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Glioblastoma remains the most aggressive primary malignant brain tumor in adults, with survival largely un-
changed despite advances in molecular diagnostics and supportive care. Therapeutic failure reflects fundamental
biological and anatomical barriers, including intratumoral heterogeneity, an immunosuppressive tumor microen-
vironment, and restricted drug delivery across the blood-brain barrier. In this Review, we summarize the current
standard of care and critically examine emerging strategies aimed at overcoming these constraints, including lo-
coregional delivery technologies, immunotherapy, biomarker-defined precision approaches, and adaptive clini-
cal trial designs. We highlight key translational and clinical studies shaping the field and discuss principles for

developing more effective, integrated therapeutic paradigms.

INTRODUCTION

Glioblastoma (GBM) remains the most common and aggressive pri-
mary malignant brain tumor in adults. In trial-eligible patients treat-
ed with standard therapy, median overall survival (OS) ranges from
~15 months in tumors with an unmethylated O6-methylguanine-DNA
methyltransferase (MGMT) promoter to nearly 22 months in MGMT-
methylated disease (I), whereas population-level survival in the
United States remains closer to 8 to 9 months (2), with international
population-based studies likewise demonstrating persistently poor
GBM outcomes worldwide (3). Standard treatment consists of maxi-
mal safe surgical resection followed by radiotherapy with concurrent
and adjuvant temozolomide (4, 5).

Recent updates to the World Health Organization (WHO) classifi-
cation of central nervous system (CNS) tumors have refined the mo-
lecular definition of GBM, distinguishing isocitrate dehydrogenase
(IDH)-wild-type disease from other diffuse gliomas and emphasizing
the importance of integrated pathological assessment (6). Contempo-
rary diagnostic approaches increasingly incorporate next-generation
sequencing, copy number profiling, DNA methylation analysis, and
fusion detection to improve diagnostic precision and identify poten-
tially actionable alterations. Despite these advances, molecular strati-
fication alone has not translated into durable therapeutic success for
patients with GBM. In contrast, for other high-grade gliomas now
recognized as biologically distinct entities, such as H3K27M-mutant
diffuse midline glioma and IDH-mutant astrocytoma, molecular in-
sights have led to US Food and Drug Administration (FDA)-approved
therapies targeting defining driver alterations (7, 8).

Several biological and pharmacologic constraints continue to limit
progress, including intratumoral heterogeneity and tumor cell plas-
ticity, an immunosuppressive microenvironment, and restricted
therapeutic penetration imposed by the blood-brain barrier (BBB)
(9-12). This heterogeneity is reflected in the ability of GBM cell
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populations to transition between multiple transcriptional states,
contributing to therapeutic resistance and disease progression (9).

At the same time, there has been renewed momentum in the field
driven by advances in locoregional drug delivery, immunotherapy,
precision medicine, and adaptive clinical trial design. Strategies such
as focused ultrasound-mediated BBB disruption, convection-enhanced
delivery (CED), cellular and chimeric antigen receptor (CAR) T cell
immunotherapies, oncolytic virotherapy, and biomarker-defined pre-
cision approaches targeting molecularly stratified subgroups, as well
as rational combination approaches, are beginning to generate clini-
cal signals that warrant careful synthesis and contextualization.
Here, we summarize the current standard of care and critically ex-
amine emerging therapeutic strategies designed to overcome long-
standing biological and anatomical barriers to effective treatment,
highlighting key clinical trials shaping the field.

CURRENT STANDARD OF CARE

Medical management and supportive care

Optimal medical management of patients with GBM extends beyond
antitumor therapy and encompasses seizure control, corticosteroid
stewardship, venous thromboembolism (VTE) prophylaxis and treat-
ment, and proactive management of treatment-related toxicities.
These supportive measures can help preserve neurologic function,
maintain functional independence, and enable patient participation
in standard oncologic treatments and investigational trials.

Brain tumor-related epilepsy affects ~30 to 60% of patients with
GBM and can impair quality of life (13). Current Society for Neuro-
Oncology consensus guidelines recommend against routine primary
anticonvulsant prophylaxis in seizure-free patients, given that random-
ized data have not demonstrated benefit (14, 15). For patients who pres-
ent with seizures, levetiracetam remains the most used first-line agent
because of its favorable pharmacokinetic profile and lack of hepatic cy-
tochrome P450 enzyme induction, which is important in patients re-
ceiving concurrent temozolomide or targeted therapies. Lacosamide is
an increasingly used alternative with similarly low interaction potential.
Conversely, enzyme-inducing antiseizure medications such as fosphe-
nytoin and carbamazepine are generally avoided because of their poten-
tial for detrimental drug-drug interactions. Cases of refractory brain
tumor-related epilepsy should prompt clinicians to reevaluate patients
for tumor progression and treatment modification (16).
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Corticosteroids, specifically dexamethasone, have remained a
mainstay for managing tumor-associated vasogenic edema and mass
effect. However, prolonged and even short-term corticosteroid use
carries well-documented adverse effects including immunosuppres-
sion, myopathy, hyperglycemia, osteoporosis, hypothalamic-pituitary-
adrenal axis suppression, and psychiatric disturbance. Emerging
evidence further suggests that corticosteroids may impair antitumor
immune responses and adversely affect survival, underscoring the im-
portance of early discontinuation or aggressive tapering to the lowest
effective dose (17, 18). Judicious corticosteroid management is partic-
ularly important in the context of immunotherapy, because corticoste-
roid use above defined thresholds frequently can serve as an exclusion
criterion for clinical trial enrollment, yet the minimum dose that
avoids clinically meaningful immunologic compromise remains unde-
fined. Instead, bevacizumab can serve as a steroid-sparing agent in
selected circumstances. Small retrospective series have explored bo-
swellic acid, an over-the-counter nutraceutical with anti-inflammatory
properties, as a potential corticosteroid-sparing option for radiation-
induced cerebral edema and necrosis; however, the available evidence
remains limited and lacks prospective validation (19).

VTE is among the most common medical complications in GBM,
with an incidence of about 20 to 30% over the disease course (20).
Once VTE is diagnosed, therapeutic anticoagulation with direct oral
anticoagulants is increasingly used, with retrospective data support-
ing acceptable safety even in the setting of intracranial tumors (21).
Emerging data further suggest that VTE occurrence is associated with
worse clinical outcomes in patients with GBM, highlighting the sys-
temic prothrombotic state driven by tumor biology and inflammation
(22). The question of primary thromboprophylaxis remains unre-
solved, however. The ongoing Venous Thromboembolism Prevention
in Outpatients With Glioma (VTE-POG) trial (NCT05683808) is
prospectively evaluating this uncertainty by assessing whether pro-
phylactic apixaban in patients with ambulatory glioma is safe and ef-
fective in preventing VTE.

