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Abstract. Glioblastoma (GBM) is the most aggressive primary 
malignant tumour, owing to intratumoural heterogeneity, 
adaptive resistance, and an immunosuppressive microenviron‑
ment. Dual‑targeting strategies aim to exploit complementary 
therapeutic vulnerabilities; however, their mechanisms of 
action and levels of supporting evidence vary considerably. 
The present narrative review evaluates single‑molecule inhibi‑
tors, dual‑antigen cellular therapies, oncolytic virus platforms, 
nanocarrier systems, and combination approaches directed 
against glioma stem‑like and differentiated cellular states 
or spatially distinct tumour regions. Distinctions are made 
between molecular co‑inhibition, dual‑antigen recogni‑
tion, coordinated drug delivery, and multimodal therapeutic 
strategies. Evidence derived from isocitrate dehydrogenase 
(IDH)‑mutant glioma and other malignancies is considered 
separately from evidence in IDH‑wildtype GBM. Vorasidenib 
(AG‑881) inhibits both mutant IDH1 and mutant IDH2 within 
the same metabolic pathway; however, its clinical benefit in 
grade 2 IDH‑mutant glioma does not demonstrate efficacy in 
GBM. Most alternative approaches remain at the preclinical 
stage, whereas early cellular therapy approaches have shown 
biological activity alongside significant limitations in response 
durability and neurological tolerability. Key challenges exam‑
ined include clonal evolution, lineage plasticity, epigenetic and 
metabolic adaptation, patient stratification, and integration 
with radiotherapy. Translational priorities include confirming 
adequate drug exposure and engagement of both targets, 
identifying biologically appropriate patient populations, 
establishing tolerable treatment schedules, and streamlining 
manufacturing processes. Limiting tumour adaptation remains 
a testable therapeutic hypothesis rather than an established 
clinical outcome of dual targeting. Future progress will depend 
on research that links mechanistic complementarity to durable 
disease control and acceptable toxicity.
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1. Introduction

Glioblastoma (GBM) is the most aggressive form of glioma 
and remains associated with a dismal prognosis, with a 
median overall survival of ~14.6 months (1). Although the 
current standard of care comprises maximal safe surgical 
resection followed by radiotherapy and temozolomide‑based 
chemotherapy, clinical outcomes remain unsatisfactory (2,3). 
A fundamental challenge is the marked heterogeneity of 
GBM, including intertumoural and intratumoural diversity, 
ongoing clonal evolution, microenvironmental heterogeneity, 
and dynamic epigenetic remodelling, all of which directly 
influence treatment response and patient survival. Molecular 
subtype differences, including isocitrate dehydrogenase 
(IDH)‑mutant astrocytoma, oligodendroglioma with 1p/19q 
codeletion, and IDH‑wildtype GBM, also contribute to vari‑
able therapeutic outcomes (4,5). Another major obstacle is the 
blood‑brain barrier (BBB), which restricts the delivery of most 
therapeutic agents to the brain through tight junctions and 
active efflux transporters. Collectively, these features explain 
why durable disease control remains difficult to achieve using 
conventional therapeutic approaches (6,7).

Conventional treatment modalities each provide only 
limited benefit. Surgical resection can prolong survival when 
maximal safe resection is achieved; however, the infiltrative 
nature of GBM prevents complete tumour removal in most 
patients and increases the risk of postoperative neurological 
deficits (8). Radiotherapy, particularly when combined with 
temozolomide, improves local disease control and survival, 
although its efficacy is constrained by radioresistance 
and an immunosuppressive tumour microenvironment. 
Temozolomide remains the backbone chemotherapeutic agent 
for GBM; nevertheless, several patients develop intrinsic 
or acquired resistance, and therapeutic options following 
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recurrence are extremely limited (9). These challenges high‑
light the urgent need for more effective treatment strategies that 
can overcome both tumour‑intrinsic resistance mechanisms 
and microenvironment‑mediated adaptation (7,10,11).

Targeted therapy has transformed treatment paradigms 
across several malignancies, and GBM presents multiple 
biologically relevant targets associated with stemness main‑
tenance, immune evasion, extracellular matrix remodelling, 
and metabolic reprogramming. In this context, dual‑target 
therapy has emerged as a promising strategy because it 
allows simultaneous disruption of two critical, functionally 
related vulnerabilities. Rather than relying on single‑pathway 
blockade, dual‑target approaches aim to improve efficacy, 
delay resistance, and enhance treatment precision (12,13).

