRIPO)

Phase I 61 (rGBM) Poliovirus 21% 3-year 
survival; safe with 
some long-term 
benefit

Completed [161]

Indoximod 
(IDO inhibi-
tor) + Temo-
zolomide ± Bev-
acizumab / 
Radiotherapy

Phase I/II 160 
patients 
(primary 
malignant 
brain 
tumor)

IDO Ongoing trial as-
sessing MTD and 
efficacy of in-
doximod + TMZ. 
Includes 3 co-
horts (with/with-
out bevacizumab 
or radiosurgery); 
correlative im-
mune studies 
planned.

A-NR (Active, 
Not Recruiting)

[162]

Exosomal 
STAT6-ASO 
delivery

Preclinical Murine 
GBM 
models

STAT6 (TAM 
reprogramming)

Reprogrammed 
M2 to M1 
macrophages; 
enhanced anti-
tumor immunity

Preclinical [163]

STING ago-
nist + anti–PD-1

Preclinical Murine 
GBM 
models

STING pathway Increased im-
mune infiltra-
tion; prolonged 
survival

Preclinical [130]
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7  Systemic and digital enhancements
7.1  Microbiome–Gut–Brain–Immune axis

An unexpected player in GBM treatment outcomes has recently emerged: the gut micro-
biome. The composition of the gut microbiota has been shown to profoundly influ-
ence systemic immunity and the efficacy of immunotherapies in multiple cancers, and 
mounting evidence suggests a similar connection exists for brain tumors [164]. The con-
cept of a gut–brain–immune axis implies that microbes in the gastrointestinal tract can 
modulate immune cell development and function peripherally, which in turn can affect 
the brain’s immune environment and tumor behavior.

Several clinical and preclinical observations support the microbiome’s role in GBM. 
Notably, an analysis from a Phase I/II trial (evaluating PD-L1 blockade in newly diag-
nosed GBM) found that patients who had longer survival on the checkpoint inhibi-
tor had distinct gut microbiome signatures compared to those with shorter survival 
[165–167].

Mechanistically, the gut microbiota can impact GBM through various pathways [168]. 
(1) Microbial metabolites: Commensal bacteria produce metabolites (such as short-
chain fatty acids, tryptophan metabolites, or polyamines) that enter circulation and 
can cross into the brain or act on immune cells in lymphoid organs. These metabolites 
can influence the maturation and polarization of immune cells. For example, certain 
SCFAs promote anti-tumor cytotoxic T cells, whereas others might promote Tregs; 
the net effect can alter the immune readiness to attack a brain tumor [168, 169]. (2) 
Immune conditioning: The gut microbiome continually educates the host immune sys-
tem. A diverse and “healthy” microbiome tends to prime the immune system for robust 
responses (enhancing dendritic cell function and effector T cell generation), whereas 
dysbiosis might lead to a predominance of suppressive immune cells or chronic inflam-
matory states that paradoxically exhaust the immune system. In GBM models, antibi-
otics that disrupt the microbiome have been shown to reduce the efficacy of immune 
therapies, indicating the microbiome’s supportive role in treatment response (observed 
in other cancers, now being examined in GBM specifically). (3) Microbial antigens: 
There is a hypothesis of molecular mimicry – certain microbial antigens could induce 
T cells that cross-react with brain tumor antigens, thereby helping immune surveillance 
of the tumor. (4) Gut–brain communication: Beyond humoral factors, neural pathways 
(like the vagus nerve) can transmit signals from gut microbes that influence brain glial 
cells and cytokine levels in the CNS, potentially affecting TME [168, 170, 171].

Capitalizing on this axis, researchers are exploring interventions such as probiotics, 
diet modulation, or fecal microbiota transplantation (FMT) in GBM. Early preclinical 
work suggests that colonizing mice with specific beneficial bacteria (like those from the 
Bifidobacterium or Akkermansia genera, known to boost checkpoint inhibitor efficacy in 
other cancers) can improve anti-GBM immune activity. In parallel, FMT from long-term 
GBM survivors or responders into germ-free or antibiotic-treated mice is being tested 
to see if it can transfer a pro-immunotherapy phenotype. Given the importance of gut 
microbes, some have proposed that GBM patients might be stratified by their microbi-
ome profiles in the future, or even conditioned with microbiome therapy before starting 
immunotherapy [165, 168, 172]. Indeed, there are case reports where compassionate-
use FMT was associated with unexpected tumor control in glioma, though it’s far from 
proven.
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The advantages of targeting the microbiome are that it is relatively accessible and mal-
leable. Altering a patient’s microbiome via diet or FMT is non-invasive compared to 
altering their immune cells or brain directly. It could also have a broad effect, enhancing 
multiple arms of the immune system simultaneously (innate and adaptive). Moreover, 
microbiome profiling might serve as a biomarker to predict who will respond to a given 
immunotherapy, a tool for personalization [168].

