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Abstract Glioblastoma (GBM), the most aggressive primary brain tumor, remains a formidable ther-

apeutic challenge, with a median survival under 15 months. Despite the current standard of care-

comprising maximal safe surgical resection, radiotherapy, and temozolomide chemotherapy-patient

outcomes have seen minimal improvement over the past two decades. A key barrier to effective treatment

is GBM’s robust and multifaceted immunosuppressive network, which critically undermines antitumor

immunity. While much of the research has focused on the local immunosuppressive tumor microenviron-

ment, systemic immunosuppression represents an equally important yet often underappreciated obstacle,

significantly impairing host immune competence. Effective immunotherapy relies on an intact and func-

tional immune system capable of mounting durable T cell-mediated responses. However, GBM induces

profound systemic immune dysfunction, manifested by severe lymphopenia and depletion of effector im-

mune cells, which further limits immune-mediated tumor control. Therefore, a comprehensive
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understanding of both systemic and local immunosuppressive mechanisms is essential for the rational

design of effective immunotherapeutic strategies. In this review, we examine the unique physiological

features of the brain, dissect the immunosuppressive landscape of GBM at both local and systemic levels,

and highlight recent insights into the underlying mechanisms. We also discuss current immunotherapeutic

modalities, and emerging drug delivery strategies aimed at overcoming immunosuppression to improve

therapeutic efficacy.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Gliomas are the most common primary brain malignancies, ac-

counting for approximately 80% of all malignant central nervous

system (CNS) tumors1. These neoplasms are thought to originate

from neuroglial progenitor cells, as suggested by their anatomical

distribution and histological resemblance to differentiated neuro-

glial elements. Current classification systems categorize gliomas

into distinct subtypes, including astrocytomas, oligoden-

drogliomas, and ependymomas, based on their presumed cellular

origins2. Among these, glioblastoma (GBM), classified as a World

Health Organization (WHO) grade IV glioma, is the most

aggressive and prevalent primary brain tumor, comprising over

50% of all glioma cases3. Epidemiological data indicate an age-

dependent incidence ranging from 0.59 to 3.69 per 100,000 in-

dividuals, peaking between 75 and 84 years, with a higher prev-

alence in males1,2,4.

The current standard of care for GBM involves maximal safe

surgical resection followed by adjuvant radiotherapy and temo-

zolomide (TMZ) chemotherapy5. However, this multimodal

approach provides only modest clinical benefit, with median

survival remaining stagnant at 14—16 months6. Recent advance-

ments, including tumor-treating fields therapy and molecularly

targeted agents against receptor tyrosine kinase pathways, have

shown limited success in significantly altering disease progres-

sion7,8. Despite extensive research efforts, treatment options that

significantly improve long-term survival remain elusive, and pa-

tient outcomes have remained largely unchanged for over two

decades9. The near-universal development of therapeutic resis-

tance and inevitable tumor recurrence highlight the urgent need

for novel treatment strategies.

Immunotherapy has revolutionized cancer treatment by

leveraging the host immune system to establish durable antitumor

responses through immunological memory formation10. While this

approach has demonstrated remarkable success in hematological

malignancies and melanoma, its application in GBM has been met

with significant challenges. The unique pathophysiological features

of GBM create an immunosuppressive network at both local and

systemic levels through multifaceted mechanisms11-13. These bio-

logical adaptations lead to profound immunodeficiency, impairing

the function of effector immune cells and diminishing antitumor

immunity, thereby posing substantial barriers to effective immu-

notherapy. Although various immunotherapeutic strategies, im-

mune checkpoint inhibitors (ICIs), vaccine-based approaches,

oncolytic viruses (OVs), chimeric antigen receptor (CAR)-T cell

therapies, and cytokine modulation, have been explored in pre-

clinical and clinical settings, their success in GBM remains limited.

In this review, we provide an overview of the physiological of the

brain, and pathological characteristics of GBM, with a particular

focus on its immunosuppressive network and its impact on current

immunotherapies. We also summarize advances in clinical studies,

and emerging therapeutic strategies aimed at overcoming immu-

nosuppression and restoring immune function to enhance the ther-

apeutic efficacy. Finally, we discuss the current challenges and

future perspectives in the field, highlighting potential directions for

improving immunotherapeutic interventions in GBM.

2. Distinct tumor microenvironment of GBM

GBM, located within the CNS, presents unique challenges for

immune response activation compared to peripheral tumors, pri-

marily due to the brain’s distinct physiological features (Fig. 1).

Historically, CNS was regarded as immune privileged because of

the existence of blood—brain barrier (BBB), the absence of con-

ventional lymphatic drainage, and the limited presence of

specialized antigen-presenting cells in the brain parenchyma,

which collectively restrict immune surveillance. However, recent

evidence has reshaped this understanding, revealing that these

interconnected elements instead tightly regulate a functional

innate and adaptive immune system within the CNS. In this sec-

tion, we introduce the physiological characteristics of the brain,

discuss advancements in understanding CNS immunity, and

analyze how GBM components contribute to local immunosup-

pression within the tumor microenvironment.

2.1. Physiological characteristics contribute to brain immune

microenvironment

The immunological accessibility of the CNS to systemic immunity has

been a subject of evolving scientific consensus. Contrary to the clas-

sical “immune privilege” doctrine that dominated neuroimmunology

for decades―characterizing the brain as a sealed compartment pro-

tected by the BBB and lacking lymphatic connectivity―modern

discoveries have revealed a more nuanced immunological landscape.

Early experimental evidence from Medawar’s seminal 1940s studies

demonstrated that while primary intracerebral skin homografts evaded

immune rejection, secondary grafts in pre-sensitized hosts underwent

rapid elimination14. This paradox highlighted the CNS’s capacity to

sustain pre-existing immune responses but inability to initiate de novo

adaptive immunity, a phenomenon originally ascribed to absent

efferent lymphatic drainage14. Revolutionary findings in the past

decade have identified functional meningeal lymphatic vessels along

dural sinuses that connect to deep cervical lymph nodes, establishing a

physical conduit for cerebrospinal fluid-derived antigen-presenting

cells (APCs) and T lymphocytes to interact with peripheral immune

compartments15,16. These anatomical revelations necessitate redefin-

ing the brain not as immunologically “privileged” but as “distinct”17.
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The BBB constitutes the afferent regulatory arm of CNS im-

munity, comprising specialized endothelial cells with tight junctions,

astrocytic endfeet, and pericytes18. This dynamic interface selec-

tively permits ion/nutrient exchange while excluding >98% of

small-molecule drugs, all macromolecular therapeutics and leuko-

cytes under physiological conditions19. Parenchymal immune

quiescence is maintained despite systemic antigen exposure, as

demonstrated by attenuated leukocyte infiltration following direct

CNS antigen challenge compared to peripheral administration20.

However, emerging evidence indicates that pathological states

induce BBB hyperpermeability, creating perivascular spaces that

facilitate immune cell infiltration into the brain parenchyma.

Notably, immune cells have been observed to transmigrate across the

compromised BBB in neuroinflammatory disorders such as multiple

sclerosis18, cerebral abscesses21,22, and brain tumors23. These clin-

ical observations collectively suggest that BBB does not function as

an absolute “hermetic seal” against immune cell trafficking, but

rather operates as a dynamic interface with selective permeability

modulated by local pathophysiological conditions.

Another unique characteristic of the brain immune environ-

ment is the CNS-resident myeloid populations, particularly

microglia, which serve as principal immunological sentinels.

Originating from yolk sac-derived progenitors during embryo-

genesis, these self-renewing cells perform continuous paren-

chymal surveillance through phagocytic clearance of apoptotic

debris and synaptic pruning24. Upon activation, microglia upre-

gulate pathogen recognition receptors and secrete pro-

inflammatory cytokines/chemokines, yet paradoxically exhibit

limited capacity to prime adaptive immunity25,26. These physio-

logical characteristics collectively shape the brain’s unique im-

mune microenvironment, which inherently restricts immune

activation to some extent, yet demonstrates that the CNS immu-

nological barriers are surmountable, and that therapeutic immune

responses can be effectively elicited in brain malignancies.

2.2. Cellular and molecular constituents orchestrate the

immunosuppressive tumor microenvironment of GBM

The tumor microenvironment of GBM represents a complex

ecosystem characterized by remarkable cellular and molecular

heterogeneity. This multifaceted network encompasses neoplastic

populations, diverse immune infiltrates, stromal components, and

Figure 1 Brain physiology shapes the immunosuppressive microenvironment in GBM. Under normal physiological conditions, the BBB,

maintained by endothelial tight junctions, limits the infiltration of peripheral immune cells and restricts therapeutic access to the brain paren-

chyma. In this immune-privileged environment, microglia function as the primary immune sentinels. In GBM, however, tumor-induced disruption

of the BBB leads to the formation of perivascular niches that permit the entry of peripheral immune cells. Concurrently, the glymphatic system

facilitates the drainage of cerebrospinal fluid―carrying immune cells and tumor-derived antigens―as well as interstitial fluid enriched with tumor

antigens to the cervical lymph nodes. There, dendritic cells (DCs) present antigens to naı̈ve T cells, initiating adaptive immune responses. Despite

this immunological engagement, the GBM microenvironment is infiltrated by a heterogeneous population of immunosuppressive cells, including

astrocytes, neurons, microglia, macrophages, neutrophils, myeloid-derived suppressor cells (MDSCs), immature DCs, and dysfunctional T cells.