Surgical management

Maximal safe surgical resection remains the cornerstone of initial GBM
management and serves multiple critical roles, including cytoreduc-
tion, histopathologic and molecular diagnosis, and facilitation of subse-
quent adjuvant therapies. Surgical cytoreduction can also ameliorate
symptoms by reducing intracranial pressure, decreasing corticosteroid
dependence and associated toxicities, and improving seizure con-
trol. Greater extent of resection, particularly of contrast-enhancing dis-
ease, has been consistently associated with improved progression-free
survival (PFS) and OS (23, 24). Subsequent multi-institutional molecu-
larly annotated analyses have extended this framework, demonstrating
that resection of both contrast-enhancing and selected non-contrast-
enhancing tumor correlates with survival across subgroups and that, in
appropriately selected patients, supramaximal resection into surround-
ing fluid-attenuated inversion recovery (FLAIR) abnormality may con-
fer additional benefit (25-27). Importantly, these benefits appear age
dependent, underscoring the need for individualized, risk-adapted sur-
gical strategy rather than rigid volumetric targets (28).

Advances in functional mapping and intraoperative adjuncts have
improved the reproducibility of achieving maximal safe resection,
particularly for tumors involving eloquent cortical regions responsi-
ble for critical functions such as language, motor control, and sensa-
tion (Fig. 1). Among these techniques, fluorescence-guided resection
using 5-aminolevulinic acid (5-ALA) has the strongest randomized
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evidence base. In a multicenter phase 3 trial, 5-ALA-guided surgery
improved extent of resection and PFS compared with white-light re-
section in patients with malignant glioma, establishing fluorescence
guidance as a validated surgical adjunct in the appropriate patients
(29). Intraoperative ultrasound has also been adopted as a real-time
imaging adjunct to mitigate brain shift and update intraoperative
anatomy; contemporary implementations, including navigated and
three-dimensional ultrasound, can improve tumor visualization and
support maximal safe resection in selected settings (30, 31).

For tumors that are deep-seated, located in the eloquent cortex,
or otherwise not amenable to conventional open craniotomy, mag-
netic resonance imaging (MRI)-guided laser interstitial thermal
therapy (LITT) has emerged as a minimally invasive cytoreductive
alternative. LITT delivers stereotactically targeted thermal ablation
under real-time MRI thermometry, enabling controlled tumor de-
struction while minimizing collateral normal tissue injury. Early-phase
and prospective registry data suggest that, when followed by stan-
dard chemoradiation, outcomes in selected newly diagnosed patients
with GBM may approximate those observed with conventional re-
section (32, 33). Beyond cytoreduction, LITT transiently disrupts
the peritumoral BBB, generating interest in its use as a strategy to
enhance local drug delivery and combination approaches (34).

The surgical cavity provides a platform for direct local therapeu-
tic delivery, including focal chemotherapy and radiation strategies,
given that most GBM recurrences arise at or near the resection mar-
gin. Carmustine-impregnated biodegradable wafers (Gliadel, Azur-
ity Pharmaceuticals) were approved by the FDA in 2003 for newly
diagnosed high-grade glioma and for patients with recurrent GBM
as an adjunct to surgical resection. A pivotal phase 3 trial demon-
strated a modest but statistically significant OS benefit of 2.3 months
in newly diagnosed malignant glioma (35). Despite remaining the
only FDA-approved local chemotherapy for GBM, adoption has
been limited by concerns regarding wound complications, cerebro-
spinal fluid leakage, intracranial hypertension, and uncertain incre-
mental benefits in the temozolomide era.

GammaTile (GT Medical Technologies), FDA-approved initially
in 2018 for recurrent brain tumors and in 2020 for newly diagnosed
malignant tumors, consists of bioresorbable collagen tiles embed-
ded with cesium-131 sources and implanted into the resection cavity.
These implants deliver immediate, localized radiation to eliminate
residual tumor cells. Early clinical experience in recurrent GBM
suggests favorable local control rates with a safety profile compara-
ble to resection alone (36, 37). A planned randomized trial [Post-
operative Adjuvant Therapy w/wo GammaTile + Systemic Therapy
(PATHWAYS); NCT05900908] evaluating GammaTile plus surgery
versus surgery alone in recurrent GBM was withdrawn in favor of a
revised study schema, underscoring the ongoing evolution of pro-
spective validation efforts (38). Together, surgical management in
GBM is best viewed as foundational rather than definitive, reducing
tumor burden, enabling integrated molecular diagnosis, and creat-
ing a therapeutic window for radiotherapy, systemic therapy, and
emerging combination strategies.

Radiation therapy

Radiation therapy has been another cornerstone of GBM treatment.
The standard approach for patients with adequate performance sta-
tus (Karnofsky performance status > 60 to 70) consists of fractionated
focal radiation delivered over 6 weeks to a total dose of 60 Gy (gray) in
30 fractions, typically administered concurrently with temozolomide
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Fig. 1. Surgical guidance and locoregional therapies for GBM. Maximal safe tumor resection increasingly inte-
grates complementary intraoperative technologies that improve tumor visualization, maintain spatial accuracy, and
preserve neurologic function. Intraoperative visualization approaches, including fluorescence-guided surgery (e.g.,
5-ALA or fluorescein), aid in identifying tumor margins. Functional mapping defines eloquent cortical and subcortical
regions, whereas neuronavigation provides spatial guidance during resection. The resulting postresection cavity can
also serve as a platform for locoregional therapeutic strategies, including carmustine wafer implantation, intracavi-

tary brachytherapy tiles, and LITT, which aim to enhance local disease control.

as established by the landmark European Organisation for Research
and Treatment of Cancer (EORTC) Brain Tumor and Radiotherapy
Groups and the National Cancer Institute of Canada (NCIC) trial
(4). The clinical target volume generally encompasses the resection
cavity or residual tumor with a 1- to 2-cm margin to include micro-
scopic disease extension. Treatment planning relies on fusion of
preoperative and postoperative MRI with computed tomography
simulation to optimize conformality while minimizing radiation to
nearby critical structures such as the optic apparatus, brainstem,
and hippocampi.

For elderly patients (typically >65 to 70 years) and those with
poor performance status, hypofractionated radiation regimens have
demonstrated noninferior outcomes compared with the standard
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6-week course and offer the advantage of
reduced treatment duration. The Nordic
trial and the Perry et al. (39, 40) random-

Neuronavigation

ized study established that hypofraction-
ated radiation (40 Gy in 15 fractions over
3 weeks) combined with concurrent and
adjuvant temozolomide provides a sur-
vival benefit over hypofractionated ra-

diation alone in elderly patients. Even
shorter courses of 25 Gy in five fractions

have been evaluated and shown to be

Laser interstitial ablation (LITT)

noninferior to 40 Gy in 15 fractions in
elderly or frail patients (41). These abbre-
viated schedules improve treatment com-
pletion rates and preserve quality of life
in a vulnerable population.