However, challenges abound. The microbiome is incredibly complex and individual-
specific; it’s difficult to pinpoint which microbes or metabolites are truly key for anti-
tumor immunity versus which are bystanders. There is also a risk that changing the 
microbiome (especially via FMT) could have unintended consequences, like infections 
or immune-mediated diseases. In the context of brain tumors, an added complexity is 
that GBM itself can perturb the gut microbiome through tumor-induced systemic effects 
(stress hormones, etc.), creating a bidirectional puzzle [173]. Rigorous clinical trials will 
be needed to determine if deliberate microbiome modulation can reproducibly improve 
GBM patient outcomes. As of now, several centers are initiating pilot trials of FMT in 
GBM patients receiving immunotherapy, and others are testing diets high in fermentable 
fiber (to promote beneficial SCFA-producing gut bacteria) during chemo-radiation and 
immunotherapy [168].

In conclusion, the gut–brain–immune axis represents a frontier in GBM therapy. 
While not a direct “drug” in the traditional sense, the microbiome’s influence is such that 
it could be considered an adjuvant target: an integral part of a patient’s makeup that we 
can optimize to tip the balance in favor of anti-tumor immunity. Future GBM immuno-
therapy protocols may include a regimen for the microbiome, just as they include lym-
phodepletion or adjuvant cytokines today.

While microbiome modulation focuses on systemic immune conditioning, compu-
tational modeling and artificial intelligence provide complementary tools that directly 
optimize the design, delivery, and monitoring of GBM immunotherapies.

7.2  Computational modeling and AI-guided immunotherapy

To overcome GBM’s complexity, computational modeling and artificial intelligence (AI) 
are increasingly being used to optimize immunotherapy design. Computational models 
can simulate how immune cells traffic, interact, and kill tumor cells in the brain, offering 
insights that guide delivery strategies [174]. For instance, mathematical models of CAR 
T-cell distribution predicted that intraventricular infusion would enable broader cere-
brospinal fluid (CSF) dispersion, whereas intratumoral injection would achieve higher 
local concentrations but limited spread. These predictions aligned with clinical observa-
tions in an IL13Rα2 CAR trial, where dual intratumoral plus intraventricular delivery 
led to robust local control and suppression of leptomeningeal disease [175, 176]. Model-
ing CAR T-cell kinetics has also informed dose selection by predicting non-monotonic 
dose–response relationships; lower initial doses may suffice because CAR T-cells can 
proliferate in vivo, thereby avoiding excessive immune activation [174, 177]. Further-
more, “virtual clinical trials” incorporating T-cell expansion rates, antigen heterogene-
ity, and tumor immunosuppression have been conducted in silico, testing thousands of 
dose, schedule, and combination permutations to identify optimal regimens for experi-
mental validation [178].
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Case studies of computationally guided CARs illustrate the translational power of 
these approaches. Structure-based design of IL13 muteins produced CARs selective for 
IL13Rα2, reducing off-target effects on IL13Rα1 while maintaining efficacy in ortho-
topic GBM models, where 0.3–0.36 × 10^6 CAR T cells were delivered intratumorally or 
10 × 10^6 intravenously [179]. Similarly, de novo protein binder–based CARs targeting 
EGFR and CD276 achieved superior persistence and functionality in xenograft models 
when 1–2 × 10^6 CAR T cells were administered intracranially, outperforming conven-
tional scFv CARs by enhancing surface stability and reducing exhaustion marker expres-
sion. Together, these examples demonstrate how computational design can refine CAR 
binding domains, improve delivery route selection, and calibrate cell dosing to maximize 
safety and efficacy [180, 181].

Beyond CAR T-cell therapy, AI is also uncovering novel therapeutic angles. A machine 
learning–driven analysis of GBM gene regulatory networks identified “fate-determina-
tion” genes that, when modulated, reprogrammed GBM cells into dendritic-like anti-
gen-presenting cells. In mouse models, combining this AI-guided reprogramming with 
checkpoint blockade or dendritic cell vaccination improved survival by approximately 
75% compared to controls, exemplifying AI’s potential to reveal non-intuitive therapeu-
tic strategies [182].