These cellular components, along with immunosuppressive cytokines such as transforming growth factor-ß (TGF-ß) and interleukin-10 (IL-10),

collectively establish a profoundly immunosuppressive niche that impairs effective antitumor immunity.
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bioactive mediators that collectively establish a pro-tumorigenic

niche supporting malignant progression and therapeutic resistance.

Notably, the very elements that constitute this specialized micro-

environment directly orchestrate the characteristic “cold” immu-

nological phenotype marked by T cell exclusion and dysfunctional

antitumor immunity. Compelling evidence from single-cell tech-

nologies reveals that GBM progression is primarily driven by

dynamic microenvironmental reorganization rather than molecular

evolution of tumor cells, underscoring the pivotal role of micro-

environmental remodeling in GBM pathogenesis27. This section

systematically introduces these elements that cooperatively drive

localized immune evasion in GBM.

2.2.1. Tumor-intrinsic factors promote local

immunosuppression

GBM evolution is intrinsically linked to oncogenic reprogramming

that shapes tumor cell plasticity, histopathological features, and

immunosuppressive landscapes. Mounting evidence implicates

tumor-intrinsic genetic and epigenetic alterations as central drivers

of local immunosuppression28. One key factor contributing to this

immunosuppression is GBM’s inherently low tumor mutational

burden (TMB). A high TMB is typically associated with increased

neoantigen presentation, pre-existing antitumor adaptive immunity,

and improved response to immunotherapy29-31. However, newly

diagnosed GBM patients exhibit a median TMB of approximately

1.5 mutations per megabase, with fewer than 2% harboring more

than 10 mutations per megabase32. This relatively low mutational

landscape limits the repertoire of neoantigens available for T cell

recognition, thereby restricting the diversity and efficacy of tumor-

reactive T cell responses. In addition to a low TMB, GBM harbors a

spectrum of genetic mutations, including alterations in EGFR

amplification33,34, TP53 mutations35, PTEN deletions36,37, and IDH

variants38, as well as dysregulation of the MAPK and Wnt/ß-catenin

signaling pathways39. These mutations significantly contribute to

immune evasion. For instance, IDH1/2 mutations and activation of

Wnt/ß-catenin signaling (via CTNNB1) are associated with polar-

ization of tumor-associated macrophages (TAMs) toward an

immunosuppressive M2 phenotype and upregulation of immune

checkpoint molecules40. Moreover, PTEN deficiency drives

immunosuppressive adaptation GBM by activating PI3K-Akt

signaling to upregulate programmed cell death 1-ligand 1 (PD-

L1) expression, thereby establishing an immune-evasive microen-

vironment37. Beyond genetic drivers, GBM cells also orchestrate

local immunosuppression through epigenetic change. Tumor cells

upregulate immunosuppressive molecules such as PD-L1 and

indolamine 2,3-dioxygenase (IDO) while downregulating histo-

compatibility complex-I (MHC-I) antigen presentation, effectively

evading immune surveillance13,41,42. Collectively, these intrinsic

tumor properties create a profoundly immunosuppressive niche that

presents a major challenge for effective GBM immunotherapy.

2.2.2. Vascular abnormalities impede T-cell infiltration

The vasculature of GBM plays a crucial role in tumor progression

by shaping the tumor microenvironment and contributing to both

immunosuppression and therapeutic resistance. The aggressive

proliferative capacity of GBM drives perpetual angiogenic

signaling cascades, mediated through release of angiogenic factors

including epidermal growth factor (EGF) and vascular endothelial

growth factor (VEGF)43. Pathologically remodeled vasculature in

these tumors exhibits chaotic spatial distribution, defective peri-

cyte coverage, and compromised BBB integrity44. These defects

result in regions of hypoxia and nutrient deprivation within the

tumor core, fueling malignant progression while simultaneously

impairing the effectiveness of systemic therapies. The dysfunc-

tional endothelial cells lining these vessels further exacerbate

immunosuppression by forming a physical and biochemical bar-

rier that limits T cells infiltration45,46. Moreover, the inflammatory

and hypoxic conditions within the tumor microenvironment rein-

force a pro-tumorigenic state, diminishing the efficacy of immune

surveillance mechanisms45. Collectively, these factors create a

formidable challenge for immunotherapy, underscoring the ne-

cessity of strategies that target vascular abnormalities to restore

anti-tumor immunity and enhance therapeutic responses in GBM.

2.2.3. Reprogrammed astrocytes as architects of local

immunosuppression

_under1Astrocytes, constituting about 50% of the cells in human

brain, are traditionally recognized for their neurosupportive

functions in maintaining BBB integrity, ion homeostasis, and

metabolic coupling47,48. However, in the context of brain tumors,

astrocytes undergo functional reprogramming to establish a

multifaceted immunosuppressive network. Through direct secre-

tory mechanisms, tumor-associated astrocytes release immuno-

suppressive cytokines including TGF-ß, IL-10, granulocyte

colony-stimulating factor (G-CSF), and growth differentiation

factor-15 (GDF-15), creating an immune-evasive niche that im-

pairs both innate and adaptive immune responses49-51. Addition-

ally, astrocytes can upregulate PD-L1 to promote CD8+ T cells

exhaustion and apoptosis52. The immunosuppressive landscape is

further reinforced through astrocyte-mediated recruitment and

polarization of tumor-associated immune cells. Astrocyte-derived

CCL2 and CSF1 facilitate the recruitment and pro-tumorigenic

polarization of TAMs53. Simultaneously, STAT3 hyperactivation

in astrocytes drives the accumulation of MDSCs and regulatory T

cells (Tregs), mediated through IL-6 and VEGF secretion54-56.

Furthermore, recent studies employing single-cell RNA

sequencing and CRISPR-based technologies have identified

STAT3-dependent expression of the death receptor ligand TRAIL

in astrocytes, which limits tumor immunity by inducing T-cell

apoptosis57. This immune cell modulation is complemented by

extracellular matrix remodeling, where astrocyte-secreted

tenascin-C creates a physical barrier that impedes T-cell infiltra-

tion and cytotoxic activity58. The convergence of these mecha-

nisms, encompassing immune cell recruitment, effector cell

suppression, and physical barrier formation, positions astrocytes

as orchestrators of the GBM immunosuppressive microenviron-

ment. This comprehensive understanding underscores the thera-

peutic imperative to develop strategies targeting astrocyte-

mediated immunosuppression in GBM treatment.

2.2.4. Neuron-driven remodeling of the immunosuppressive

tumor niche

The bidirectional crosstalk between neural and immune systems,

where neurons respond to immune mediators and immune cells react

to neurotransmitters, plays a profound role in shaping both neuro-

logical and immunological functions. Within the glioma tumor

microenvironment, neurons exert non-canonical roles that extend

beyond synaptic transmission to actively drive tumor progression

and immunosuppression. Emerging evidence reveals that neuronal

activity stimulates glioma proliferation through activity-dependent

secretion of neurotrophic factors such as brain-derived neurotrophic

factor (BDNF) and neuroligin-3 (NLGN3), as well as neurotrans-

mitters including glutamate and dopamine59. Notably, NLGN3 ac-

tivates oncogenic PI3K signaling in tumor cells, fostering an
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aggressive phenotype linked to poor clinical outcomes, with elevated

NLGN3 expression inversely correlating with patient survival60.

Reciprocally, gliomas amplify neuronal hyperexcitability via

glutamate release and synaptogenesis, establishing a feedforward

loop that sustains tumor growth59. Beyond fueling tumorigenesis,

neuron-derived signals critically shape the immunosuppressive

tumor microenvironment50,61. Neuronal hyperactivity enriches miR-

200c-3p in exosomes, which polarize microglia toward an immu-

nosuppressive M2 phenotype, thereby dampening antitumor im-

munity62. Furthermore, neurotransmitters such as γ-aminobutyric

acid, released by neurons, act as oncometabolites that suppress im-

mune cell infiltration and function, creating an immune-evasive

niche63. Neuronal remodeling also extends to synaptic in-

teractions: SEMA4F-mediated synaptic remodeling rewires neural

circuits to modulate immune cell trafficking within the tumor

microenvironment while maintaining chronic network hyperexcit-

ability64. These mechanisms collectively hijack neural plasticity

pathways to reinforce an immunosuppressive milieu characterized

by impaired cytotoxic T-cell responses and enhanced regulatory

immune cell recruitment. This intricate neuron—glioma—immune

triad underscores the therapeutic potential of targeting neural

signaling hubs to dismantle immunosuppression and restore anti-

tumor immunity in GBM.

2.2.5. Myeloid cells-driven immunosuppression

The myeloid compartment constitutes over 95% of tumor-infiltrating

immune populations in GBM, encompassing heterogeneous subsets

including TAMs, MDSCs, neutrophils and DCs65-67. Central to this

immunosuppressive network are TAMs, encompassing both brain-

resident microglia and bone marrow-derived macrophages. These

cells predominantly adopt an M2-like polarization state character-

ized by elevated secretion of chemokines including CCL20, IL-8,

CXCL1 and CXCL2, which orchestrate and sustain immunosup-

pressive niches67. The immunosuppressive capacity of TAMs is

further augmented by their upregulation of immune checkpoint

molecules, including PD-L1 and Siglec-9, which directly impair T

cell viability68,69. MDSCs, representing 4%—8% of CD45+ in-

filtrates in GBM, disproportionately impair antitumor immunity

through tumor-driven pathological activation70. These immature

myeloid progenitors accumulate due to disrupted hematopoietic

differentiation and develop diverse immunosuppressive functions.