Reirradiation at the time of recurrence
is an option for selected patients with
favorable prognostic features, including
good performance status, a long interval
from initial radiation (6 to 12 months), and
a circumscribed recurrence pattern ame-
nable to focal radiation. Techniques includ-
ing single-session stereotactic radiosurgery
and fractionated stereotactic radiotherapy
over several sessions are commonly used.
Although randomized evidence remains
limited, retrospective and single-arm pro-
spective data suggest that reirradiation can
provide local control and modestly prolong
PES in well-selected patients (42, 43). The
LEGATO (EORTC-2227-BTG) phase 3
trial (NCT05904119) is now recruiting to
evaluate the efficacy of adding reirradiation
to lomustine chemotherapy in patients
with first progression of GBM.

Management of radiation-related tox-
icity is an increasingly recognized com-
ponent of comprehensive care of patients
with GBM. Treatment-related cognitive
decline is unfortunately common and
can substantially affect quality of life.
Hippocampal-avoidant radiation tech-
niques, where anatomically feasible, may
help mitigate memory impairment. Do-
nepezil, an acetylcholinesterase inhibitor,
has shown improvement in cognitive function and quality of life in
patients with irradiated brain tumor in randomized controlled data
(44, 45) and is considered for patients at risk of postradiation cogni-
tive decline. Radiation-induced necrosis, a late complication that can
mimic tumor recurrence on standard MRI, is managed with cortico-
steroids and, in refractory cases, bevacizumab, which has demonstrat-
ed high response rates for symptomatic radiation necrosis in a small
but randomized trial (46).

Proton beam therapy has emerged as a modality of growing in-
terest in GBM. By virtue of the Bragg peak phenomenon, proton
therapy enables a sharp dose fall-off beyond the disease target, po-
tentially reducing integral dose to normal tissue. This dosimetric
advantage may translate to reduced neurocognitive toxicity, which is
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particularly relevant to the quality of life of patients with longer ex-
pected survival (47). Prospective studies evaluating proton therapy
in newly diagnosed GBM are ongoing, and initial reports suggest
feasibility and safety with comparable disease control (48). Defini-
tive evidence of clinical superiority over modern photon techniques
awaits larger randomized trial results, however.

Systemic therapy

The Stupp protocol, which includes radiation with concurrent te-
mozolomide followed by adjuvant temozolomide, has been a stan-
dard systemic treatment for newly diagnosed patients with GBM for
the past 20 years (4). This regimen improved median OS from 12.1
to 14.6 months and established a new benchmark for the field. The
survival benefit is most pronounced in patients whose tumors har-
bor epigenetic silencing of the MGMT gene by promoter methyla-
tion. MGMT, located on chromosome 10g26, encodes a DNA repair
protein that stoichiometrically removes alkyl groups from the O6
position of guanine, which is an important site of DNA alkylation.
When the promoter is methylated and thus silenced, unrepaired
O6-methylguanine lesions induced by temozolomide persist, trigger-
ing cytotoxicity and apoptosis. In the EORTC-NCIC trial, MGMT-
methylated patients treated with temozolomide and radiation achieved
a median OS of 21.7 months compared with 15.3 months for those
with unmethylated tumors (I). Whether temozolomide should be
omitted in favor of alternative strategies for patients with unmethyl-
ated MGMT promoter status remains an area of active investigation
and clinical debate (14).

Tumor treating fields (T TFields; Optune) represent a device-based
modality that delivers low-intensity, intermediate-frequency (200 kHz)
alternating electric fields to the tumor bed via transducer arrays af-
fixed to the scalp. The pivotal EF-14 trial demonstrated that the ad-
dition of TTFields to adjuvant temozolomide significantly improved
both PFS (6.7 versus 4.0 months) and OS (20.9 versus 16.0 months)
compared with temozolomide alone (49). Compliance-dependent
benefit was observed, with patients wearing the device more than
18 hours per day deriving the greatest survival advantage. Despite FDA
approval in 2011 and guideline inclusion, uptake has varied because
of device cost, practical burden, and questions regarding quality-of-
life impact; however, patient-reported outcomes from EF-14 did not
demonstrate detrimental effects on quality of life (50). Building on
these findings, an ongoing randomized, placebo-controlled phase 3
trial is evaluating adjuvant temozolomide and TTFields combined
with either pembrolizumab or placebo in newly diagnosed GBM
(NCT06556563) to test whether immune checkpoint inhibition may
enhance therapeutic efficacy. Recent regulatory approvals of tumor-
treating fields in additional solid tumors further suggest that this
biophysical antimitotic mechanism may have broader applicability,
supporting continued investigation of rational combination strate-
gies across malignancies (51, 52).

The CeTeG/NOA-09 [CeeNU (lomustine) and temozolomide in
glioblastoma/Neuro-Oncology Working Group trial 09] trial evalu-
ated the combination of lomustine [a nitrosurea, 1-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea or CCNU] plus temozolomide with radiation
in newly diagnosed patients with GBM with MGMT promoter methyla-
tion. This phase 3 trial reported a significant improvement in OS with the
combination [48.1 versus 31.4 months; hazard ratio (HR), 0.60] com-
pared with temozolomide alone in the MGMT-methylated subgroup
(53). Although the trial was relatively small (n = 129) and the results
have not been independently replicated, the lomustine-temozolomide
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combination has been adopted in some European centers for MGMT-
methylated patients. Increased hematologic toxicity associated with this
regimen, particularly thrombocytopenia, requires careful monitoring.

Bevacizumab, a monoclonal antibody targeting vascular endo-
thelial growth factor, has been widely used to treat GBM despite the
absence of an OS benefit in the newly diagnosed setting. Two large,
randomized trials, RTOG 0825 and AVAglio, demonstrated im-
provements in PES but not OS when bevacizumab was added to stan-
dard chemoradiation (54, 55). In the recurrent setting, bevacizumab
received accelerated FDA approval on the basis of objective response
rates and is valued primarily for its antipermeability effect, which can
rapidly reduce peritumoral edema and ameliorate associated neuro-
logic deficits, often enabling corticosteroid dose reduction or discon-
tinuation and thereby improving quality of life. Bevacizumab is
commonly combined with lomustine for recurrent disease, based on
the EORTC 26101 trial, which showed improved PFS but no OS ben-
efit versus lomustine alone (56).

At recurrence, treatment options remain limited, and no regimen
has demonstrated a definitive OS benefit in a randomized trial. Cur-
rent approaches include enrollment in clinical trials, which is preferred
for eligible patients and a category 1 National Comprehensive Cancer
Network guideline recommendation, lomustine or the lomustine-
bevacizumab combination, temozolomide rechallenge (particularly
for MGMT-methylated tumors with a long treatment-free interval),
and repeat surgery where feasible. There is no established standard of
care for second-line systemic therapy, underscoring the urgent need
for effective new treatments.