Clinical applications of AI are beginning to inform real-world decision-making. In a 
multicenter phase II study of PD-L1 inhibition (durvalumab) in GBM, radiomics-based 
machine learning on the first on-treatment MRI predicted overall and progression-free 
survival with external validation (concordance index ≈0.69–0.75), supporting AI as a 
tool for response prediction and patient stratification [183]. In parallel, multicenter 
radiomics analyses have shown that MR-perfusion–derived features can distinguish 
pseudoprogression from true progression in GBM, reporting around 90% accuracy with 
strong AUCs, which directly addresses a common diagnostic dilemma during immuno-
therapy and chemoradiation follow-up [184]. Complementary work with [18F]FET PET 
radiomics has also demonstrated improved discrimination and prognostication in newly 
diagnosed IDH-wildtype GBM, highlighting multimodal imaging pipelines for clinical 
deployment [185].

AI-enabled adaptive trial methodologies are also entering GBMb Bayesian response-
adaptive randomization to evaluate multiple regimens under a seamless phase II/III 
master protocol, dynamically enriching patients to better-performing arms and expedit-
ing go/no-go decisions [186]. Within cell-therapy development more broadly, a subset 
of early CAR-T trials have already implemented model-based or model-assisted Bayes-
ian dose-finding designs (for example, EffTox, mCRM, BOIN), illustrating how adaptive 
statistics can identify an “optimal biological dose” rather than the traditional maximum 
tolerated dose, although uptake remains limited to date [187].

In summary, computational simulations and AI not only accelerate therapeutic discov-
ery but also optimize delivery, dosing, and personalization of GBM immunotherapies. 
These approaches offer tangible clinical utility today in tasks such as response predic-
tion and PsP discrimination, and they are beginning to shape adaptive trial platforms. 
Nonetheless, broader validation, standardization, and regulatory alignment are still 
required before widespread adoption [184]. To provide a structured overview of these 
systemic and digital strategies, Table 5 summarizes the emerging roles of the microbi-
ome–gut–brain–immune axis and artificial intelligence in GBM immunotherapy. The 
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Domain Specific 
mechanism 
/ approach

Representative evidence 
(preclinical/clinical)

Clinical 
status / 
translation

Advantag-
es / clinical 
promise

Challenges / 
limitations

Key 
refer-
enc-
es

Microbi-
ome–Gut–
Brain–Im-
mune Axis

Microbial 
metabolites 
(SCFAs, 
tryptophan 
derivatives, 
polyamines)

SCFAs modulate Treg vs. 
cytotoxic T-cell polarization; 
tryptophan metabolites influ-
ence microglia activation

Pilot dietary 
fiber interven-
tions under 
study in GBM 
patients on 
chemoradia-
tion

Easily 
modified by 
diet; broad 
systemic 
and CNS 
immune 
effects

Difficult to 
isolate key 
metabolites; 
individual 
microbiome 
variability

[168, 
169]

Immune 
conditioning 
by commen-
sal diversity

Antibiotic-induced dysbiosis 
reduces immunotherapy 
efficacy; healthy microbiome 
enhances dendritic and T-cell 
priming

Observed in 
other cancers, 
exploratory 
analyses in 
GBM immu-
notherapy

Shapes 
systemic 
immunity; 
potential 
to stratify 
patients

Microbiome 
signatures 
not standard-
ized; dysbiosis 
risk

[165–
168]

Micro-
bial antigens 
(molecular 
mimicry)

Hypothesized cross-reactive 
T-cell responses between gut 
microbes and GBM antigens

Preclini-
cal only, 
no clinical 
confirmation

May 
enhance 
anti-tumor 
surveillance

Hypothetical; 
requires anti-
gen mapping

[170, 
171]

Gut–brain 
neural 
signaling 
(vagus-
mediated)

Gut microbial activity influ-
ences CNS cytokines and 
glial cells

Preclinical 
models, 
limited direct 
GBM data

Novel neu-
romodula-
tion angle 
for GBM

Mechanistic 
links poorly 
mapped; indi-
rect evidence 
only

[171]

FMT and 
probiotics

FMT from long-term GBM 
survivors enhanced response 
in murine models; probiotics 
(Bifidobacterium, Akker-
mansia) boost checkpoint 
efficacy in other cancers