Key mechanisms include depleting nutrients essential for effector T

cell responses, expanding Tregs, and generating oxidative stress that

impairs T cell function71,72. Neutrophils are the predominant

circulating myeloid population, which can form neutrophil extra-

cellular traps (NETs) to establish a physical barrier that shields

tumor cells from CD8+ cytotoxic T lymphocytes (CTLs)-mediated

destruction. Beyond their immunosuppressive functions, neutrophils

undergo functional reprogramming to actively promote tumor pro-

gression. This is mediated through mechanisms such as ferroptosis-

induced necrosis73, and the maintenance of cancer stem cell pop-

ulations74, collectively driving GBM aggressiveness and treatment

resistance. DCs, which are crucial for initiating anti-tumor immu-

nity, exhibit a dysfunctional phenotype in GBM. Glioma-associated

DCs remain in an immature state with impaired antigen presentation

capacity, limiting their ability to activate T cells75. Consequently,

myeloid cell-targeted strategies have garnered increasing attention

as a means to reinvigorate anti-tumor immunity.

2.2.6. Dysfunctional tumor-infiltrating lymphocytes (TILs)

TILs, a heterogeneous population of immune cells within tumor

microenvironment, exhibit dual roles, oscillating between

antitumor activity and immunosuppression. Although CTLs are key

mediators of tumor cell lysis, their presence in GBM is sparse (<1%

of the tumor microenvironment) and functionally impaired13,76.

These CTLs frequently display an exhausted phenotype, charac-

terized by diminished cytotoxic granule secretion (e.g., perforin,

granzyme B), various inhibitory receptors including PD-1,

CTLA-4, LAG-3 and TIM-3, and impaired tumor targeting abil-

ity, a state perpetuated by chronic antigen exposure and immuno-

suppressive signaling77. Meanwhile, CD4+ T helper cells

predominantly differentiate into Tregs, which suppress CTLs re-

sponses through IL-10 and TGF-ß secretion and competitive cyto-

kine receptor consumption, reinforcing an immunosuppressive

niche32,77. This paradox, where TILs are both restricted in antitumor

function and co-opted to sustain immune tolerance, underscores the

challenge of leveraging adaptive immunity in GBM. Current ther-

apeutic strategies aiming to reinvigorate exhausted CTLs or deplete

Tregs have yielded limited clinical success, underscoring the need

to address the multifactorial barriers that subvert TILs functionality

within the tumor microenvironment.

2.2.7. Soluble immunosuppressive mediators

The GBM microenvironment is dominated by soluble immunosup-

pressive mediators, including cytokines, metabolic factors and

extracellular vesicles (EVs), which collectively orchestrate profound

antitumor immunity impairment. Key cytokines such as IL-10 and

TGF-ß directly inhibit CTLs activation while promoting the

expansion of Tregs and TAMs13. Emerging evidence further impli-

cates non-canonical cytokines in immune evasion, for example,

Boeck et al. showed that IL-33 regulated chemokines to recruit and

activate circulating and resident innate immune cells, fostering a pro-

tumorigenic environment78. Notably, cytokines exhibit pleiotropic

immunosuppressive mechanisms, including immune checkpoint

modulation. A prime example is IL-6: tumor-derived IL-6 activates

the STAT3 pathway to upregulate PD-L1 expression on myeloid

cells, effectively paralyzing antitumor immune responses79.

Beyond cytokines, the metabolic byproducts of tumor

reprogramming emerge as potent immunomodulators that criti-

cally reshape the tumor-immune interface. The glycolytic switch

characteristic of GBM drives substantial lactate accumulation,

which exerts multifaceted immunosuppressive effects ranging

from inducing M2 phenotype macrophage polarization and

impairing DCs function to suppressing cytotoxic lymphocyte ac-

tivity and fostering regulatory T cell expansion80,81. Notably,

lactate-mediated epigenetic reprogramming through histone lac-

tylation has been shown to activate immunosuppressive tran-

scriptional programs in tumor cells, including upregulation of the

“don’t eat me” signal CD47 to evade phagocytic clearance82. The

metabolic landscape is further complicated by glutamine meta-

bolism, where tumor cells actively compete for this essential

nutrient through alanine-serine-cysteine transporter 2 (ASCT2)

transporters, creating a metabolically hostile microenvironment

that selectively starves effector T cells while fueling immuno-

suppressive populations83,84. Isocitrate dehydrogenase (IDH)

mutations, prevalent in glioma, drive production of the oncome-

tabolite R-2-hydroxyglutarate (2-HG), which accumulates in

tumor microenvironment and induces immune dysfunction38,85.

Additionally, tumor-derived kynurenine activates the aryl hydro-

carbon receptor (AHR) axis in TAMs, skewing them toward an

immunosuppressive phenotype while simultaneously suppressing

CD8+ T cell effector functions86.

The spatial organization of this immunosuppressive network is

further amplified by EVs that deliver immunosuppressive cargos,

1276 Songlei Zhou et al.



including PD-L1, tenascin-C, and TGF-ß, to both innate and

adaptive immune cells. Mechanistically, EV-associated PD-L1

engages PD-1 on T cells to induce exhaustion, while tenascin-C

disrupts T cell receptor clustering and immunological synapse

formation, creating a multi-layered defense against antitumor

immunity87,88. Together, these soluble mediators form an inte-

grated defense system where cytokine signaling, metabolic

competition, and vesicular communication synergistically estab-

lish an immunosuppressive niche that perpetuates tumor pro-

gression and therapeutic resistance.

3. Multifactorial drivers of systemic immunosuppression in

GBM

Beyond the localized immunosuppressive effects within the tumor

microenvironment, GBM exerts a significant systemic impact on

immune function (Fig. 2). Even in the absence of distant metas-

tases, patients with GBM commonly demonstrate marked sys-

temic immunosuppression. Indeed, GBM represents a paradigm of

cancer-associated systemic immunosuppression, characterized by

multifaceted defects in both cellular immunity and lymphoid

organ architecture11,89,90. Clinical observations reveal profound

lymphopenia in GBM patients, with 73% demonstrating CD4+ T

cell counts below 300 cells/mm3 during standard radio-chemo-

therapy91. Strikingly, some patients exhibit CD4+ levels compa-

rable to acquired immunodeficiency syndrome-defining thresholds

(<200 cells/μL), accompanied by thymic involution and splenic

atrophy-hallmarks of systemic immune collapse11,92. This

immunosuppressive state also manifests functionally through

impaired T-cell effector responses, including diminished IL-2

production and reduced IL-2Rα expression, along with attenu-

ated delayed-type hypersensitivity reactions despite preserved

tumor antigen recognition93,94. The precise mechanisms underly-

ing this immunosuppressive state remain incompletely under-

stood, but accumulating evidence suggests a multifactorial process

driven by tumor, host, and treatment approaches.

3.1. Tumor-derived mediators driving systemic

immunosuppression

Tumor-derived factors have been implicated as contributors to

systemic immunosuppression. Previously researchers postulated

Figure 2 Overview of systemic immunosuppression in GBM. Systemic immunosuppression in GBM extends beyond the tumor microenvi-

ronment and manifests across multiple compartments of the immune system, including the bone marrow (BM), thymus, spleen, lymph nodes, and

peripheral blood. GBM-driven alterations in the BM impair hematopoiesis and skew immune cell development. In the thymus, tumor-associated

signals can disrupt T cell maturation and promote thymic involution. The spleen and lymph nodes exhibit reduced immune cell activation and

altered antigen presentation, contributing to peripheral immune tolerance. Circulating immune cells in the blood display functional exhaustion,

lymphopenia, and reduced effector responses. Specific mechanisms and representative immune alterations within each organ system are illus-

trated, highlighting the multifaceted nature of systemic immune dysfunction in GBM.
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that circulating tumor-derived cytokines might account for this

overt immunosuppression. However, while elevated levels of

immunosuppressive cytokines such as TGF-ß, IL-10, and IL-6 are

characteristic of GBM, their direct correlation with immune

dysfunction severity remains ambiguous95,96. In addition to cyto-

kines, study found that peripheral blood macrophages from GBM

patients exhibited upregulated PD-L1 expression, suppressing

autologous T cell responses through PD-1 engagement97. Exosomes

have also emerged as crucial mediators of tumor-induced systemic

immunosuppression98,99. These EVs, secreted by tumor cells,

facilitate intercellular communication by transferring bioactive

molecules, including RNAs, proteins and cytokines, to distant im-

mune cells100. Glioma-derived exosomes have been found to

contain immunosuppressive factors such as epidermal growth factor

receptor variant III (EGFRvIII) and TGF-ß, which can modulate

immune responses at systemic levels101. Notably, glioma-derived

exosomes downregulated CD69 and IL-2Rα expression, impair-

ing CD4+ T cell activation and proliferation102. Moreover, studies

have demonstrated that exosomes promoted the expansion of

immunosuppressive MDSCs, further dampening systemic immune

responses103,104. While some findings suggest that GBM-derived

exosomes play a pivotal role in peripheral immune suppression,

contradictory reports indicate that these exosomes alone may not be

sufficient to drive systemic immunosuppression, suggesting the

involvement of additional mechanisms105.