Special considerations apply to elderly patients and those with
poor performance status. In the elderly, temozolomide monothera-
py (without radiation) or short-course hypofractionated radiation
represents evidence-based options for patients unable to tolerate the
full Stupp protocol (39, 57). The combination of hypofractionated
radiation with temozolomide, as demonstrated by Perry et al. (40),
offers a practical and effective approach. Treatment decisions must
carefully balance expected benefit with treatment burden, consider-
ing comorbidities, cognitive reserve, and caregiver support. Pallia-
tive care consultation should be integrated early and throughout the
disease trajectory.

EMERGING THERAPEUTIC STRATEGIES

Drug delivery and locoregional therapies

The BBB remains a central obstacle to effective GBM therapy, limit-
ing penetration of many cytotoxic, targeted, and immune-modulating
agents into both contrast-enhancing tumor and infiltrative margins
(12, 58-60). Although regions of enhancement often demonstrate
BBB disruption, the resulting blood-tumor barrier, a variably perme-
able tumor-associated vascular interface, remains heterogeneous and
incompletely permissive to many systemic therapies (12). Moreover,
infiltrative tumor frequently extends beyond areas of radiographic
enhancement and remains protected by an intact or only partially
disrupted BBB, further contributing to heterogeneous and frequently
subtherapeutic drug exposure after systemic administration. As a re-
sult, agents with promising preclinical activity may fail clinically not
because of insufficient biological potency, but because effective intra-
tumoral concentrations are not consistently achieved (60). This has
prompted development of locoregional and BBB-modulating strate-
gies aimed at improving intratumoral drug delivery while limiting
systemic toxicity (59).
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CED represents a prototypical approach to directing intraparen-
chymal drug administration. By using positive-pressure infusion
through stereotactically placed catheters, CED enables bulk flow of
therapeutic agents through the extracellular space, theoretically
achieving homogeneous distribution over large tissue volumes inde-
pendent of molecular weight (61, 62). This modality has been ex-
plored for a wide range of locally administered macromolecular
payloads, including chemotherapeutics, targeted toxins, radiola-
beled agents, and other biologic therapeutics (63). Whereas techni-
cal challenges related to catheter design, backflow, and variability in
distribution have historically limited reproducibility, advances in
reflux-resistant catheters and real-time imaging of infusate distribu-
tion have improved the reliability of contemporary CED platforms
(64-66). The phase 3 PRECISE trial did not demonstrate an OS ben-
efit for CED of cintredekin besudotox compared to carmustine wa-
fers in recurrent GBM, underscoring the importance of distribution
fidelity and procedural standardization in focal delivery strategies (67).

Additional locoregional approaches include intratumoral and in-
traventricular delivery strategies, which are particularly relevant for
agents with limited BBB permeability or short systemic half-lives.
Reservoir-based systems enable repeated administration without
repeated surgery and may facilitate sustained or iterative exposure
in select contexts (68). Similarly, biodegradable polymers and drug-
eluting wafers have demonstrated the feasibility of sustained local
drug release in the resection cavity, although their clinical utility has
been constrained by limited penetration beyond the surgical margin
and challenges integrating with systemic therapies (35, 69).

More recently, focused ultrasound-mediated BBB disruption has
emerged as a noninvasive strategy to transiently and spatially modu-
late vascular permeability. When combined with systemically admin-
istered microbubbles, low-intensity focused ultrasound can reversibly
increase BBB permeability in targeted regions without permanent
vascular injury, enabling enhanced delivery of circulating agents
(70-73). Unlike focal intratumoral delivery approaches, BBB modu-
lation has the potential to scale across broader tumor volumes and
repeated treatment sessions, positioning it as a delivery-enabling
approach rather than a standalone therapy (12, 59). Early first-in-
human studies established the safety and reproducibility of transient
BBB opening in patients with glioma (72, 73). Subsequent phase 1/2
studies paired BBB opening with systemic agents such as carboplatin
and nab-paclitaxel in recurrent GBM (74, 75), whereas the multicenter
BTO008NA study demonstrated that repeated, transcranial BBB open-
ing could be reproducibly integrated into the adjuvant temozolomide
window after chemoradiotherapy, supporting scalability across institu-
tions (76). Collectively, these studies position focused ultrasound as a
delivery-enabling platform rather than a standalone intervention.

Together, these approaches reflect a broader conceptual shift in GBM
therapeutics: Rather than relying exclusively on increasingly potent
drugs, therapeutic failure may arise as much from inadequate delivery as
from insufficient biological activity. As a result, locoregional and BBB-
modulating strategies are increasingly viewed as enabling technologies
that may be essential for realizing the full potential of systemic, targeted,
and immune-based therapies (12, 60). Notably, many agents deemed in-
effective in GBM may never have been adequately tested at the site
of disease, complicating post hoc interpretations of biological failure.

Immunotherapy
Despite transformative successes in several solid tumors, immunother-
apy has produced limited durable clinical benefit in GBM, reflecting

Villa et al., Sci. Transl. Med. 18, eaeg8772 (2026) 29 July 2026

fundamental biological and anatomical constraints (10, 77). GBM is
characterized by low tumor mutational burden, extensive intratumoral
heterogeneity (9), and a profoundly immunosuppressive microen-
vironment enriched by myeloid-derived populations (10, 78, 79).
These features, compounded by corticosteroid exposure and re-
stricted immune trafficking, limit effective cytotoxic T cell engage-
ment in infiltrative tumor regions.

Immune checkpoint blockade

Immune checkpoint blockade has a strong biological rationale in GBM
given evidence of T cell infiltration and programmed cell death protein
1 (PD-1)/programmed death ligand 1 (PD-L1) expression in the tumor
microenvironment. However, randomized phase 3 trials have not dem-
onstrated an OS benefit in either recurrent or newly diagnosed disease.
In recurrent GBM, nivolumab failed to improve survival compared to
bevacizumab in CheckMate 143 (80). In newly diagnosed MGMT-
methylated and MGMT-unmethylated GBM, the addition of nivolumab
to standard chemoradiotherapy did not improve OS (81, 82). Although
immune checkpoint inhibition can induce measurable immune activa-
tion, translational analyses suggest that T cell infiltration is frequently
spatially restricted and functionally exhausted in a myeloid-dominant
tumor microenvironment (82, 83). These findings underscore a central
challenge in GBM immunotherapy: Immune activation alone is insuf-
ficient in the absence of effective intratumoral access and reversal of
local immunosuppression. As a result, current strategies increasingly
emphasize rational combinations, optimized timing, and biomarker-
informed trial design rather than checkpoint monotherapy.