The present review summarises key dual‑targeting 
strategies in GBM, including single‑molecule dual‑target 
inhibitors, dual‑target chimeric antigen receptor T‑cell 
(CAR‑T) therapies, oncolytic virus (OV)‑based dual‑inter‑
vention platforms, functionalised nanocarrier systems, and 
therapeutic approaches that concurrently target glioma 
stem‑like cells and differentiated tumour cells. This is a 
narrative, mechanism‑oriented review. Selected primary 
studies illustrate therapeutic design principles and their 
associated limitations. Clinical evidence in GBM, preclin‑
ical evidence in GBM, and contextual findings from other 
diseases are considered separately and are not interpreted as 
validated treatments for GBM. Comparisons across studies 
are descriptive because experimental models, treatment 
regimens, endpoints, and follow‑up durations differ substan‑
tially. Most dual‑targeting approaches remain preclinical, 
while early cellular therapy studies have shown biological 
activity but also important limitations in response durability 
and neurological tolerability. Key issues discussed include 
clonal evolution, lineage plasticity, epigenetic and metabolic 
adaptation, patient stratification, and integration with radio‑
therapy. Translational priorities include confirming adequate 
drug exposure and engagement of both targets, identifying 
biologically appropriate patient populations, establishing 
tolerable treatment schedules, and simplifying manufac‑
turing processes. Restricting tumour adaptation remains a 
testable therapeutic hypothesis, not an established clinical 
consequence of dual targeting. Progress will depend on 
studies that link mechanistic complementarity with durable 
disease control and acceptable toxicity (Fig. 1).

2. Therapeutic platforms

Single‑molecule approaches. Combining two biological 
activities within a single molecule may help coordinate 
systemic exposure and reduce some of the pharmacokinetic 
interactions associated with separately administered agents. 
However, a fixed molecular architecture also imposes a fixed 
ratio of activity against both targets, which may not correspond 
to the levels of target engagement required across different 
tumour compartments. Consequently, target engagement, 
brain penetration, and selectivity must be demonstrated inde‑
pendently. Furthermore, mechanistic complementarity does 
not necessarily imply synergy; claims of synergistic activity 
require appropriate interaction analyses together with relevant 
single‑agent controls (14‑16).

Mechanistic target of rapamycin (mTOR) and G1 to S 
phase transition 1 (GSPT1). YB‑3‑17 combines mTOR inhibi‑
tion with cereblon (CRBN)‑dependent degradation of GSPT1 
within a single molecule, thereby producing a dual‑target, 
dual‑mechanism antitumour effect. Mechanistically, YB‑3‑17 
has been shown to suppress mTORC2 signalling, activate 
tumour‑suppressive genes such as DNA damage‑inducible 
transcript 4 (DDIT4), and disrupt amino acid biosynthesis and 
p53‑mediated apoptotic pathways. The degradation effect was 
found to be abolished following CRBN knockout, confirming 
the dependence of this activity on the CRBN adaptor protein. 
This example demonstrates how dual‑target molecular design 
can simultaneously disrupt oncogenic signalling and proteo‑
static adaptation (17). However, these findings provide only 
proof of concept for integrating inhibition and targeted protein 
degradation within a single compound. They do not establish 
clinically effective brain exposure, an acceptable therapeutic 
window in humans, or prevention of acquired resistance.

IDH1 and IDH2. Mutations in IDH1 and IDH2 confer 
neomorphic enzymatic activity on IDH, resulting in the 
conversion of α‑ketoglutarate to the oncometabolite 2‑hydrox‑
yglutarate. The accumulation of this metabolite promotes 
epigenetic dysregulation and impaired cellular differentiation, 
both of which contribute to gliomagenesis (18). Vorasidenib 
and AG‑881 refer to the same compound, with AG‑881 
representing the developmental code name. Vorasidenib 
inhibits both mutant IDH1 and mutant IDH2, reducing 
D‑2‑hydroxyglutarate production while showing favourable 
BBB penetration (19,20). The designation ‘dual mutant‑IDH 
inhibitor’ refers to activity against two closely related enzyme 
isoforms within a shared metabolic pathway rather than inhi‑
bition of two independent oncogenic pathways. Consequently, 
its medicinal chemistry rationale differs fundamentally from 
dual‑targeting strategies such as mTOR/GSPT1 co‑targeting 
and should not be interpreted as a distinct successor to AG‑881.