Emerging evidence reveals more sophisticated mechanisms to

elucidate the unique systemic immunosuppression for glioma:

Brain tumors induced the loss of sphingosine-1-phosphate recep-

tor 1 (S1P1) on the surface of naı̈ve T cells, which led to the

sequestration T cells in BM, contributing to systemic T cell

depletion and lymphoid organ atrophy in GBM patients11. This

process is exacerbated by tumor-induced glucocorticoid surges

that promote CCR8-mediated T cell sequestration106. Importantly,

while GBM patient-derived T cells maintain proliferative capacity

in vitro, plasma-soluble factors potently inhibit their expansion

and effector functions12,107, demonstrating integrated cellular and

humoral immunosuppressive pathways.

3.2. Epidemiological features

Beyond tumor-derived factors, host characteristics significantly

influence the extent of systemic immunosuppression. Host immune

competency is a crucial determinant of tumor progression, as evi-

denced by accelerated tumor development in immunodeficient

mouse models and increased cancer susceptibility in immunosup-

pressed patients108,109. Various host-related factors, including age,

sex, genetic background, infections, metabolic status, fitness, diet

and microbiome composition, can modulate immune func-

tion110,111. Among these factors, aging is strongly associated with

immunosenescence, characterized by diminished T cell output from

the thymus and a decline in overall immune responsiveness112-114.

Epidemiological studies indicate that the median age at GBM

diagnosis is 64 years115. This population primarily consists of older

adults, who experience age-related immunosuppression, further

worsening their already compromised immune status115. This de-

mographic characteristic suggests that GBM patients have weaker

systemic immunity, likely due to their advanced age at diagnosis.

3.3. Iatrogenic immunosuppression

GBM treatment modalities, including radiotherapy and chemo-

therapy, also contribute to systemic immunosuppression. Although

radiotherapy can enhance antigen presentation under certain con-

ditions, it frequently results in immunosuppressive effect in GBM

patients by depleting immune cells, particularly CD4+ T cells, and

altering DCs function116. TMZ is the first-line drug for the treatment

of GBM, though it has demonstrated survival benefits, its major

dose-limiting toxicity is myelosuppression, leading to prolonged

systemic lymphopenia117. Combined radiation and TMZ therapy

further deplete circulating lymphocytes, termed treatment-related

lymphopenia (TRL)116,118. This lymphopenia is associated with

reduced T cell receptor (TCR) diversity, impairing adaptive im-

mune responses and compromising tumor control119,120. Dexa-

methasone, a potent glucocorticoid commonly used to manage

cerebral edema in GBM patients, further exacerbates systemic

immunosuppression121. While effective in reducing intracranial

pressure, dexamethasone significantly impairs immune function by

depleting circulating lymphocytes, particularly T cells, and

increasing immunosuppressive myeloid cells95. It also exerts pro-

found suppressive effects on DC subsets, impairing their ability to

initiate anti-tumor immune responses122. Moreover, studies have

proved that dexamethasone administration was associated with

reduced efficacy of the present immunotherapy123,124.

Taken together, systemic immunosuppression in GBM is a

multifaceted phenomenon driven by tumor, host and treatment-

associated effects. While significant progress has been made in

elucidating the mechanisms underlying this immunosuppressive

state, further research is still needed to develop effective strategies

for restoring systemic immune function and enhancing the effi-

cacy of immunotherapeutic interventions.

4. Current immunotherapeutic strategies explored in clinic

studies

The field of GBM immunotherapy is rapidly evolving. Here, we

review its clinical exploration, examine challenges related to the

tumor’s immune-cold status, and summarize emerging strategies

designed to overcome immunosuppression and enhance thera-

peutic efficacy. Based on the characteristics of the cancer-

immunity cycle, various immunotherapeutic approaches have

been explored in clinical studies125. Recent advances include ICIs,

vaccines, oncolytic viruses, CAR-T therapy and cytokine-based

therapies, all of which have been investigated for GBM immu-

notherapy (Table 1). Despite these innovations, clinical translation

remains slow, with fewer than 10% of immunotherapy trials

advancing to Phase III. In the following subsections, we briefly

introduce immunotherapeutic strategies explored in clinic studies

for GBM and discuss the limitation of each approach.

4.1. ICIs therapy

ICIs work by disrupting inhibitory pathways―such as PD-1/PD-

L1 and CTLA-4―that tumors exploit to suppress CTLs activ-

ity126. By blocking these interactions, ICIs aim to restore anti-

tumor immune response against tumor cells. Clinical trials have

explored agents like nivolumab (anti-PD-1) and ipilimumab (anti-

CTLA-4) for GBM therapy127-129. Early-phase studies report

manageable safety profiles and modest survival improvements,

with some regimens achieving 1-year survival rates exceeding

historical benchmarks129,130. While ICIs demonstrate potential to

enhance immune recognition, the clinical application faces several

critical limitations in treating GBM, such as the existence of BBB,

the complex immunosuppressive landscape-characterized by
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redundant inhibitory pathways and immunosuppressive cell pop-

ulations, and low T-cell infiltration. Furthermore, the non-selective

mechanism of checkpoint blockade carries inherent risks of sys-

temic immune-related adverse events (irAEs), particularly con-

cerning in neurologically vulnerable patients131. Overall, while

ICIs represent a groundbreaking approach to tumor treatment,

ongoing research is essential to refine their efficacy and define

optimal therapeutic combinations for GBM, ultimately enhancing

outcomes for patients battling this challenging disease.

4.2. Vaccine therapy

Unlike traditional vaccines that prevent disease, tumor vaccines

aim to stimulate a targeted immune response against tumor-

specific antigens―molecules uniquely expressed by tumor cells,

such as mutated proteins (e.g., EGFRvIII) or personalized neo-

antigens derived from a patient’s tumor132. The underlying theory

posits that introducing these antigens, often combined with

immune-boosting adjuvants, can activate DCs to prime CTLs,

enabling them to infiltrate tumor microenvironment and eliminate

tumor cells. In GBM, several vaccine strategies have been

explored, including peptide-based vaccines targeting tumor-

associated antigens, DC vaccines loaded with tumor lysates or

RNA, and personalized neoantigen vaccines tailored to a patient’s

unique genetic tumor profile (Table 1). Early clinical trials, such

as those evaluating the EGFRvIII-targeted vaccine rindopepimut,

demonstrated initial promise with improved progression-free

survival in subsets of patients, though later-phase studies high-

lighted challenges like tumor heterogeneity and immune

evasion133,134. To overcome the limitations of low tumor muta-

tional burden, two pioneering clinical trials have demonstrated

that personalized neoantigen-based vaccines could safely induce

sustained polyfunctional T-cell responses with evidence of intra-

tumoral T cells infiltration135,136. While vaccine therapy offers

advantages such as specificity and reduced off-target toxicity

compared to conventional treatments, limitations persist,

including variable patient responses, the complexity of antigen

selection in highly heterogeneous tumors, and the need for timely,

individualized manufacturing. Ongoing research seeks to refine

antigen targets, optimize delivery platforms, and identify

Table 1 Representative clinical trials of immunotherapies for GBM.

Target Intervention Setting Phase NCT identifier

PD-1 Camrelizumab + Radiation + TMZ Newly diagnosed II NCT04583020

PD-1 Retifanlimab + Radiation + TMZ Newly diagnosed I NCT05083754

PD-1+CLTA-4 Nivolumab + Ipilimumab + Surgery Recurrent I NCT04606316

PD-1+Tim-3 Spartalizumab + MBG453 Recurrent I NCT03961971

PD-1+LAG-3+CD137 Nivolumab + BMS-986016+BMS- 663513 Recurrent I NCT02658981

CLTA-4 Ipilimumab Newly diagnosed II NCT05074992

Peptide vaccine Cyclophosphamide + IMA950+GM-CSF Newly diagnosed I NCT01403285

Peptide vaccine SurVaxM + TMZ Newly diagnosed II NCT02455557

Peptide vaccine EO2401 Recurrent I/II NCT04116658

Peptide vaccine PEP-CMV+TMZ Newly diagnosed I NCT01854099

DC vaccine Personalized cellular vaccine Newly diagnosed I NCT02709616

DC vaccine CMV pp65 RNA-pulsed DCs + GM-CSF Newly diagnosed I NCT04963413

DC vaccine Tumor lysate-pulsed DC vaccine + TMZ Newly diagnosed I NCT01957956

DC vaccine ICT-121 DC vaccine Recurrent I NCT02049489

DC vaccine Tumor lysate-pulsed autologous DC vaccine Recurrent I NCT03360708

DC vaccine DENDR1 Newly diagnosed I/II NCT04801147

Personalized neoantigen

vaccine

Personalized neoantigen DNA vaccine Newly diagnosed I NCT04015700

Personalized neoantigen

vaccine

NeoVax + Pembrolizumab + Radiation Newly diagnosed I NCT02287428

Adenovirus DNX-2440 Recurrent I NCT03714334

Adenovirus delta-24-RGD adenovirus Recurrent I/II NCT01582516

Adenovirus NRG-103 Recurrent I NCT06757153

Parvovirus H-1PV Primary or recurrent I/II NCT01301430

Polioviruses Recombinant nonpathogenic polio-rhinovirus

chimera (PVSRIPO)

Recurrent I NCT01491893

CAR-T SNC-109 CAR-T cells Recurrent I NCT05868083

CAR-T CART-EGFR-IL13Ra2 cells Recurrent I NCT05168423

CAR-T Anti-EphA2/IL-13Ralpha2 CAR (E-SYNC) T cells Newly diagnosed I NCT06186401

CAR-T B7-H3 CAR-T + TMZ Recurrent I NCT04385173

CAR-T anti-EGFRvIII CAR T

cells + Cyclophosphamide + Fludarabine

Recurrent I NCT02844062

CAR-T IL13Ralpha2-CAR T

cells + Ipilimumab + Nivolumab

Recurrent I NCT04003649

CAR-T SNC109 CAR-T cells Recurrent I NCT06616727

Cytokine IL-2+CYNK-001 Recurrent I/II NCT05218408

Cytokine Ad-RTS-hIL-12 +veledimex Recurrent I NCT04006119

Cytokine M032 expressing IL-12 Recurrent I NCT02062827

Cytokine L19-mTNF Primary or recurrent I/II NCT03779230

NCT04573192
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biomarkers to better predict which patients may benefit most from

this evolving frontier in GBM immunotherapy.