Adoptive cellular therapy

Adoptive cellular therapies, including CAR T cells, have been pur-
sued to overcome limitations in endogenous T cell priming and traf-
ficking in GBM. Early phase 1 trials targeting epidermal growth
factor receptor variant IIT (EGFRVIII), a constitutively active trun-
cated receptor expressed on ~25 to 30% of GBM tumors but absent
from normal tissue, and interleukin-13 receptor alpha 2 (IL13Ra2),
a high-affinity decoy receptor overexpressed in GBM, established
the feasibility and safety of CAR T cell therapy and generated some
of the most compelling radiographic responses reported in recurrent
GBM (84, 85). However, these studies also highlighted fundamental
barriers to durability, including antigen heterogeneity, treatment-
associated antigen loss, limited T cell persistence, and adaptive resis-
tance in the tumor microenvironment (84-86).

Recent advances have focused on strategies to address these con-
straints. In a first-in-human phase 1 study, intraventricular admin-
istration of CARv3-TEAM-E T cells combined EGFRvIII-directed
CART cells with local secretion of a bispecific T cell-engaging anti-
body targeting wild-type epidermal growth factor receptor (EGFR),
resulting in rapid radiographic tumor regression despite limited du-
rability (87). Notably, antitumor activity was observed even in a
patient lacking detectable EGFRVIII expression, supporting the bio-
logical rationale for broader antigen coverage in heterogeneous tu-
mors. Similarly, a phase 1 trial of intrathecally delivered bivalent
CAR T cells targeting EGFR and IL13Ra2 demonstrated the safety
and feasibility of multiantigen targeting via the cerebrospinal fluid
compartment and induced early radiographic changes, although
sustained objective responses remained uncommon (88).

Collectively, these studies demonstrate that adoptive cellular ther-
apies can achieve meaningful cytoreduction in GBM. Importantly,
however, locoregionally delivered CAR T cells are associated with
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clinically significant treatment-related neurotoxicity. In the phase 1 trial
of intrathecal bivalent EGFR/IL13Ra2-targeting CAR T cells, all six
patients experienced moderate-severe neurotoxicity with elements of
both immune effector cell-associated neurotoxicity syndrome and tu-
mor inflammation-associated neurotoxicity (86). Similarly, approx-
imately one-third of patients in the phase 1locoregional IL-13Ra2 CAR
T cell trial experienced grade 3 or higher treatment-related toxicities
(84). These safety signals highlight that optimizing the therapeutic in-
dex of locoregionally administered cellular therapies including dose
scheduling, supportive management algorithms, and patient selection
will be essential alongside efforts to improve efficacy. Achieving durable
clinical benefit, therefore, will likely require improved persistence, mul-
tiantigen engagement, optimized locoregional delivery, management of
treatment-related neurotoxicity, and integration with strategies that re-
model the immunosuppressive tumor microenvironment.

Therapeutic vaccines

Therapeutic cancer vaccines have been explored as a means of inducing
tumor-specific immune responses with favorable safety profiles. Den-
dritic cell-based and personalized neoantigen vaccines can elicit mea-
surable systemic and intratumoral immune responses in GBM (89, 90).
However, therapeutic benefit has been variable, likely reflecting con-
straints shared across GBM immunotherapy, including antigen het-
erogeneity, limited effector trafficking into infiltrative tumor, and
microenvironmental suppression. Concomitant corticosteroid expo-
sure can further blunt vaccine-driven immunity, underscoring the
importance of treatment context and combination strategies when in-
terpreting vaccine trial outcomes (18). These observations suggest that
vaccines may be most effective when integrated with strategies that en-
hance antigen presentation and relieve local immune suppression.

Viral and gene-based immunotherapies

Oncolytic and gene-based viral therapies occupy a distinct concep-
tual space in GBM immunotherapy by combining direct tumor cell
lysis with in situ immune priming and amplification of endogenous
tumor-reactive T cell responses. These platforms promote antigen
release, interferon signaling, and immune cell recruitment within
the tumor microenvironment, with the potential to convert immu-
nologically “cold” tumors into more inflamed states (91-93).

Clinical studies demonstrate that these biological effects are mea-
surable in patients and may correlate with outcome. In a first-in-
human phase 1 trial of the conditionally replicating oncolytic herpes
simplex virus CAN-3110, virus-induced intratumoral immune acti-
vation, rather than radiographic response alone, was associated with
prolonged survival (93). Integrated spatial and multiomic analyses
further showed persistent infiltration and expansion of preexisting
tumor-infiltrating cytotoxic T cell clonotypes associated with clinical
benefit (94), providing in situ evidence of ongoing T cell-mediated
tumor cytotoxicity in treated tumors at late time points in human
GBM. However, spatial gradients of T cell exclusion in hypoxic and
mesenchymal tumor regions highlight biologically organized resis-
tance niches that may limit durable tumor control despite persistent
immune activation (Fig. 2).

Consistent signals have emerged across viral platforms. Intratu-
moral DNX-2401 produced objective responses and long-term sur-
vivors in recurrent high-grade glioma (91), and combination with
pembrolizumab yielded encouraging survival signals (95). Poliovirus
(Sabin)-rhinovirus internal ribosome entry site—poliovirus open read-
ing frame (PVSRIPO) similarly demonstrated a subset of long-term
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survivors compared with historical controls (92). Nonetheless, ben-
efit remains heterogeneous and likely reflects limitations in viral
distribution, spatial and metabolic constraints in hypoxic tumor
niches, relative skewing of adaptive responses toward antiviral rather
than tumor antigens, and tumor-intrinsic resistance mechanisms,
including suppressive myeloid populations in the GBM microenvi-
ronment (79, 96). These insights are motivating rational combination
strategies aimed at enhancing distribution, modulating hypoxia and
angiogenesis, and sustaining adaptive immune engagement. Collec-
tively, these constraints are shifting the field away from immunotherapy
monotherapy and toward rational combination strategies that inte-
grate immune activation with approaches to improve delivery, remodel
the tumor microenvironment, and address antigen heterogeneity—
recognizing that context, timing, and intratumoral access may be as
important as the choice of immunotherapy agent itself (Fig. 2).

Biomarker-defined and emerging targeted therapies
Precision oncology in diffuse gliomas has diverged into two distinct
trajectories (Fig. 3). In molecularly defined subtypes, IDH-mutant, H3
K27M-mutant diffuse midline glioma, B-Raf proto-oncogene, serine/
threonine kinase (BRAF) V600E-mutant glioma, and rare neuro-
trophic tyrosine receptor kinase (NTRK)-fusion tumors, biomarker-
directed inhibition has achieved regulatory approval. In contrast,
IDH-wild-type GBM, shaped by intratumoral heterogeneity and the
absence of uniform truncal drivers, has shown limited durable benefit
from targeted monotherapies. These contrasting outcomes underscore
both the importance of molecular stratification and the need to broad-
en precision strategies beyond static genomic alterations toward func-
tional and microenvironmental dependencies (Table 1).