Pilot FMT tri-
als in GBM im-
munotherapy 
ongoing

Non-
invasive, 
patient-
friendly, 
potentially 
low-cost

Safety 
concerns 
(infection, 
autoimmu-
nity); lack of 
controlled 
GBM data

[165, 
172, 
173]

Compu-
tational 
Modeling

In silico 
CAR T-cell 
trafficking/
dosing

Predicted intraventricu-
lar + intratumoral infusion 
superior to single-route; 
non-linear dose–response 
relationships identified

Models vali-
dated against 
IL13Rα2 CAR 
trial

Accelerates 
dosing/
delivery 
optimization

Relies on 
assump-
tions; tumor 
heterogene-
ity difficult to 
capture

[174–
177]

Virtual clini-
cal trials

Simulated thousands of per-
mutations for dose, schedule, 
and combinations in silico

Preclinical 
tool; not 
yet clinical 
practice

Reduces 
cost/time of 
early-phase 
design

Translation 
limited; 
regulatory 
acceptance 
lacking

[178]

AI-Guided 
Immuno-
therapy 
Design

AI-driven 
reprogram-
ming of 
GBM fate

ML identified “fate-determi-
nation” genes; reprogram-
ming GBM → dendritic-like 
cells boosted survival in mice

Preclinical Reveals 
novel 
therapeutic 
angles; syn-
ergies with 
checkpoint 
blockade

Unproven 
in humans; 
genetic 
manipulation 
complexity

[182]

Computa-
tional CAR 
engineer-
ing (IL13 
muteins, 
EGFR/CD276 
binders)

Designed CARs showed im-
proved persistence, reduced 
exhaustion, and reduced off-
target toxicity in GBM models

Preclinical to 
early-phase 
preclinical 
validation

Enhances 
CAR 
stability, 
specificity, 
durability

Protein 
design 
complexity; 
manufactur-
ing hurdles

[179–
181]

Table 5  Systemic and digital enhancements in GBM immunotherapy: mechanisms, evidence, and 
clinical translation
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table highlights their underlying mechanisms, representative evidence, clinical implica-
tions, and current challenges, offering a concise framework that complements the narra-
tive discussion and illustrates translational opportunities (Table 5).

8  Challenges and future directions
Over the past 10 years, Immunotherapy is increasingly recognized as an effective means 
of mobilizing immune defenses against aggressive brain tumors, such as GBM [43]. The 
overall effect of these therapies on patient survival is still unclear, and additional clini-
cal and biological obstacles persist, limiting their effectiveness [188]. Genetic and phe-
notypic variation within tumors helps to create GBM, which presents a major difficulty 
for therapy advancement [43, 189]. This variation makes it more difficult to find reliable 
therapeutic targets and causes different patient treatment reactions. The lack of con-
sistent treatment strategies across different research studies impairs repeatability and 
weakens the strength of clinical findings [189]. The infrequency and rapid advancement 
of GBM limit patient participation in clinical trials, leading to small study cohorts that 
are inadequate for comprehensive statistical evaluation [188, 190]. Despite promising 
results from preclinical studies, only a limited number have progressed to large-scale 
clinical trials with human participants [190].

For instance, despite compelling preclinical data, IDO inhibitors ultimately failed to 
improve survival in large phase III trials [191, 192], underscoring the challenge of trans-
lating metabolic checkpoint blockade into clinical benefit. Similarly, rindopepimut, an 
EGFRvIII-targeted peptide vaccine, elicited strong immunogenicity in early-phase stud-
ies but did not demonstrate survival advantage in a definitive phase III trial in newly 
diagnosed GBM [193, 194]. These examples highlight the translational gap between lab-
oratory efficacy and clinical outcomes, emphasizing the need for carefully designed tri-
als and patient stratification to bridge this divide.