4.3. OVs therapy

OVs therapy utilizes engineered viruses to selectively target and

destroy tumor cells while stimulating antitumor immunity137.

These viruses are designed to exploit tumor-specific vulnerabil-

ities, such as dysregulated signaling pathways or defective anti-

viral responses, enabling preferential replication within cancer

cells. Early therapeutic strategies for OVs therapy prioritized non-

replicating viral vectors to minimize neuroinflammatory risks such

as encephalitis. In contrast, modern approaches increasingly

employ replication-competent engineered platforms―including

adenoviral, parvovirus, herpes simplex viruses (HSVs), measles

viruses, retroviruses and polioviruses―designed to amplify

tumor-specific cytotoxicity while maintaining attenuated neuro-

virulence through targeted genomic modifications138. A recent

clinical study investigating the engineered HSV (CAN-3110) has

demonstrated efficacy in targeting and infecting tumor cells

without damaging normal neurons139. Similarly, PVSRIPO, a

poliovirus chimera targeting tumor cells’ receptor CD155, ach-

ieved prolonged survival in recurrent GBM patients, underscoring

its tumor-selective tropism140. While these platforms demonstrate

dual mechanisms of direct tumor lysis and immune activation,

clinical translation faces hurdles including BBB restrictions, pre-

existing antiviral immunity, and variable viral penetration into

invasive tumor margins. Current research prioritizes optimizing

delivery routes and combining OVs with immune modulators to

enhance efficacy against GBM’s aggressive and heterogeneous

biology.

4.4. CAR-T cell therapy

CAR-T cell therapy represents a transformative approach in GBM

immunotherapy, employing genetically engineered T cells to

target tumor-associated/specific antigens with precision. By

bypassing MHC restrictions, clinical targets include EGFRvIII,

IL13Rα2, and HER2, which are selectively expressed on GBM

cells. The recently developed CARv3-TEAM-E platform dem-

onstrates significant therapeutic potential by combining EGFR/

EGFRvIII targeting with T-cell-engaging antibody molecules

(TEAM), achieving rapid tumor regression upon intraventricular

administration, though transient responses highlight durability

challenges141. Dual-targeting strategies are also explored to miti-

gate antigen escape: tandem CAR-T cells co-targeting HER2/

IL13Rα2 demonstrate synergistic T cell activation142, while

bivalent CAR-T cells (CART—EGFR—IL13Rα2) induce tumor

lysis correlating with cerebrospinal fluid cytokine responses in

early-phase trials (NCT05168423)143-145. Next-generation strate-

gies aim to address these hurdles through synNotch-CAR systems

primed with tumor-specific neoantigens (e.g., EGFRvIII) to acti-

vate secondary homogeneous glioma targets (EphA2/IL13Rα2),

enhancing specificity and efficacy with acceptable safety146.

Despite these advances, CAR-T therapy in GBM still faces critical

limitations. Systemic delivery is hindered by the BBB, necessi-

tating invasive intrathecal or intraventricular administration. An-

tigen loss/downregulation and on-target off-tumor toxicity,

stemming from shared neural antigen expression, compromise

long-term efficacy and safety. Furthermore, the immunosuppres-

sive microenvironment impairs CAR-T activation and persistence.

Immune-related toxicities such as cytokine release syndrome and

neuroinflammation further necessitate stringent clinical

monitoring.

4.5. Cytokine-based therapy

Cytokines are signaling proteins (<70 kDa) secreted by cells to

regulate immune responses through local and systemic communi-

cation147. They are key mediators of cell-cell interactions within

tumor microenvironment. Over the past four decades, cytokine-

based therapies have transitioned from systemic administration of

immunomodulators like interleukin-2 (IL-2) and interferon-α (IFN-

α) to localized delivery strategies aimed at reducing systemic

toxicity while targeting tumor148-150. Modern innovations employ

engineered cytokines (e.g., IL-12, IL-7) or gene-modified vectors to

selectively activate antitumor immunity within tumor microenvi-

ronment. These agents promote antitumor effects by TAMs pheno-

types, enhancing T-cell infiltration, and disrupting

immunosuppressive networks mediated by TGF-ß or IL-10. For

example, L19-mTNF (NCT03779230, NCT04573192), an engi-

neered antibody-cytokine fusion, demonstrates its high safety profile

while promoting immune cell infiltration, inducing immunostimu-

latory pathways, and reducing immunosuppressive signaling12,151.

Birocchi et al.152 developed a lentiviral vector platform to engineer

hematopoietic stem cells for spatiotemporally controlled release of

IFN-γ or IL-12 at tumor sites. This approach reprogrammed tumor

microenvironment toward a proinflammatory state and achieved

robust GBM inhibition. Shanley et al. revealed that IL-21 enhances

NK cell antitumor efficacy against GBM through C/EBP transcrip-

tion factor-mediated epigenetic reprogramming153. Rimas V. Lukas’

group initiated a clinical trial (NCT04006119) using a Veledimex

(VDX)-regulated IL-12 gene therapy combined with nivolumab,

showing synergistic GBM growth inhibition154. The similar study

was also conducted by another group, Agliardi et al.155 proposed a

recombinant IL-12, which can reshape immunosuppressive tumor

microenvironment and enhance the efficacy of EGFRvIII-specific

CAR-T cell therapy. While cytokine-based immunotherapies

exhibit therapeutic promise through immune activation, their clinical

application remains hampered by pharmacological constraints

including systemic toxicity (e.g., cytokine release syndrome), short

half-life, suboptimal neoplastic tissue biodistribution, functional

pleiotropy, and a narrow therapeutic window156.

5. Emerging strategies developed to overcome

immunosuppressive network

While immunotherapeutic strategies for GBM have demonstrated

preclinical promise, their clinical translation continues to face

substantial barriers. GBM is highly effective at inducing a com-

plex immunosuppressive network, both systemically and locally,

which impairs the effector arm of antitumor immunity. This

immunosuppressive landscape induces profound T-cell exhaustion

characterized by functional impairment and numerical depletion,

establishing a biological threshold that limits therapeutic suscep-

tibility to conventional immune-based interventions. Overcoming

these dual mechanisms of T-cell dysfunction represents a critical

prerequisite for realizing the therapeutic potential of immuno-

therapy in GBM. The following section systematically examines

emerging strategies to counteract local and systemic immuno-

suppression, thereby enabling more effective immunotherapeutic

engagement against GBM.
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5.1. Therapeutic interventions against local immunosuppression

The local tumor microenvironment is well characterized and serves

as a key mechanism of immune evasion. Current therapeutic in-

novations focus on dismantling local immunosuppression through

the following aspects: (1) tumor-intrinsic modulation, (2) vascular

normalization to restore immune cell infiltration, (3) astrocyte

reprogramming to disrupt immunosuppressive signaling networks,

(4) neuronal activity regulation to decouple tumor-neural circuit

interactions, (5) myeloid cell polarization toward immunostimula-

tory phenotypes, (6) T-cell reinvigoration via trafficking enhance-

ment and functional reprogramming, and (7) targeting

immunosuppressive factors (Fig. 3). This section synthesizes recent

advances in precision-targeting these components, highlighting

mechanistic breakthroughs and translational synergies that collec-

tively redefine the paradigm of GBM immunotherapy.

5.1.1. Modulating tumor-intrinsic factors to overcome

immunosuppression

The immunosuppressive tumor microenvironment in GBM is

fundamentally shaped by tumor cell-intrinsic molecular features,

providing critical therapeutic targets for tumor microenvironment

reprogramming and immunotherapy potentiation. Emerging stra-

tegies targeting tumor-intrinsic mechanisms show particular

promise in subverting immunosuppression: Ni et al.157 showed

that blocking the Gal-9/Tim-3 axis in PTEN-deficient GBM

inhibited TAMs immunosuppressive functions, enhanced T-cell

infiltration, and suppressed tumor growth. Similarly, Sang-Soo

Kim et al. designed a tumor-targeting nanomedicine (SGT-53)

capable of crossing BBB to introduce wild-type p53 gene,

reshaping the tumor microenvironment and sensitizing GBM to

anti-PD-1 antibody therapy158. A parallel approach involves trig-

gering ICD through chemotherapy, radiotherapy, or targeted

agents, which promotes the surface exposure of calreticulin and

release of high mobility group box 1 and adenosine triphosphate.