IDH inhibitors

Although IDH-mutant astrocytomas are now classified separately
from IDH-wild-type GBM under the WHO 2021 framework, the
development of IDH inhibitors represents one of the most notable
recent advances in neuro-oncology. The phase 3 Investigating Vora-
sidenib in Glioma (INDIGO) trial demonstrated that vorasidenib, a
dual IDH1/2 inhibitor with CNS penetration, significantly improved
PFS compared with placebo in patients with residual or recurrent
IDH-mutant grade 2 astrocytoma or oligodendroglioma (7). The
FDA approved vorasidenib in 2024, establishing the first targeted
therapy for IDH-mutant gliomas, with subsequent regulatory en-
dorsement by the European Medicines Agency in 2025.

BRAF/MEK inhibitors

BRAF V600E mutations occur in ~1 to 3% of adult GBMs but at high-
er frequencies in pleomorphic xanthoastrocytoma and pediatric low-
grade gliomas. The combination of dabrafenib and trametinib has
shown activity in BRAF V600E-mutant gliomas, with an overall re-
sponse rate of 29% in recurrent GBM in the Rare Oncology Agnostic
Research (ROAR) basket trial (97). Tumor-agnostic FDA approval for
BRAFV600E-mutant solid tumors makes these agents immediately
available for patients with molecularly confirmed glioma, highlighting
the importance of comprehensive molecular profiling to identify rare
actionable subgroups in GBM.

ONC201/dordaviprone

Dordaviprone, a first-in-class imipridone and dopamine receptor
D2/D3 (DRD2/3) antagonist and caseinolytic protease proteolytic
(ClpP) subunit agonist, has demonstrated notable activity in H3
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Fig. 2. Biological barriers to immunotherapy in GBM and rational integration strategies. GBM (left) is character-
ized by low neoantigen burden, myeloid-dominant immunosuppression, T cell exhaustion, and limited immune infiltra-
tion, creating a tumor microenvironment constrained by insufficient antigenicity and impaired immune engagement.
Immunotherapy strategies (middle), including checkpoint blockade using anti-PD-1 or PD-L1, adoptive cellular thera-
py using CART cells, neoantigen or dendritic cell (DC) vaccination, and oncolytic viral therapy, can induce intratumoral
immune activation; however, efficacy is limited by failure to achieve durable immune control, antigen heterogeneity
and loss, insufficient antigenicity limiting immune priming, and hypoxic and mesenchymal resistance states associated
with antigenic skewing. Rational integration approaches (right) aim to overcome these barriers through optimized
neoadjuvant timing to preserve antigen landscape and enhance T cell priming, multiantigen targeting to mitigate anti-
gen escape, radiation-induced immunogenic cell death to increase antigen presentation, and locoregional immune
amplification to enhance interferon (IFN) signaling, broaden tumor-directed T cell responses, and promote checkpoint
blockade synergy and more durable immune control. TCRs, T cell receptors; TME, tumor microenvironment.

K27M-mutant diffuse midline glioma. In a pooled analysis of five
clinical trials, dordaviprone monotherapy achieved a 20% objective
response rate by Response Assessment in Neuro-Oncology-high-
grade glioma (HGG) criteria with a median duration of response of
11.2 months in recurrent disease (8). In August 2025, the FDA
granted accelerated approval to dordaviprone for adult and pediat-
ric patients aged 1 year and older with diffuse midline glioma har-
boring an H3 K27M mutation with progressive disease after prior
therapy, making it the first approved therapy for this disease.

Rare molecular subsets

Larotrectinib and entrectinib have received tumor-agnostic FDA
approval for the rare patients with GBM harboring an NTRK-fusion,
although such alterations account for only a small fraction of cases (98).

Neurotransmitter-targeting approaches

The emerging field of cancer neuroscience has revealed that GBM
cells integrate into neuronal networks through functional syn-
apses and exploit neurotransmitter signaling, including glutamate,

Villa et al., Sci. Transl. Med. 18, eaeg8772 (2026) 29 July 2026

operative gabapentin use was associated
with improved OS in multivariable mod-
els and reduced serum TSP-1 levels in
newly diagnosed GBM; prospective vali-
dation will be required to determine
whether this reflects a causal therapeu-
tic effect (103). Recent work further ex-
tends this paradigm by demonstrating that
tumor-astrocyte signaling networks can
actively suppress antitumor immunity
through interleukin-11-signal transducer
and activator of transcription 3-dependent
induction of tumor necrosis factor-related
apoptosis-inducing ligand, linking nonmalignant stromal elements
to immune evasion and therapeutic resistance (104).

INNOVATIVE CLINICAL TRIAL DESIGN AND TRANSLATIONAL
STRATEGY IN GBM

Increasingly, progress in GBM depends not only on novel therapeutics
but also on innovative clinical trial designs capable of interrogating bio-
logical activity, accelerating decision-making, and adapting to tumor
heterogeneity. In contrast with traditional two-arm randomized studies,
contemporary GBM trials increasingly incorporate adaptive platform
infrastructure, longitudinal molecular profiling, neoadjuvant pharma-
codynamic interrogation, biomarker-enriched enrollment, and rational
combination strategies. Together, these approaches aim to overcome the
historical disconnect between biological signal and clinical outcome.

Adaptive and platform trials
GBM AGILE (GBM Adaptive, Global, Innovative Learning Environ-
ment; NCT03970447) represents a paradigm shift in clinical trial
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Fig. 3. Divergent trajectories of precision oncology for molecularly defined gliomas and IDH-wild-type GBM.

Molecular classification has enabled biomarker-directed therapy in glioma subsets harboring dominant driver altera-
tions, including IDH1/2 mutations, H3 K27M mutations, BRAF V600E mutations, and NTRK fusions, leading to regulatory
approvals in defined contexts (left). In contrast, IDH-wild-type GBM (right) is characterized by marked intratumoral
heterogeneity and coexisting genetic and transcriptional states in a single tumor. This biological complexity has
limited the durability of single-agent targeted therapies and has thus far precluded the establishment of a broadly
effective molecularly targeted standard of care. PI3K, phosphatidylinositol 3-kinase.

design. This international, biomarker-based, multiarm, seamless phase
2/3 platform trial uses Bayesian adaptive randomization to simultane-
ously evaluate multiple investigational therapies against a shared con-
trol arm. The adaptive design allows arms to be added or dropped on
the basis of emerging efficacy and futility signals, substantially improv-
ing efficiency. Approximately 25% of patients with GBM enrolling in
clinical trials in the United States participate in GBM AGILE, reflect-
ing its central role (14, 105). GBM AGILE has reported results from its
first completed experimental arm: regorafenib, which did not demon-
strate benefit over control in recurrent or newly diagnosed un-
methylated GBM (106). More encouragingly, a prespecified secondary
analysis of the paxalisib arm showed a clinically meaningful improve-
ment in median OS (15.5 versus 11.9 months) in newly diagnosed pa-
tients with unmethylated GBM. Multiple additional experimental
arms continue to enroll in the AGILE infrastructure, complemented
by multiarm institutional and consortium-based programs including
the German NOA (Neuro-Oncology Working Group) cooperative
group trials and parallel efforts at major academic centers.

