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Glioblastoma (GBM) is one of the most aggressive malignant brain tumors. The
Stupp protocol is associated with a short median survival and high recurrence rate, referring
to limited effective therapeutic alternatives. Various immunotherapies are therefore under
active investigation. However, to date, their clinical application has been hindered by an
unfavorable risk-benefit profile, with drug resistance posing a major barrier to therapeutic
success. This review focuses on an immune checkpoint PD-1/PD-L1 inhibitors, which have
shown limited efficacy as monotherapy. Key mechanisms of resistance include the
immunosuppressive tumor microenvironment, aberrant genetic and epigenetic regulation,
and impaired T-cell function and infiltration. To address these challenges, combination
strategies targeting these resistance mechanisms have been developed, including
combination of dual or triple drug regimens, targeting multiple pathways to reverse the
Immunosuppressive tumor microenvironment or correct underlying genetic abnormalities,
along with the optimization of drug delivery routes to fundamentally enhance the drug
efficacy. These approaches offer a promising theoretical framework for enhancing the
therapeutic efficacy of immune checkpoint inhibitors in GBM.
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Glioblastoma multiforme (GBM) is the most aggressive and prevalent primary neoplasm of the
central nervous system in adults, accounting for globally 15% of all primary brain [1] and CNS
tumors and 48.6% of malignant CNS tumors [2]. The reported annual incidence rates range from
3.19 to 4.5 cases per 100,000 people [2]. The Stupp protocol confers a median overall survival (OS)
of 14.6 months, along with a 2-year survival rate of 27% [3]. Nevertheless, the 5-year survival rate
remains below 10% and recurrence is nearly inevitable [3].

Immunotherapy represents a transformative approach in glioblastoma treatment by leveraging the
patient’s immune system to target tumor cells through diverse modalities, including immune
checkpoint inhibitors (e.g., anti-PD-1), chimeric antigen receptor T-cell (CAR-T) therapy, tumor
vaccines, and oncolytic viruses [3]. However, clinical efficacy of immunotherapy remains limited.
Most immunotherapies are in early-phase (I/I) trials, with few advancing to phase III, and none
have yet supplanted the Stupp regimen as standard care [3-4].

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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This review primarily focuses on PD-1/PD-L1 inhibitors as one of the extensvie immune
checkpoint inhibitors. The resistance mechanisms of PD-1 inhibitors will be explored from the
Iimmunosuppressive microenvironment, gene mutations and epigenetic regulation as well as T cell
dysfuction and insufficient immune infiltration. Overcoming these hurdles are critical for advancing
GBM treatment. The reported countermeasures are either in the early stages of clinical studies or
still in preclinical investigations, potentially offering a theoretical foundation for the more effective
application of PD-1 inhibitors in clinical treatment. Be advised that papers in a technically
unsuitable form will be returned for retyping. After returned the manuscript must be appropriately
modified.

2. Clinical responses in PD-1/PD-L1 inhibitor therapy

Glioblastoma evade immune surveillance by upregulating programmed death-ligand 1 (PD-L1),
which binds to PD-1 receptors on T cells, triggering phosphorylation. Phosphorylated PD-1 recruits
Src homology 2 domain, and thus dephosphorylates key signaling molecules downstream of the T
cell receptor (TCR). Sustained PD-1/PD-L1 signaling induces T cell exhaustion, characterized by
co-expression of multiple inhibitory receptors, which further impairs antitumor immunity, thereby
fostering an immunosuppressive tumor microenvironment [5-6]. PD-1 inhibitors competitively bind
PD-1 or PD-LI, blocking inhibitory signaling and restoring T-cell activation and proliferative
capacity. PD-1 inhibitors reverse T-cell dysfunction by disrupting PD-1/PD-L1 signaling in
regulatory T cells (Tregs), thereby attenuating their immunosuppressive activity and enhancing
CDS8* T-cell function [6].

PD-1 inhibitors utilized in glioblastoma therapy primarily include Nivolumab, Pembrolizumab,
and Durvalumab. Nivolumab was evaluated in the Phase III CheckMate 143 trial for recurrent
GBM, demonstrating a median OS of 9.8 months, with no significant difference compared to
bevacizumab control (10.0 months) [7]. Pembrolizumab monotherapy in PD-L1-positive rGBM
patients (KEYNOTE-028 trial) achieved a disease control rate (DCR) of 29% but a median
progression-free survival (PFS) of only 2.8 months, and an Overall Response (ORR) of 8% [8].
Durvalumab monotherapy showed a median OS of 28.9 weeks (~7.2 months) and median PFS of
13.9 weeks across multiple trials [9].