These damage-associated molecular patterns act as potent “eat-

me” signals, enhancing DCs recruitment, antigen cross-

presentation, and subsequent T cell priming159,160. In the future,

further exploration is needed for precise combination strategies

based on molecular typing, such as combining epigenetic drugs

with ICIs, or developing multifunctional nanocarriers targeting

tumor cells to interrupt tumor-intrinsic pathways to overcome the

immunotherapeutic resistance.

5.1.2. Vascular normalization to facilitate T-cell infiltration

While antiangiogenic therapy initially emerged as a promising

approach targeting the VEGF-driven hypervascularity of GBM,

clinical outcomes with bevacizumab, a monoclonal anti-VEGF

antibody, reveal limited survival benefits when combined with

TMZ-based chemo-radiotherapy in newly diagnosed patients161.

This clinical shortcoming prompts a strategic shift toward vascular

normalization rather than indiscriminate vessel pruning. Emerging

approaches now focus on correcting aberrant vasculature to alle-

viate hypoxia-driven immunosuppression and improve tumor

Figure 3 Representative therapeutic approaches to overcome local immunosuppression for GBM and their immunological targets. Schematic

representation of key approaches to overcome immunosuppression in the GBM microenvironment, including tumor cells, abnormal vasculature,

tumor-associated astrocytes and neurons, myeloid populations, tumor-infiltrating lymphocytes, and immunosuppressive soluble mediator. These

strategies collectively target the major cellular and molecular components that contribute to the immunosuppressive tumor microenvironment in

GBM.
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vessels function to promote immune cell trafficking. Early clinical

exploration of bispecific antibodies targeting VEGF and

angiopoietin-2 (e.g., vanucizumab) demonstrated dual-pathway

inhibition could reduce vascular tortuosity while enhancing anti-

tumor responses in solid tumors162. The following study combined

VEGF, angiopoietin-2, and PD-1 blockade in a triple therapy

approach, which also promoted global vascular normalization and

increased CTLs levels, ultimately leading to extended survival163.

Subsequent preclinical studies refined this concept: Dong et al.164

revealed that anti-VEGF therapy (B20 antibody) synergizes with

EGFRvIII-targeted CAR-T cells by normalizing tumor vascula-

ture, thereby improving T-cell infiltration and prolonging survival

in murine GBM models. Further mechanistic insights emerged

from the Hanahan group, showing that VEGF pathway inhibitors

combined with imipramine, a tricyclic antidepressant, remodeled

tumor vasculature while reprogramming immunosuppressive

myeloid populations. This dual-action strategy, when paired with

PD-L1 blockade, achieved robust tumor control through coordi-

nated T-cell activation in preclinical models165. Beyond VEGF-

centric strategies, recent work identifies novel vascular targets.

In 2022, Ma et al.166 demonstrated that PAK4 inhibition restored

endothelial adhesion proteins, normalizing tumor vasculature and

sensitizing GBM to CAR-T cell therapy. Concurrently, Huang

et al.167 showed epidermal growth factor, latrophilin, and seven

transmembrane domain-containing protein 1 (ELTD1) deletion

reduced endothelial proliferation, promoting vascular normaliza-

tion and T-cell recruitment to boost PD-1 blockade responses.

Furthermore, researchers are investigating potential drug candi-

dates to promote blood vessel normalization in GBM. For

example, Eino et al.168 reported that lysophosphatidic acid (LPA)

signaling via LPA4 enhanced capillary network integrity by

strengthening endothelial junctions, facilitating lymphocyte infil-

tration, and amplifying immunotherapy efficacy. He et al. utilized

the peptide CGKRK to deliver the tumor necrosis factor super-

family member LIGHT to angiogenic tumor vessels, promoting

vessel normalization and enhancing immunotherapy against

GBM169. Although vascular normalization strategies have shown

some success in preclinical studies, the therapeutic window re-

mains narrow―excessive normalization may recreate hypoxic

niches, while insufficient modulation sustains immune exclusion.

Optimizing treatment sequencing (e.g., vascular priming before

immunotherapy) and biomarker-driven patient stratification are

crucial for enhancing clinical translation.

5.1.3. Reprogramming tumor-associated astrocytes to alleviate

immunosuppression

Malignant astrocytes critically shape the immunosuppressive

microenvironment in GBM through multifaceted mechanisms,

driving innovative therapeutic strategies to reprogram their ac-

tivity and enhance immunotherapy. Kyle Malone et al. demon-

strated that astrocyte-mediated protection of GBM cells

diminished the efficacy of smac mimetic compounds (SMCs),

suggesting astrocyte targeting as a viable approach to overcome

treatment resistance170. Mechanistic insights into astrocytic

regulation promote the development of potential therapeutic

strategy. Perelroizen et al.53 demonstrated that targeting astrocytic

cholesterol efflux via ABCA1 reprogrammed the immunological

properties of tumor microenvironment and inhibited tumor pro-

gression. Ji et al.171 showed that radiotherapy-induced astrocyte

senescence perpetuated immunosuppression, a process reversible

by senolytic agents that remodeled tumor microenvironment and

extent survival. Further studies revealed that telmisartan inhibits

the IL-6/STAT3 signaling pathway between astrocytes and glioma,

demonstrating potential for improving immunosuppressive tumor

microenvironment172. Recent advances extended these findings by

showing that genetic inactivation of the IL-11 receptor or TRAIL

in astrocytes enhanced T-cell and macrophage responses and

prolonged survival in GBM models57. Complementing this

approach, researchers employed an oncolytic HSV-1 virus engi-

neered to express a TRAIL-blocking single-chain antibody within

the tumor microenvironment, which extended survival and

enhanced tumor-specific immunity in preclinical models. These

strategies collectively demonstrate therapeutic potential for

astrocyte-mediated immunosuppressive networks. Continued

innovation in precision targeting and combinatorial approaches

remains pivotal to advancing astrocyte-centric therapies for GBM.

5.1.4. Regulating neuronal activity to normalize immune

function

Emerging evidence highlights neurons as critical regulators of

GBM progression and immunosuppressive microenvironment for-

mation through activity-dependent mechanisms. Pioneering work

by Venkatesh et al.173 demonstrated that ADAM10 inhibitors

reduced the release of NLGN3 from neurons and inhibited the

growth of glioma. This strategy is being tested in clinical study

(NCT04295759). Recent advances further reveal that neuronal

hyperactivity modulates immune landscapes. Guo et al.62 reported

that the anti-seizure medication levetiracetam treatment impaired

neuronal activation, subsequently reducing neuron-induced

microglial M2 polarization in GBM. These findings collectively

position neuronal signaling as a master regulator of tumor-immune

crosstalk, where activity-dependent secretion of neuro-

developmental factors (e.g., NLGN3) establish an immunosup-

pressive niche. While neuron-targeted immunomodulation remains

underexplored, these mechanistic insights unveil dual therapeutic

opportunities, directly disrupting neuron-glioma synaptic commu-

nication and indirectly normalizing neuron-driven immune

dysfunction.

5.1.5. Reprogramming myeloid cell phenotype to exert

antitumor activity

Recent advances in myeloid cell modulation strategies have

emerged as pivotal approaches to overcome local immunosup-

pression and potentiate immunotherapy in GBM. While ICIs

remain central to current therapeutic efforts, their efficacy appears

contingent upon synergistic strategies targeting the myeloid

compartment13. Foundational studies reveal CSF-1R inhibition’s

capacity to reprogram TAMs and impede tumor progression, a

mechanism validated across multiple therapeutic contexts174,175.

Building on these insights, contemporary research employs so-

phisticated delivery platforms to achieve precise myeloid cell

modulation. pH-responsive nanoparticles enable targeted delivery

of resiquimod (TLR7/8 agonist) to induce M1 macrophage po-

larization176, while cathepsin B-responsive systems177 and gly-

copolymer nanoparticles178 demonstrate the capacity to remodel

tumor microenvironment to polarize TAMs to pro-inflammatory

phenotype. Parallel advancements in innate immune activation

utilize STING agonists delivered via lipid nanoparticles and

mesoporous silica carriers, effectively converting immunosup-

pressive myeloid populations into antitumor effectors and estab-

lishing durable T cell immune response179,180.

Therapeutic innovation extends to enhancing myeloid phago-

cytic capacity through CD47/SIRPα axis disruption, with engi-

neered CAR-T cells secreting signal regulatory protein gamma
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(SIRPγ)-related protein (SGRP) demonstrating improved tumor

clearance through TAMs-mediated phagocytosis181. This paradigm

combines with emerging cellular therapies such as cavity-injectable

nanoporter-hydrogel superstructure that induced CAR macro-

phages, which established locoregional immunity and prevented

postoperative recurrence when paired with CD47 blockade strat-

egy182. Complementary strategies employ natural compounds like

toosendanin to reverse myeloid-mediated immunosuppression and

sensitize GBM to CAR-T therapy183. Concurrently, myeloid

depletion approaches also show promise to enhance PD-1 inhibition

efficacy184,185. While myeloid-targeted strategies have significantly

advanced GBM immunotherapy, clinical translation requires opti-

mized delivery systems for CNS penetration and resolution of

temporal coordination between combination therapies.