Longitudinal and translational sampling
An emerging clinical trial paradigm in GBM incorporates longitu-
dinal sampling during experimental therapy, with prospectively
timed serial multisector tumor biopsies accompanied by cerebrospi-
nal fluid and peripheral blood mononuclear cell analyses. Integrated
multiomic profiling enables interrogation of the temporal and spa-
tial evolution of the tumor and its microenvironment in response to
therapeutic perturbation, addressing the limitations of single-time
point “window-of-opportunity” designs in a biologically heteroge-
neous disease (107).

In a recent proof-of-concept study using repeated intratumoral
dosing of an oncolytic immunotherapy, serial multisector biopsies
demonstrated longitudinal reshaping of the tumor microenvironment

Villa et al., Sci. Transl. Med. 18, eaeg8772 (2026) 29 July 2026

Neoadjuvant immune

checkpoint inhibition

Neoadjuvant administration of immune
checkpoint inhibitors has been explored
as a strategy to enhance antitumor im-
mune priming by exposing an intact tu-
mor antigenic landscape before surgical
resection. In a randomized study of recurrent GBM, a single dose of
pembrolizumab administered before surgery followed by adjuvant
therapy was associated with a survival advantage and demonstrated
increased interferon-y signaling, T cell clonal expansion, and en-
hanced antigen presentation in resected tumors (109).

Subsequent expansion cohorts and independent studies con-
firmed reproducible on-target immune remodeling after neoadjuvant
PD-1 blockade but did not demonstrate a survival benefit in recurrent
GBM (110, 111). These findings highlight a critical distinction be-
tween immune activation and effective tumor control, reinforcing the
need for biomarker-enriched enrollment and rational combination
strategies to overcome adaptive resistance and immune exclusion.

These studies demonstrate that although diverse immunothera-
peutic platforms can induce measurable biological activity, including
immune infiltration, antigen-specific targeting, and transient radio-
graphic responses, durable survival extension has not yet been consis-
tently demonstrated. The recurring challenges of antigen heterogeneity,
treatment-induced adaptation, and incomplete intratumoral coverage
argue for combination strategies that integrate immune activation
with delivery optimization and microenvironmental modulation.

Precision medicine and targeted trials

Whereas currently approved targeted therapies primarily apply to non-
GBM glioma entities or rare tumor-agnostic genomic subsets, a grow-
ing number of clinical trials are evaluating molecularly targeted agents
in IDH-wild-type GBM that have not yet received FDA approval for
CNS tumors (Table 2). These trials represent a shift from empiric treat-
ment toward biomarker-enriched and pathway-directed therapies.

PARP inhibitors and DDR-targeting agents

The DNA damage response (DDR) pathway, which encompasses the
cellular machinery responsible for detecting, signaling, and repairing
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Table 1. Approved and repurposed targeted therapeutic approaches in gliomas. AMPA-R, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;

DMG, diffuse midline glioma; ORR, objective response rate.

Molecular target/pathway Agent(s) Tumor type Status/phase Key findings
FDA-approved agents
IDH1/2 mutation Vorasidenib IDH-mutant glioma (grade 2) FDA-approved (2024) Phase 3 INDIGO: improved PFS

versus placebo (6)

 Dabrafenib + trametinib

ORR 29% in recurrent GBM; ROAR
basket trial (25)

Larotrectinib, entrectinib

Responses in NTRK-fusion CNS
tumors; rare in GBM (96)

Dordaviprone (ONC201)

Accelerated approval; ORR 20% in
recurrent DMG; phase 3 ACTION
ongoing (7)

Cancer neuroscience rationale;
antitumor evaluation ongoing (97)

Glutamate modulation;
recurrent GBM trial underway
(NCT06552260)

Preclinical evidence of
tumor-neuron modulation (98)

Neurotransmitter pathways Perampanel GBM
(AMPA-R)

Neurotransmitter pathways Troriluzole GBM
(glutamate)

Neurotransmitter pathways Vortioxetine GBM
(serotonin)

Neurotransmitter pathways Gabapentinoids GBM

(synaptogenesis/TSP-1) (gabapentin, pregabalin)

DNA lesions including single- and double-strand breaks, is of par-
ticular interest in GBM given the mechanism of action of temozolo-
mide and radiation. Poly(ADP-ribose) polymerase (PARP) enzymes
play a critical role in this pathway by catalyzing the addition of
poly(ADP-ribose) chains to target proteins at sites of DNA damage,
facilitating the recruitment of repair factors and maintenance of ge-
nomic integrity. Pharmacologic PARP inhibition exploits these
dependencies, trapping PARP at damage sites and converting re-
pairable single-strand breaks into lethal double-strand breaks, a
mechanism that may synergize with the DNA-damaging effects of
temozolomide and ionizing radiation (112). Phase 0/2 “trigger” tri-
als have demonstrated that niraparib achieves sufficient CNS con-
centrations to inhibit PARP activity in tumor tissue (113). The
randomized ABTC 1801 trial demonstrated that veliparib added to
temozolomide and radiation did not improve outcomes in MGMT-
methylated newly diagnosed GBM (114), highlighting that not all
PARP inhibitors are equivalent in terms of brain penetration and tar-
get engagement. A phase 3 niraparib trial is now evaluating the agent
versus temozolomide specifically in MGMT-unmethylated newly
diagnosed GBM, seeking to define a new standard for this under-
served population where conventional alkylating chemotherapy
offers minimal benefit. Beyond PARP, AZD1390, a brain-penetrant
ataxia telangiectasia mutated (ATM) kinase inhibitor, is under phase
1 evaluation in combination with radiation therapy (115), broaden-
ing the DDR-targeting strategy to additional nodes in the pathway.

CDK4/6 inhibitors

The cyclin D-cyclin-dependent kinase 4/6 (CDK4/6)-retinoblastoma
(Rb) protein cell cycle regulatory pathway is frequently altered in
GBM, with homozygous cyclin-dependent kinase inhibitor 2A/B

Villa et al., Sci. Transl. Med. 18, eaeg8772 (2026) 29 July 2026

Retrospective Multi-institutional retrospective

study (n = 1072): postop gabapentin
associated with improved OS
(HR 0.65); reduced serum TSP-1 (707)

deletion present in ~50 to 60% of tumors. CDK4/6 inhibitors such
as abemaciclib and ribociclib have demonstrated CNS penetration
and are under clinical evaluation in Rb-intact GBM populations (116).
Early-phase trials are examining these agents both as monotherapy
and in combination with temozolomide or radiation.