However, compared with the 6-9 months achieved by traditional therapies (e.g., bevacizumab),
single-agent PD-1 blockade represents an absolute survival benefit of only 1-3 months [8],
exhibiting limited improvement. Meanwhile, clinical evidence from the KEYNOTE-028 trial
(NCT02054806) demonstrates a 6-month progression-free survival rate of 37.7% with
pembrolizumab monotherapy in recurrent PD-L1-positive GBM, indicating a high recurrence rate
[8]. Current clinical data indicate that further research is essential to elucidate the resistance
mechanisms of anti-PD-1 therapy and develop corresponding strategies.

3. Mechanisms of resistance to PD-1/PD-L1 inhibitors
3.1. Immunosuppressive tumor microenvironment

The immunosuppressive tumor microenvironment (TME) in glioblastoma is primarily characterized
by the infiltration of immunosuppressive cell populations such as myeloid-derived suppressor cells
(MDSCs) and M2-polarized tumor-associated macrophages (TAMs). This immunosuppressive TME
inhibits T-cell activation and proliferation, and promotes immune evasion through dysregulated PD-
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L1 expression. Elevated PD-L1 levels suppresses T-cell function, whereas diminished expression
eliminates molecular targets for PD-1 inhibitors, thereby limiting the therapeutic efficacy [10-11].

GBM-derived  extracellular  vesicles (EVs) critically sustains immunosuppressive
microenvironments in glioblastoma [12]. EVs transport immunosuppressive molecules, including
PD-L1 and IDOI, to drive monocyte differentiation into MDSCs and non-classical monocytes
(NCMs). Differentiated MDSCs and NCMs promote Treg expansion while concurrently inhibiting
CD8+ T cell activity. This process establishes an alternative immunosuppressive axis independent of
PD-1/PD-L1 signaling, directly influencing the therapeutic requirements for achieving effective PD-
1 blockade.

The TGF-B signaling pathway contributes to therapy resistance by remodeling the metabolic
microenvironment [13]. Activated TGF-B induces a shift toward aerobic glycolysis in tumor cells
and enhance glucose uptake.This metabolic reprogramming supports rapid tumor proliferation and
leads to lactate accumulation, which acidifies the TME, further impairing effector T-cell function
and promoting M2 macrophage polarization. This cascade ultimately attenuates T-cell-mediated
anti-tumor activity, undermining PD-1 inhibitor efficacy.

PTEN loss-of-function or mutations drive resistance to PD-1 inhibitors. PTEN deficiency
upregulates immunosuppressive cytokines such as TGF- and IL-10, thereby contributing to form a
TME that suppresses T-cell effector functions [11]. PTEN mutations impair autophagy-dependent
processes, resulting in attenuated T-cell-mediated tumor cytotoxicity. Clinical evidence from the
CheckMate 143 trial substantiates this mechanistic relationship, demonstrating significantly elevated
PTEN mutation frequencies in non-responders to PD-1 blockade. Oncogenic BRAF mutations
exemplify constitutive activation of the MAPK signaling pathway, promotes tumor immune evasion
and confers resistance to PD-1 inhibitors [11]. Aberrant activation of MAPK signaling upregulates
PD-L1, inducing exhaustion of tumor-infiltrating T lymphocytes. Clinical analyses reveal that
MAPK pathway alterations are significantly enriched in responders to anti-PD-1 therapy, suggesting
their potential utility as predictive biomarkers. Combinatorial inhibition of MAPK and PD-1
signaling pathways represents a promising strategy to overcome therapeutic resistance.

Mismatch repair deficiency (MMRD) and mutations in DNA polymerase genes elevate tumor
mutational burden(TMB), supposing to enhance immunotherapy responses. However, high
heterogeneity of GBM dilutes neoantigen-directed immune responses by dispersing targetable
epitopes, thereby diminishing focused T-cell cytotoxicity against tumor cells [6]. Concurrently,
MMRD upregulates IDO1 expression, thereby suppressing suppress T-cell proliferation and
amplifing therapeutic resistance [11]. TMZ therapy also induces acquired MMRD that generates
hypermutated tumor clones with absent lymphocyte infiltration, rendering them refractory to PD-1
blockade [6].