5.1.6. Reinvigorating T-cell to enhance immunotherapy efficacy

Overcoming T-cell exclusion remains pivotal for advancing GBM

immunotherapy, driving innovative strategies to enhance T-cell

infiltration and functionality. Early breakthroughs demonstrated

chemokine modulation’s potential, with CXCL11-armed oncolytic

adenoviruses and hydrogel-encapsulated CXCL10 significantly

improving T-cell trafficking and sustained antitumor immu-

nity186,187. Emerging cellular engineering strategies, including

CXCR1/2-modified CAR-T cells exploiting IL-8 gradients188 and

CXCL10—Nrf2—FTH-engineered mesenchymal stem cells to in-

crease CXCL10 secretion189, demonstrated enhanced T-cell infil-

tration. Subsequent refinements integrate nanotechnology to bypass

BBB, exemplified by macrophage-membrane-camouflaged nano-

vesicles delivering CXCL10 and anti-PD-L1 antibody190, and

phosphorus dendrimer nanocomplexes restoring CTLs and NK cell

activity191. Parallel advances in immune checkpoint modulation

revealed CD161 blockade192 and nano-immunoconjugates target-

ing CTLA-4/PD-1193 as effective strategies to reinvigorate

dysfunctional T cells, with recent microglia-mimetic platforms

further enhancing BBB penetration and tumor-specific delivery of

anti-PD-1 antibody194. Complementary approaches focus on

reshaping immunosuppressive T-cell populations, where an

agonistic antibody (αGITR)-mediated Treg-to-effector conversion

synergized with PD-1 inhibition to alleviate immune suppres-

sion195. These multidimensional interventions addressing the

challenge of T-cell recruitment, functional activation, and sup-

pressive population modulation, can combined with the above-

mentioned strategies to overcome the immunosuppression and

enhance immunotherapy for GBM.

5.1.7. Neutralizing soluble immunosuppressive mediators to

reverse immunosuppression

Targeting soluble immunosuppressive mediators has emerged as a

cornerstone strategy to reverse the immunosuppressive milieu in

GBM. Interventions focused on cytokine neutralization tend to be

effective, exemplified by IL-6 targeting196 and CAR-T cells

engineered with dominant-negative TGF-ß receptor II197, which

demonstrated enhanced T-cell functionality in tumor microenvi-

ronment. Disrupting the chemokine signaling strategy also achieve

some advancements. For example, Alghamri et al.198 developed

nanoparticles loaded with AMD3100 to interfere with the

CXCL12/CXCR4 pathway, which reduced MDSC infiltration and

achieved durable remission when combined with radiotherapy.

The field has since evolved toward multimodal metabolic

intervention strategies. Lactate generation inhibitors have shown

dual benefits by simultaneously reprogramming cancer stem cell

glucose metabolism and alleviating immunosuppression through

reduction of tumor-infiltrating CAR-Treg cells, potentially

enhancing CAR-T therapy efficacy in glioblastoma199. Building

on this concept, Li et al.200 developed an injectable thermogel

(Gel@B-B) co-loaded with GLUT1 inhibitor BAY-876 and PD-1/

PD-L1 blocker BMS-1, which demonstrated synergistic effects by

inhibiting lactate excretion and reducing immunosuppressive

TAMs and Tregs. Glutamine metabolism inhibition has emerged

as another promising therapeutic avenue. Guo et al.201 designed an

injectable peptide gel incorporating glutaminase inhibitor CB-839

and copper peptide nanoparticles (Cu-His NPs), which fine-tunes

glutamic acid production to enhance chemodynamic therapy ef-

ficacy while promoting ICD and improving the immune micro-

environment, ultimately reducing tumor recurrence and extending

survival in preclinical models. For IDH-mutant gliomas, vor-

asidenib, a brain-penetrant mutant IDH1/2 inhibitor, has shown

clinical promise by reducing 2-HG levels and restoring CTLs

activity, recently receiving FDA approval based on its ability to

prolong progression-free survival in glioma patients

(NCT04164901)202. Additional strategies targeting tryptophan

metabolism have shown promise, including indoleamine 2,3-

dioxygenase 1 (IDO1) silencing through siRNA-loaded nano-

regulator187 and small molecule inhibitors BGB-5777 synergizing

with PD-1 blockade203, both effectively alleviating kynurenine-

mediated immunosuppression. Recent breakthroughs integrate

epigenetic reprogramming with viral vector technologies, as evi-

denced by IRF8-delivering retroviral vectors that simultaneously

boost DCs activation while suppressing myeloid-derived Arg1/

IDO1 expression204. These multifaceted intervention approaches

collectively work to rebalance the immune response, transforming

“cold” immunosuppressive niches into immunoreactive environ-

ments conducive to T-cell effector functions. Future directions can

prioritize smart nanoplatforms capable of dynamic cytokine

sensing/neutralization and synthetic biology approaches for im-

mune microenvironment regulation.

5.2. Therapeutic interventions against systemic

immunosuppression

In contrast to tumor microenvironment, systemic immunosup-

pression in GBM remains poorly understood, but emerging ther-

apeutic strategies are overcoming this immunotherapy barrier

through multimodal interventions (Fig. 4). Pioneering approaches

targeting host immune potentiation and lymphocyte trafficking

modulation demonstrate capacity to reverse global lymphopenia

and restore antitumor immunity. These strategies collectively

recalibrate systemic immune competence, providing a critical

foundation for enhancing immunotherapy efficacy against GBM.

The advances in cytokine-based therapies demonstrate prom-

ising strategies to counteract systemic immunosuppression in

GBM. Interleukin-7 (IL-7), a pivotal regulator of T-cell homeo-

stasis, has emerged as a cornerstone therapeutic for lymphopenia

reversal205. Advancements in recombinant cytokines with pro-

longed in vivo activity have led to multiple clinical trials inves-

tigating IL-7 as a potential therapy for GBM. For instance, NT-I7,

a long-acting recombinant human IL-7, has been shown to in-

crease CD8+ T cells in lymph nodes, spleen, thymus, and tumors

in GBM-bearing mice, effectively mitigating radiation-induced

lymphopenia and improving survival rates206. Similarly, the sys-

temic administration of rhIL-7-hyFc, a modified form of recom-

binant human IL-7, effectively restored and sustained total

lymphocyte counts in recurrent GBM patients undergoing various

salvage chemotherapy regimens, without inducing significant
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adverse events207. Multiple ongoing clinical trials are already

evaluating the potential benefits of IL-7 in glioma patients

(NCT03687957, NCT03619239, NCT04065087, NCT04289155,

NCT02659800, NCT04600817, NCT05191784, and

NCT05465954).

Strategies targeting the potential immunosuppressive mecha-

nisms are also investigated to restore systemic T cell functionality

in GBM. Clinical studies demonstrated that anti-CD25 mono-

clonal antibodies reduced circulating Tregs, thereby mitigating

systemic immunosuppression and enhancing vaccine-induced

humoral immunity208. However, research by Chongsathidkiet

et al.11 reveals limitations of granulocyte colony-stimulating fac-

tor (G-CSF) monotherapy, which, while capable of mobilizing

bone marrow-sequestered T cells, fails to consistently improve

survival outcomes in GBM models, suggesting that mere T cell

release is insufficient for robust antitumor immunity. As the

research deepens, recent studies have found that elevated gluco-

corticoid levels in GBM patients upregulated CCR8 on T cells,

which bound to CCL1/CCL8 in BM, trapping T cells and pre-

venting tumor infiltration. Pharmacological inhibition of gluco-

corticoid receptor (GR) (e.g., mifepristone) or genetic ablation of

GR/CCR8 restored T-cell circulation, increased intra-tumoral

CD8+ T-cell density, and synergized with anti-PD-1 therapy in

preclinical models106. Given that GBM employs multiple immune

evasion mechanisms, it remains uncertain whether current strate-

gies can fully rectify the unique systemic deficiencies observed in

clinical settings. Further research is needed to uncover the

mechanisms behind GBM-induced systemic immunosuppression

to advance immunotherapeutic approaches.

5.3. Therapeutic interventions against both systemic and local

immunosuppression

While tumor immunotherapy has traditionally focused on rein-

vigorating cytotoxic effectors within the tumor microenvironment,

emerging evidence underscores the fundamentally systemic nature

of effective antitumor immunity. Recent work by Ravi et al.209

employing single-cell and spatial omics technologies has provided

compelling evidence that host environment plays an important

role in reshaping the local tumor microenvironment. These find-

ings reinforce the paradigm that both systemic and local immune

function are indispensable for sustaining the cancer-immunity

cycle and generating robust antitumor responses. Given the pro-

found systemic and local immunosuppression characteristic of

GBM, strategies simultaneously targeting both aspects have

emerged to potentiate immunotherapy.