Antibody-drug conjugates

Antibody-drug conjugates (ADCs) leverage monoclonal antibodies to
selectively deliver cytotoxic payloads to tumor cells expressing a surface
antigen, concentrating chemotherapeutic exposure at the tumor while
limiting systemic toxicity. Depatuxizumab mafodotin (ABT-414),
targeting EGFR-amplified tumors, was evaluated in two large, random-
ized trials. The Intellance 1 trial in newly diagnosed EGFR-amplified
GBM did not meet its primary OS end point (117), whereas Intellance 2
in recurrent disease suggested possible activity but was limited by
significant ocular toxicity (118). Next-generation ADCs with improved
therapeutic windows and novel payloads are under development.
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Rare molecular subsets

Trials targeting additional rare molecular subsets, such as fibroblast
growth factor receptor fusions, are ongoing or planned, although the
low frequency of many of these alterations necessitates collaborative
multi-institutional efforts (119). The success of basket and umbrella
trial designs in identifying responses in rare molecular subgroups has
accelerated this approach across neuro-oncology (97, 98).

COMBINATION AND SEQUENCING APPROACHES
Given the multifaceted nature of GBM resistance, combination strate-
gies that integrate radiation, immunotherapy, and targeted agents
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Table 2. Investigational molecularly targeted strategies in IDH-wild-type GBM. FGFR, fibroblast growth factor receptor; RT, radiation therapy; TMZ,

temozolomide.

Molecular target/pathway Agent(s) Tumor type Status/phase Key findings
PARP/DDR pathway Niraparib GBM (MGMT-unmethylated) Phase 3 CNS penetration confirmed;
versus TMZ in unmethylated
GBM (110)
PARP/DDR pathway Veliparib GBM (MGMT-methylated) Phase 3 (negative) ABTC 1801: no benefit added
to TMZ/RT (111)
ATM/DDR pathway AZD1390 GBM Phase 1 Brain-penetrant ATM inhibi-
tor; RT combination (772)
CDK4/6 pathway Abemaciclib, ribociclib RB-intact GBM Phase 0/1 CNS penetration demon-
strated (713)
EGFR (ADC) Depatuxizumab mafodotin EGFR-amplified GBM Phase 3 (negative) Intellance 1: no OS benefit;
(ABT-414) ocular toxicity (774)
FGFR fusions Various FGFR-altered glioma Phase 1/2 Basket trials ongoing; rare

are increasingly being evaluated. Radiation therapy, in addition to
its direct cytotoxic effects, can promote immunogenic cell death,
enhance tumor antigen presentation, and transiently alter vascular
permeability, creating a potential therapeutic window for immune-
based and targeted therapies. These biological effects have motivated
increasing interest in treatment timing and sequencing, particularly
in relation to surgical intervention.

Window-of-opportunity trial designs allow administration of an
investigational agent for a defined preoperative period, with phar-
macodynamic and pharmacokinetic endpoints assessed in the re-
sected specimen (120, 121). These designs are particularly valuable
in GBM, where tissue access is otherwise limited. Analyses performed
at surgery can quantify intratumoral drug concentrations, target en-
gagement, and immune microenvironment changes, parameters that
are often inaccessible in conventional postoperative trials. Impor-
tantly, they also can compare these parameters in the nonenhancing
leading edge of the tumor where the BBB is relatively intact with those
in the enhancing core where the BBB is deficient. As a result, window-
of-opportunity studies can inform rational combination strategies
and enable rapid go/no-go decisions based on biological activity
rather than radiographic response alone (122). Multiple institutions
have adopted these designs to accelerate translational progress (14).

Rational sequencing of therapies from initial diagnosis through recur-
rence remains an underexplored area. The optimal timing and integra-
tion of immunotherapy relative to radiation and chemotherapy remain a
critical question. Radiation may prime the immune microenvironment
for subsequent immunotherapy, whereas alkylating chemotherapy
may be immunosuppressive. Future trial designs should incorporate lon-
gitudinal molecular and immune profiling to understand how sequential
therapies reshape the tumor and its microenvironment.

CONCLUSION AND OUTLOOK

Despite 2 decades of intensive investigation since the establishment
of the Stupp protocol, the prognosis for patients with GBM remains
modest. Nonetheless, several avenues offer genuine near-term prom-
ise. Recent approvals in molecularly defined glioma subtypes demon-
strate that biomarker-directed therapy can yield meaningful benefit,

Villa et al., Sci. Transl. Med. 18, eaeg8772 (2026) 29 July 2026

molecular subgroup (776)

reinforcing the importance of rigorous molecular stratification and
target engagement. Innovations in drug delivery, including focused
ultrasound-mediated BBB opening, CED, and local depot strategies,
are beginning to address longstanding pharmacologic barriers that
have historically confounded the interpretation of systemic thera-
peutic failure. CAR T cell therapies and oncolytic virotherapies have
produced compelling early biological and radiographic responses,
and ongoing refinement, including locoregional delivery, armored
constructs (engineered CAR T cells equipped with additional trans-
genes encoding proinflammatory cytokines, checkpoint resistance
modules, or other modifications designed to enhance persistence
and overcome the immunosuppressive microenvironment), and ra-
tional combination strategies, may be required to achieve durable
clinical benefit. The cancer neuroscience paradigm offers an entirely
new class of therapeutic targets based on the recognition that GBM
cells parasitize neuronal circuitry.

Adaptive platform trials such as GBM AGILE represent a trans-
formative advance in clinical trial efficiency by enabling continuous
learning in a disease characterized by high biological heterogeneity
and frequent single-agent failure. Longitudinal sampling of GBM
during clinical trials can be performed safely and adds to window-
of-opportunity trials to understand complex and long-term effects
of the investigational agent. Liquid biopsy, including cell-free DNA
analysis, and minimal residual disease monitoring may soon enable
earlier detection of recurrence and real-time assessment of treatment
response. The integration of advanced molecular diagnostics, includ-
ing comprehensive next-generation sequencing, methylation profil-
ing, and single-cell analyses, into routine clinical practice will be
essential for identifying actionable targets and appropriately match-
ing patients to emerging therapies.

Looking ahead, the next decade in GBM treatment will likely be
defined by the convergence of four paradigms: precision medicine
guided by comprehensive molecular and epigenomic profiling; en-
hanced drug delivery to overcome the BBB; reinvigoration of the anti-
tumor immune response through combination immunotherapy and
cellular therapy strategies; and novel cancer neuroscience-informed
interventions targeting tumor-neuron interactions. Meaningful prog-
ress will require not only scientific innovation but also sustained
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investment in collaborative clinical trial infrastructure, equitable ac-
cess to emerging therapies, and the routine integration of translational
end points into clinical studies. Only through such a coordinated,
multidisciplinary approach can the trajectory of GBM outcomes be-
gin to change.
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