Domain Specific 
mechanism 
/ approach

Representative evidence 
(preclinical/clinical)

Clinical 
status / 
translation

Advantag-
es / clinical 
promise

Challenges / 
limitations

Key 
refer-
enc-
es

AI in 
Clinical 
Decision-
Making

Radiomics 
for response 
prediction

Radiomics on early MRI 
predicted OS/PFS in PD-L1 
(durvalumab) GBM trial

Multicenter 
phase II, 
external 
validation 
achieved

Supports 
patient 
stratifica-
tion; early 
treatment 
adaptation

Requires har-
monization 
of imaging 
protocols; 
moderate ac-
curacy (~ 0.7 
C-index)

[183]

PsP vs true 
progression 
discrimina-
tion

MR-perfusion radiomics 
achieved ~ 90% accuracy; 
[18F]FET PET radiomics im-
proved prognostication in 
IDH-wildtype GBM

Multiple 
multicenter 
retrospective 
studies

Addresses a 
key clinical 
dilemma in 
immuno-
therapy 
monitoring

Validation 
needed 
in larger 
prospective 
trials

[184, 
185]

Adaptive AI-
enabled trial 
design

GBM AGILE uses Bayesian 
randomization across mul-
tiple regimens

Actively en-
rolling global 
trial platform

Efficient 
drug 
screening; 
enriches 
patient 
allocation

Complexity 
in regulatory 
oversight; lim-
ited uptake 
in early CAR-T 
studies

[186, 
187]

Table 5  (continued) 
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The complexity of TME presents a significant challenge to the efficacy of immuno-
therapy [43, 189]. Immunosuppressive cells and cytokines, along with the protective 
characteristics of the BBB, hinder the infiltration and function of immune cells in the 
tumor environment [43, 189, 195]. The collective influence of these factors establishes 
a hostile environment for immunotherapeutic agents, thereby diminishing their effi-
cacy [43]. Ongoing research is enhancing our understanding of the interactions between 
gliomas and the immune system, suggesting potential for more effective interventions 
[189, 195]. Future investigations should concentrate on several critical areas to address 
these limitations. The main objective is to examine combination strategies that inte-
grate immunotherapy with conventional treatments, such as radiotherapy, chemo-
therapy, or molecularly targeted therapies [43, 195]. These combinations may produce 
synergistic effects and improve patient outcomes. Improving the delivery of immuno-
therapeutic agents across the BBB is essential, as enhanced delivery systems can signifi-
cantly increase treatment efficacy [188, 189]. Moreover, customizing immunotherapy to 
the particular molecular and genetic characteristics of each patient could help to solve 
GBM's natural diversity [195]. Personalized strategies could enhance accuracy and treat-
ment results. Validating results from experimental investigations and creating uniform 
treatment procedures depend on carefully planned large-scale, multicenter clinical trials 
[188, 190]. Addressing these challenges is crucial for the effective translation of immu-
notherapy from laboratory research to clinical application [43, 189, 195]. Through ongo-
ing research and innovation, immunotherapy may become a crucial component of GBM 
treatment. Nevertheless, significant barriers remain, and translating these advances into 
consistent clinical benefit is still the key challenge ahead.

9  Conclusion
Glioblastoma (GBM) remains one of the most aggressive and treatment-resistant pri-
mary brain tumors, with standard therapies such as surgery, radiotherapy, and che-
motherapy offering only limited survival benefits. Despite intensive research, major 
barriers including tumor heterogeneity, the immunosuppressive tumor microenvi-
ronment, and restricted drug penetration across the blood–brain barrier continue 
to undermine therapeutic progress. Recent advances in immunotherapy have intro-
duced diverse approaches, including immune checkpoint inhibitors, CAR-T and CAR-
NK cells, cytokine-based therapies, bispecific antibodies, RNA-based platforms, and 
nanoparticle-mediated delivery systems. Personalized strategies guided by molecular 
and immunological biomarkers have also gained momentum. However, the translation 
of these modalities to consistent clinical benefit remains challenging. Past failures, such 
as the lack of efficacy of IDO inhibitors in phase III trials and the discontinuation of the 
EGFRvIII vaccine rindopepimut despite strong early immunogenicity, underscore that 
single-agent immunotherapies are rarely sufficient and that rational combinations with 
careful patient selection are essential. Emerging systemic and digital innovations, includ-
ing modulation of the gut–brain–immune axis and AI-guided adaptive trial designs, are 
beginning to complement traditional immunotherapy approaches. These novel dimen-
sions may accelerate trial efficiency, refine patient stratification, and uncover non-intui-
tive therapeutic synergies. Moving forward, the most promising path lies in integrating 
immunotherapies with existing standard treatments in well-designed, biomarker-driven 
clinical trials, while simultaneously improving delivery systems and addressing the 
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barriers of the GBM microenvironment. Through these combined efforts, immunother-
apy holds the potential not only to extend survival but also to gradually transform GBM 
into a more manageable disease.
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