In the randomised INDIGO trial, patients with grade 2 
IDH‑mutant glioma treated with surgery alone experienced 
significantly longer imaging‑based progression‑free survival 
with vorasidenib than with placebo, with median values of 
27.7 and 11.1 months, respectively, corresponding to a hazard 
ratio of 0.39  (21,22). In August 2024, the FDA approved 
vorasidenib for patients aged 12 years or older with grade 2 
astrocytoma or oligodendroglioma harbouring a susceptible 
IDH1 or IDH2 mutation following surgery. However, these 
findings do not demonstrate efficacy in IDH‑wildtype GBM. 
Accordingly, vorasidenib is included here as a contextual 
example of successful brain‑penetrant drug design rather than 
as a treatment recommendation for GBM (23‑25).

Venetoclax‑derived B‑cell lymphoma 2 (BCL‑2) and 
histone deacetylase (HDAC) inhibitors. Venetoclax is a 
selective BCL‑2 inhibitor and does not inhibit HDAC1 or 
HDAC6. To address multiple resistance mechanisms simul‑
taneously, researchers have developed chemically modified 
venetoclax‑derived compounds that combine BCL‑2 inhibi‑
tion with HDAC1 or HDAC6 inhibitory activity; however, 
these molecules are novel experimental entities rather than 
modified applications of venetoclax itself. The cited study 
evaluated their anti‑leukaemic activity. Mechanistically, 
HDAC1 inhibition may suppress myeloid cell leukemia 1 
(MCL‑1) expression, whereas HDAC6 inhibition can increase 
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expression of the pro‑apoptotic protein BCL‑2‑interacting 
mediator of cell death (BIM). Incorporation of HDAC1‑ or 
HDAC6‑selective pharmacophores into a venetoclax‑derived 
scaffold has therefore generated dual‑target compounds that 
combine BCL‑2 inhibition with HDAC isoform selectivity, 
illustrating the potential of polypharmacological drug design 
in cancer therapy (26).

In glioma‑related studies, HDAC1 primarily regulates 
gene networks involved in DNA replication and chromosome 
segregation, whereas HDAC6 is more closely associated with 
extracellular matrix organisation and cell adhesion pathways. 
These observations support a mechanistic role for HDAC 

inhibition in epigenetic reprogramming and glioma biology, 
particularly in IDH1‑mutant settings. Separate studies have 
implicated both HDAC1 and HDAC6 in glioma pathogen‑
esis  (27,28). Nevertheless, these findings do not validate 
venetoclax‑derived BCL‑2/HDAC inhibitors as therapeutic 
agents for GBM. Critical issues, including central nervous 
system (CNS) exposure, tumour penetration, and potential 
neurotoxicity, remain unresolved for this class of compounds.

Small molecules combining checkpoint modulation with 
a second target. Programmed cell death protein 1 (PD‑1) 
blockade plays a central role in glioma immunotherapy. 

Figure 1. Conceptual framework of dual‑target therapeutic strategies for glioblastoma. (A) Dual targeting of GSCs and DGCs, whose functional division of 
labor and dynamic plasticity drive recurrence and drug resistance. (B) Spatially coordinated targeting of the TC and invasive PTB to reduce residual disease 
and recurrence. (C) Single‑molecule dual‑target strategies designed to block driver pathways and compensatory signaling while improving BBB penetration. 
(D) Dual‑target CAR‑T strategies aimed at overcoming antigen heterogeneity and immune escape. (E) Integration with radiotherapy and radiosensitizers can 
enhance therapeutic efficacy. (F) Oncolytic virus‑ and nanocarrier‑based strategies that remodel the local immune microenvironment and improve targeted 
delivery. GSCs, glioma stem cells; DGCs, differentiated glioma cells; TC, tumor core; PTB, peritumoral border; BBB, blood‑brain barrier; CAR‑T, chimeric 
antigen receptor T cell.
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Preoperative administration of PD‑1 inhibitors can enhance 
the activation and clonal expansion of tumour‑infiltrating 
T cells while promoting the recruitment and antigen‑presenting 
activity of conventional type 1 dendritic cells (cDC1s). In 
addition, PD‑1 inhibition may reverse T‑cell exhaustion and 
stimulate adaptive immune responses  (29,30). However, 
immune activation should not be equated with clinical benefit. 
In a randomised phase III trial involving patients with newly 
diagnosed GBM and an unmethylated O6‑methylguanine‑DNA 
methyltransferase (MGMT) promoter, nivolumab combined 
with radiotherapy failed to improve survival compared with 
temozolomide plus radiotherapy (9).