EGFR amplification contributes to immunotherapy resistance [6]. Tumors exhibiting EGFR-
driven PD-L1 overexpression demonstrate reduced T-cell infiltration and consequently exhibit
primary resistance to PD-1 blockade. Furthermore, PD-L1 expression displays temporal
heterogeneity during therapeutic interventions including radiotherapy and chemotherapy so that
pretreatment biopsy specimens are thus unreliable for accurate patient stratification.

23



Proceedings of ICBioMed 2025 Symposium: Al for Healthcare: Advanced Medical Data Analytics and Smart Rehabilitation
DOI: 10.54254/2753-8818/2025.AU26462

3.3. T-cell dysfunction and insufficient infiltration

T cell dysfunction and molecular barriers collectively impede PD-1 inhibitors from effectively
activating antitumor immune responses in glioblastoma. In GBM patients, tumor-infiltrating
lymphocytes (TILs) and peripheral blood lymphocytes exhibit significant upregulation of immune
checkpoint molecules(e.g., PD-1, CTLA-4, TIM-3). This results in a T cell exhaustion state
phenotypically resembling virus-induced dysfunction, which directly compromises the capacity of
PD-1 inhibitors to reactivate T cells [6].

The thymus-derived natural Tregs (nTregs) constitute the predominant Treg subset in gliomas,
suppressing effector T cells through contact-dependent, cytokine-independent mechanisms.
Immunosuppression is mediated by nTregs through constitutive PD-L1 expression, yet PD-1
inhibitors fail to effectively eliminate this population [6]. Furthermore, PD-1 inhibitors trigger
compensatory upregulation of immune checkpoints such as TIM-3 driving T cell exhaustion on
effector T cells [14] which further triggers adaptive resistance and thus diminishes therapeutic
efficacy [15].

GBM is classified as an "immune desert" tumor due to minimal effector T cell infiltration and
insufficient antitumor immunity. Low MHC class I expression further restricts antigen recognition
[6]. Pronounced intratumoral heterogeneity diversifies immunosuppressive mechanisms across
tumor regions, rendering single-target PD-1/PD-L1 inhibition inadequate. Regional BBB integrity
varies significantly within GBM. Vascular abnormalities or inflammatory factors (e.g., VEGF) cause
localized BBB '"leakage" [14], while other regions remain intact. This heterogeneity restricts
uniform drug distribution, limiting intratumoral PD-1 inhibitor concentrations and overall efficacy
[6,14].

4. Reversing resistance to PD-1/PD-L1 inhibitors
4.1. Reversing the immunosuppressive TME

Dual targeting of CSF-1R and PD-1 represents a viable strategy for reversing TME
immunosuppression and inhibiting tumor growth. Resistance to PD-1 inhibitor monotherapy is
primarily mediated by tumor-associated macrophages (TAMs), impeding CD8+ T-cell functionality
by suppressing activation markers such as CD154. CSF-1R inhibitor BLZ945 selectively depletes
M2-TAMs, evidenced by reduced CD163 expression, and decreased TGF-B1/IL-10 secretion. The
combination of BLZ945 with PD-1 inhibitors overcomes resistance by significantly enhancing
CD154+CD8+ T-cell infiltration, promoting pro-inflammatory TNF-a release, and inducing tumor
apoptosis [16]. Similar combinatorial benefits are observed in colorectal cancer models, validating
the mechanism across cancer types [17].

The resistance application strategy that simultaneously targets TGF-f and PD-L1 has supported
by the phase I expansion cohort trial (NCT02517398) in recurrent glioblastoma patients. Bintrafusp
alfa (M7824) overcomes resistance to PD-1 inhibitors through its bifunctional mechanism
simultaneously targeting TGF-f3 and PD-L1 [18]. TGF-f is overexpressed in the immunosuppressive
TME and drives immune evasion by promoting Treg activation, suppressing effector T-cell function.
Bintrafusp alfa combats this resistance through its dual-pronged strategy. The extracellular domain
of TGF-BRII functions as a TGF-B "trap", neutralizing TGF-B signaling, thereby reversing the
inhibition of immune cells exerted by TGF-f and restoring T-cell-mediated antitumor activity.
Simultaneously, the human IgGl antibody in Bintrafusp alfa blocks PD-L1 binding to PD-1,
alleviating T-cell exhaustion and enhancing immune responses.
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Combined blockade using a CXCR4 antagonist (e.g., AMD3100) and a PD-1 inhibitor
significantly enhanced the efficacy of PD-1 monotherapy reported in a preclinical research [19].
CXCR4 antagonist reprograms the immunosuppressive "cold" TME into an immunologically active
"hot" state by inhibiting the CXCL12/CXCR4 signaling and thus increasing the infiltration and
proportion of CD8+ T lymphocytes. This dual mechanism reduced immunosuppressive cell
populations and simultaneously blocked the compensatory PD-L1 upregulation, resulting in a
potentiated antitumor immune response. A parallel study in hepatocellular carcinoma demonstrated
similar resistance mechanisms [20].