The preclinical investigations have highlighted the limitations

of unilateral approaches targeting either systemic or local immu-

nosuppression. Fecci et al. initially showed that while G-CSF

could mobilize BM-sequestered T cells, this monotherapy failed

to confer antitumor efficacy in GBM models11. This team subse-

quently developed a dual-target strategy combining 4-1BB ago-

nism with S1P1 stabilization, achieving a 40% improvement in

survival in orthotopic glioma models11. Although not explicitly

Figure 4 Systemic immunomodulation strategies for GBM treatment and their immunological targets. Schematic representation of key

therapeutic approaches targeting systemic immunosuppression in GBM, including stabilization of S1P1 by paroxetine, blockade of GR via

mifepristone, blockade of CCR8 via antagonist R243 to mobilize BM-sequestered T cells, depletion of circulating Tregs via anti-CD25 antibodies,

and enhancement of T-cell production in lymphoid organs using natural products or modified cytokines.
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framed as addressing both systemic and local immunosuppression,

this work provided critical conceptual inspiration for combinato-

rial approaches. Building on these insights, our group has pio-

neered the concept of concurrently overcoming systemic and local

immunosuppression to enhance GBM immunotherapy. Natural

products with immunomodulatory potential show promise in

cancer immunotherapy210. Through systematic investigation of

natural product-derived immunomodulators, we identified canna-

bidiol (CBD), a main non-psychoactive cannabinoid component

extracted from the plant Cannabis sativa L., efficiently expanding

peripheral T-cell pools and reversing systemic immunosuppres-

sion (Fig. 4). Complementing this systemic approach, we incor-

porated LIGHT (TNFSF14), which reprograms the

immunosuppressive tumor microenvironment in IDH-wild type

GBM while inducing high endothelial venule (HEV) formation to

facilitate T-cell infiltration211. The translational implementation of

this dual-targeting concept was achieved through an engineered

nanoparticle platform (“Nano-reshaper”) capable of co-delivering

CBD and LIGHT plasmid, which demonstrated synergistic effi-

cacy in reprogramming both systemic and local immune function

while significantly enhancing anti-PD-1 therapeutic outcomes212.

Recognizing the distinct oxidative stress vulnerability of IDH-

mutant glioma cells, we further developed an “Immuno-initi-

ator” platform combining the natural product α-mangostin (α-M)

with the photosensitizer indocyanine green (ICG). This system

concurrently targeted both systemic and local immunosuppression

in IDH-mutant gliomas, where α-M-mediated T-cell expansion

reversed systemic immune dysfunction while ICG-induced ICD

remodeled the local immunosuppressive microenvironment, syn-

ergistically enhancing the efficacy of anti-PD-1 therapy213. The

proposed conceptual framework has been independently validated

by another research group. Wang et al.214 demonstrated that par-

oxetine (PX)-mediated inhibition of G protein-coupled receptor

kinase 2 (GRK2) prevented S1P1 internalization, thereby preser-

ving its surface expression on T cells. They also developed bio-

mimetic nanoparticles loaded with JQ1 to reduce PD-1 and TIM-3

expression on T cells and PD-L1 expression on tumor cells. This

combinatorial approach successfully mobilized functional bone

marrow-sequestered T cells while improving their tumor infiltra-

tion capacity, significantly prolonging survival in GBM models214.

The limited clinical progress in GBM immunotherapy may stem

from the predominant focus on either local tumor microenvironment

modulation or systemic immune enhancement alone. Our work es-

tablishes a paradigm shift by demonstrating that concurrent targeting

of both systemic and local immunosuppression yields superior pre-

clinical outcomes. As the understanding of GBM immunosuppres-

sion mechanisms deepens, we anticipate the development of more

sophisticated strategies that integrate tumor-specific microenviron-

mental characteristics with systemic immune reprogramming. This

requires careful consideration of GBM’s local immune landscape,

including its spatiotemporal heterogeneity and molecular subtypes.

For instance, recurrent tumors exhibit distinct immunophenotypes

versus primary GBM, characterized by increased tumor-infiltrating

lymphocytes and macrophages, yet paradoxically elevated PD-L1

and PD-1 expression27,215,216. This evolving immunosuppressive

architecture necessitates precision interventions tailored to disease

phase, where successful dual-targeting strategies incorporate dy-

namic microenvironmental profiling and stage-specific therapeutic

optimization. Furthermore, the relatively immune-cold microenvi-

ronment of IDH-mutant gliomas, with their diminished infiltration of

macrophages, DCs, and T cells, demands innovative strategies to

provoke immune cell infiltration and initiate antitumor

responses38,217. Thus, future research should focus on understanding

the specific mechanisms underlying systemic and local immuno-

suppression in GBM to develop tailored therapeutic approaches that

restore immune function and enhance immunotherapy effectiveness.

6. Conclusions and perspectives

Despite significant advances in immunotherapy over the past de-

cades, GBM remains an incurable malignancy with dismal patient

outcomes. Progress in this field has expanded our understanding of

the immune landscape of GBM and spurred the development of

novel therapeutic strategies. Numerous approaches have been

designed to counteract the dysfunctional local immune response,

particularly the immunosuppressive tumor microenvironment.

However, the immune system operates as a coordinated network,

and GBM immunotherapy research has largely focused on local

microenvironment-associated mechanisms while overlooking the

critical impact of systemic immunosuppression. Few studies have

investigated the role of systemic immune dysfunction or explored

therapeutic strategies to mitigate it. More importantly, current

evidence reveals a striking knowledge gap regarding mechanistic

links between local tumor microenvironment factors and systemic

immune dysfunction. Available data indicate that effective local

immune responses rely on functional peripheral immune cells to

initiate and sustain antitumor immunity. This is further supported

by the observation that the tumor-burdened immune system

operates differently from an unperturbed one, and de novo anti-

tumor immune responses originating in the periphery are crucial

for immunotherapeutic efficacy. Thus, the profound systemic

immunosuppression observed in GBM patients-driven by tumor-

derived, host-associated, and treatment-related factors-likely

contributes to the limited clinical success of localized immune-

modulating strategies. While the precise mechanisms underlying

systemic immunosuppression in GBM remain incompletely un-

derstood, they represent a major barrier to effective immuno-

therapy. Future studies should aim to identify the potential

molecular mediators to connecting local immunosuppression to

systemic effects, characterize CNS-specific immune trafficking

pathways, and develop improved models for studying local-

systemic immune interactions in GBM. Such advances are

essential for driving the development of more effective GBM

immunotherapies.

Given these challenges, monotherapy targeting either systemic

or local immunosuppression alone is unlikely to achieve durable

therapeutic outcomes. A dual-pronged approach is essential: first,

reversing systemic immunosuppression to restore peripheral im-

mune function, and second, alleviating local immunosuppressive

mechanisms within the tumor microenvironment to enhance the

activity of effector immune cells against tumor cells. Overcoming

both systemic and local immunosuppression is paramount for

restoring robust antitumor immunity and improving the efficacy of

immunotherapy in GBM. Further elucidation of the molecular and

cellular mechanisms by which GBM establishes its immunosup-

pressive network and evades immune surveillance will be instru-

mental in guiding the development of next-generation

immunotherapeutic strategies.
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secretion and uptake of exosomes and other extracellular vesicles for

cell-to-cell communication. Nat Cell Biol 2019;21:9—17.

99. Chen G, Huang AC, Zhang W, Zhang G, Wu M, Xu W, et al. Exo-

somal PD-L1 contributes to immunosuppression and is associated

with anti-PD-1 response. Nature 2018;560:382—6.

100. Buzas EI. The roles of extracellular vesicles in the immune system.

Nat Rev Immunol 2023;23:236—50.

101. Graner MW, Alzate O, Dechkovskaia AM, Keene JD, Sampson JH,

Mitchell DA, et al. Proteomic and immunologic analyses of brain

tumor exosomes. FASEB J 2009;23:1541—57.

102. Domenis R, Cesselli D, Toffoletto B, Bourkoula E, Caponnetto F,

Manini I, et al. Systemic T cells immunosuppression of glioma stem

cell-derived exosomes is mediated by monocytic myeloid-derived

suppressor cells. PLoS One 2017;12:e0169932.

103. Ludwig N, Rao A, Sandlesh P, Yerneni SS, Swain AD, Bullock KM,

et al. Characterization of systemic immunosuppression by IDH mutant

glioma small extracellular vesicles. Neuro Oncol 2021;24:197—209.

104. Harshyne LA, Nasca BJ, Kenyon LC, Andrews DW, Hooper DC.

Serum exosomes and cytokines promote a T-helper cell type 2

environment in the peripheral blood of glioblastoma patients. Neuro

Oncol 2015;18:206—15.

105. Iorgulescu JB, Ivan ME, Safaee M, Parsa AT. The limited capacity of

malignant glioma-derived exosomes to suppress peripheral immune

effectors. J Neuroimmunol 2016;290:103—8.

106. Zhang J, Shi Y, Xue X, Bu W, Li Y, Yang T, et al. Targeting the

glucocorticoid receptor—CCR8 axis mediated bone marrow T cell

sequestration enhances infiltration of anti-tumor T cells in intracra-

nial cancers. Cell Mol Immunol 2024;21:1145—57.

107. Brooks WH, Netsky MG, Normansell DE, Horwitz DA. Depressed

cell-mediated immunity in patients with primary intracranial tumors.

Characterization of a humoral immunosuppressive factor. J Exp Med

1972;136:1631—47.

108. Swann JB, Smyth MJ. Immune surveillance of tumors. J Clin

Investig 2007;117:1137—46.

1288 Songlei Zhou et al.



109. Rosenberg SA, Dudley ME, Restifo NP. Cancer immunotherapy. N

Engl J Med 2008;359:1072.
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