A major limitation of PD‑1 monotherapy in glioma is the 
tumour‑associated macrophage (TAM)‑dominated immu‑
nosuppressive microenvironment. Even when T‑cell and 
cDC1 activation is achieved, TAMs can continue to suppress 
effector T‑cell cytotoxicity through immunosuppressive 
cytokine production, metabolic competition, and physical or 
biochemical barriers within the tumour microenvironment. 
As a result, immune activation may become dissociated from 
meaningful clinical benefit, reflecting the limited capacity of 
PD‑1 blockade alone to overcome tumour‑intrinsic signalling 
pathways and the myeloid‑derived suppressive axis (31,32). 
These observations support investigating complementary 
therapeutic strategies while highlighting the need for caution 
when extrapolating immune biomarker responses to patient 
outcomes.

EP26. EP26 incorporates structural features of gefi‑
tinib and the programmed death‑ligand 1 (PD‑L1) inhibitor 
BMS‑202, thereby combining inhibition of epidermal growth 
factor receptor (EGFR) and PD‑L1‑associated signalling 
within a single molecule. The original study evaluated its 
antitumour and immunomodulatory activity in GBM‑related 
preclinical models  (33). Compared with the non‑glioma 
examples discussed below, this work is more directly relevant 
to GBM; however, the evidence remains entirely preclinical. 
Reported permeability characteristics and systemic pharma‑
cokinetic findings do not establish uniform drug distribution 
within infiltrative human tumours. Clinical translation will 
require demonstrating that free drug concentrations in the 
brain reach levels sufficient for both pharmacological activi‑
ties, assessing efflux transport and metabolite formation, and 
confirming that antitumour effects depend on engagement of 
both targets (34,35).

HP29 and PH3. HP29 is an experimental dual PD‑L1/ 
HDAC6 inhibitor. In the discovery study, HP29 exhibited 
an oral bioavailability of 15.3% and achieved 65.5% tumour 
growth inhibition in a melanoma model, compared with 53.9% 
in the tested combination‑control group (36). Although these 
findings support further investigation, they do not demonstrate 
effective brain penetration or therapeutic efficacy in GBM.

PH3 is a dual PD‑L1/HDAC3 inhibitor. The primary 
study reported dose‑dependent antitumour activity in 
B16‑F10 melanoma‑bearing mice (37,38). However, based 
on these early experimental data, neither HP29 nor PH3 
should be considered clinically effective therapies or less 
toxic alternatives to combination treatment. Further evalua‑
tion is required to determine isoform selectivity, long‑term 
immunological effects, and tolerability in normal neural 
tissues.

CC‑5. CC‑5 simultaneously targets PD‑L1 and CD73, 
potentially linking immune checkpoint modulation with 
reduction of adenosine‑mediated immunosuppression. The 
compound was generated by optimising the PD‑L1 inhibitor 
BMS1233 scaffold and incorporating a CD73‑targeting 
pharmacophore. Relative to CD73‑targeted monotherapy or 
PD‑L1/CD73 combination treatment, CC‑5 increased infiltra‑
tion of CD8+ T cells and promoted remodelling of the tumour 
immune microenvironment. In addition, it has favourable oral 
bioavailability. In preclinical studies, CC‑5 achieved tumour 
growth inhibition rates of 64.3% in CT26 colorectal tumours 
and 39.6% in B16‑F10 melanoma tumours. Nevertheless, the 
available data do not establish favourable BBB permeability 
or therapeutic potential in GBM (39,40).

SMC18. SMC18 targets both signal regulatory protein‑α 
(SIRPα) and PD‑L1, thereby disrupting the CD47/SIRPα and 
PD‑1/PD‑L1 signalling axes. Research in colorectal cancer 
and melanoma models showed enhanced macrophage‑medi‑
ated phagocytosis alongside increased T‑cell activity. 
SMC18 also promoted CD8+ T‑cell infiltration and M1‑like 
macrophage activation  (41). These findings illustrate how 
small‑molecule dual‑targeting approaches may extend beyond 
simple checkpoint blockade by simultaneously modulating 
tumour‑promoting signalling pathways, epigenetic regulators, 
or tumour‑associated macrophage‑related mechanisms.

More broadly, combining PD‑1/PD‑L1 blockade with 
inhibition of pathways such as signal transducer and activator 
of transcription 3 (STAT3), HDAC, mitogen‑activated protein 
kinase (MAPK), or tumour metabolism may reinforce adaptive 
immune activation while reshaping the immunosuppressive 
microenvironment, potentially improving the durability and 
efficacy of glioma immunotherapy (42‑44). However, transla‑
tion of these approaches requires careful assessment of brain 
exposure, the consequences of simultaneous activation of 
myeloid and lymphoid cell populations within the confined 
intracranial environment, and the potential for normal‑tissue 
toxicity associated with checkpoint pathway interference.