A preclinical study in a GL26 syngeneic glioblastoma mouse model reported that PARP-targeted
alpha-particle therapy ([*''At]MM4) overcomes resistance to PD-1 inhibition by remodeling the
immunosuppressive TME and enhancing immunogenicity [21]. Mechanistically, high-linear energy
transfer alpha-particles from [*"'At]MM4 induced direct DNA double-strand breaks(DSBs) in tumor
cells, leading to the release of damage-associated molecular patterns (DAMPs). DAMPs promoted
phagocytic activity of macrophages and enhanced T-cell infiltration, thereby reversing TME
immunosuppression. Furthermore, DSBs promoted the release of tumor antigens. Subsequent
activation of the innate immune response, in combination with PD-1 blockade, mitigated PD-L1-
induced T-cell exhaustion and synergistically enhanced both antigen presentation and T-cell
activation. All mice (100%) in the combination group remained disease-free, demonstrating
effective reversal of PD-1 inhibitor resistance through systemic immune activation.

Triple therapy combining anti-CD47 antibody, TMZ, and PD-1 blockade effectively overcomes
acquired resistance to anti-PD-1 therapy by dual-targeting innate and adaptive immunity [22].
Combining TMZ solely with PD-1 blockade proved insufficient due to inadequate innate immune
activation. Tumor cells continued to evade phagocytosis via the CD47-SIRPa "don't eat me" signal,
and subsequent T-cell cross-priming remained deficient. The addition of CD47 blockade directly
inhibited this immune evasion signal, synergizing with TMZ to significantly amplify the pro-
phagocytic effect of antigen-presenting cells. This sequential approach resulted in long-term
remission in 55% of GL261 glioma models. Furthermore, the combination therapy increased serum
levels of IL-2 and TNFa, indicative of a systemic antitumor response.

Epigenetic silencing of AP-2a represents a key mechanism underlying resistance to anti-PD-1
immunotherapy. The AP-2a promoter is hypermethylated and silenced by the
EZH2/H3K27me3/DNMT1 complex in 99% of GBM cases, leading to its low expression. This
downregulation of AP-2a results in the upregulation of PD-L1, facilitating tumor immune evasion
through the PD-1/PD-L1 pathway, which contributes to poor response to immune checkpoint
inhibitors. The DNA methyltransferase inhibitor (Decitabine) reactivates AP-2a, restoring its tumor-
suppressive function [23]. Combining Decitabine with anti-PD-1 antibodies significantly reduced
tumor volume and delayed progression. The combination therapy also markedly increased CD8+ T
cell infiltration, enhanced proliferation, and elevated effector molecule expression, overcoming T
cell exhaustion in the tumor microenvironment.

The combined blockade of PD-1 and TIM-3 receptors overcomes PD-1 inhibitor resistance by
cooperatively reversing T cell exhaustion and modulating immunosuppressive Tregs. In murine
glioblastoma models, PD-1"TIM-3* TILs exhibit severe functional impairment characterized by
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reduced IFNy/ TNFa production and diminished proliferative capacity [24]. While anti-PD-1
monotherapy yielded an overall survival of 27.8%, combination with anti-TIM-3 therapy
significantly increased OS to 57.9%, demonstrating critical reversal of PD-1 pathway resistance.
Immune profiling demonstrated that the triple therapy, consisting of anti-PD-1, anti-TIM-3, and
stereotactic radiosurgery (SRS), further promotes durable immunity by optimizing T cell functional
quality.

The combination of MSC IL-12 and anti-PD-1 blockade effectively overcomes resistance
mechanisms to PD-1 inhibitors in glioblastoma by reshaping the immunosuppressive TME [25].
MSC IL-12 delivers sustained IL-12 directly to the tumor site via its pathotropism, secreting
functional IL-12 for over 30 days and augmenting CD4* T cell and NK cell infiltration. Single-cell
RNA-seq analysis confirmed that the combined therapy significantly decreased exhausted T cells
and M2-polarized microglia while increasing activated microglia, collectively reversing the
immune-resistant milieu. This synergy resulted in a complete tumor remission rate of 50.0% in the
combination group, substantially higher than anti-PD-1 alone (25.0%), demonstrating enhanced
efficacy against resistance. The intratumoral delivery of MSC IL-12 bypassed the blood-brain
barrier, ensuring high local cytokine concentrations and minimizing systemic toxicity.

The blood-brain barrier (BBB), uniquely restrictive in GBM, constitutes a core mechanism
limiting PD-1 inhibitor delivery and contributing to therapeutic resistance. Focused ultrasound
(FUS) combined with microbubbles transiently opens the BBB, significantly enhancing the
permeability of large-molecule antibodies like PD-1 inhibitors into brain tissue [26]. This physical
disruption overcomes the BBB's natural blockade to immune checkpoint inhibitors, addressing the
critical limitation of inadequate drug delivery to tumor sites observed with monotherapy.
Experimentally, the combination group demonstrated significantly reduced tumor volume and
prolonged survival in rat models, offering a novel strategy for GBM immunotherapy.

Immunosuppressive tumor microenvironment serves as the core mechanism driving resistance to
PD-1 inhibitors. Myeloid-derived suppressor cells, M2-type tumor-associated macrophages, and
inhibitory cytokines (e.g., IL-10 and TGF-P) establish a collaborative network that attenuates the
immune response. Reversal of TME-mediated immunosuppression constitutes a primary strategy to
overcome this resistance. Dual blockade targeting CSF-1R, TGF-B, and CXCR4 has been shown to
create a more favorable microenvironment for PD-1 inhibitors. Extracellular vesicles (EVs) assume
a pivotal role in shaping the TME. It has been reported that heparin impedes the interaction between
EVs and target cells, partially reinstating T cell proliferation and inhibiting immunosuppressive
reprogramming. The combination of heparin and PD-1 inhibitors might represent a potential
approach to overcome the TME suppression.

Genomic instability and epigenetic dysregulation, including PTEN loss, MAPK pathway
activation, MMRD, and EGFR amplification, collectively contribute to the immune escape
mechanism of glioblastoma, leading to sustained resistance to PD-1 inhibitors. Targetting genomic
and epigenetic abnormalities remains a primary research focus in combating immunotherapy
resistance. PARP targeted therapy promotes the release of tumor antigens, sensitizing tumors to PD-
1 inhibitors. Triple combination therapy of anti-CD47 antibodies, temozolomide and PD-1 inhibitors
co-activates innate and adaptive immunity to overcome TMZ-associated acquired resistance. DNA
methylation inhibitors facilitate epigenetic reprogramming, enhancing the efficacy of PD-1
inhibitors. In head and neck squamous cell carcinoma (HNSCC), PI3K inhibition ( e.g., Buparlisib)
downregulates PD-L1 expression by suppressing the PI3K/Akt/mTOR pathway, potentially
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reversing immune resistance in PTEN-deficient tumors. Dual targeting of PI3K and PD-1 could
exhibit a comparable effect in GBM.

T cell dysfunction and glioblastoma-specific physical barriers collectively drive inadequate T cell
infiltration. PD-1 inhibitors are unable to effectively and durably initiate the immune response.
Restoring T cell functionality and enhancing drug delivery are prevalent research strategies for
reversing PD-1 resistance. The combined treatment of PD-1 inhibitors with TIM-3 inhibitors counter
T cell exhaustion and reinstate T cell function. Combination of CBP/B-catenin antagonists and CAR-
T cells has been used to facilitate more efficient dendritic cell antigen presentation and enhance T
cell responses. This combined treatment may also augment the efficacy of PD-1 inhibitors.
Engineered mesenchymal stem cells expressing IL-12 (MSC IL12) or ultrasonic technology can
surmount the physical barrier constraints of the blood-brain barrier and enhance CNS drug delivery.
Facilitating the penetration of drugs and immune cells into the brain offers potential solutions for
sustained immune activation.
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