For all five compounds discussed in this section, scal‑
able synthesis, impurity control, formulation stability, and 
maintenance of reproducible dual‑target potency remain 
developmental requirements rather than established clinical 
advantages (Table I).

Dual‑antigen cellular therapies and complementary combina‑
tions. Single‑target CAR‑T cell therapies depend on stable and 
relatively homogeneous antigen expression. By contrast, glioma 
cells exhibit marked spatial and temporal heterogeneity in 
antigen presentation, allowing antigen loss or downregulation 
to promote rapid immune escape. CAR‑T cells are genetically 
engineered lymphocytes that express CARs directed against 
tumour‑associated antigens such as disialoganglioside GD2 
(GD2), B7 homolog 3 (B7‑H3), EGFR variant III (EGFRvIII), 
and interleukin‑13 receptor subunit α2 (IL‑13Rα2). Following 
antigen recognition, CAR‑T cells activate intracellular signalling 
pathways, induce tumour‑cell apoptosis, and secrete pro‑inflam‑
matory cytokines that modulate the tumour microenvironment. 
Local administration may enhance intratumoural accumulation 
while reducing systemic toxicity, whereas cytokine support and 
dual‑target receptor designs may help mitigate antigen escape 
and T‑cell exhaustion (45‑49).
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EGFR‑family and IL‑13Rα2 targeting. Locoregional 
IL‑13Rα2‑directed CAR‑T cell therapy has progressed 
to phase  I clinical evaluation in recurrent high‑grade 
glioma (50,51). EGFRvIII represents another therapeutically 
relevant GBM‑associated antigen, and EGFRvIII‑targeted 
CAR‑T cells have demonstrated cytotoxic activity accompa‑
nied by increased interferon (IFN)‑γ production (34,52,53). 
However, antigen loss remains a major limitation of 
single‑target approaches.

Dual targeting of EGFRvIII and IL‑13Rα2 has been shown to 
activate both CD8+ and CD4+ T cells and promote the production 
of multifunctional cytokines, including IFN‑γ, tumor necrosis 
factor (TNF)‑α, and interleukin (IL)‑2 (48). In dual‑gated CAR‑T 
designs, two antigen‑recognition modules are co‑expressed. 
Binding of either antigen can initiate CD3‑mediated signalling, 
whereas simultaneous engagement of both antigens enhances 
co‑stimulatory signalling, Ca²+ flux, and nuclear factor of 
activated T cells (NFAT)/activator protein 1 (AP‑1)‑dependent 
transcriptional activation. This strategy may reduce antigen 
escape and improve tumour‑cell killing, thereby supporting 
more sustained antitumour activity (54). In addition, a trispecific 
T‑cell engager targeting EGFRvIII, IL‑13Rα2, and CD3 has 
shown preclinical activity in heterogeneous GBM models (55). 
Although encouraging, these findings remain preclinical and do 
not establish clinical benefit or improved tolerability.

Endothelial phosphoglycerate dehydrogenase (PHGDH) 
modulation combined with EGFRvIII‑directed CAR‑T cells. 
PHGDH‑driven serine metabolism within tumour endothelial 

cells contributes to abnormal vascularisation, hypoxia, and 
resistance to CAR‑T‑cell therapy. In GBM models, genetic 
deletion or pharmacological inhibition of endothelial PHGDH 
improved vascular function and the immune microenvi‑
ronment while enhancing EGFRvIII‑directed CAR‑T cell 
activity (55). These findings suggest that targeting PHGDH 
alongside EGFRvIII‑directed CAR‑T therapy may help over‑
come vascular barriers and microenvironmental mechanisms 
that limit cellular immunotherapy. However, this approach 
remains experimental, and the relative contribution of endo‑
thelial remodelling vs. direct immune effects requires further 
clarification.

GD2 and B7‑H3. GD2‑targeted CAR‑T cells have been 
evaluated in H3K27M‑mutant diffuse midline glioma and 
in a limited number of GBM investigations. Similarly, 
B7‑H3‑directed CAR‑T and CAR‑natural killer (NK) cells 
have demonstrated antitumour activity in preclinical GBM 
models  (56,57). B7‑H3 is an attractive glioma‑associated 
target because it contributes to tumour‑cell survival, prolif‑
eration, metabolic adaptation, and immune evasion through 
signalling pathways that include phosphoinositide 3‑kinase 
(PI3K)‑protein kinase B (AKT)‑mTOR and Janus kinase 
(JAK)‑STAT3 (58,59).

B7‑H3‑targeted CAR‑T and CAR‑NK approaches have 
demonstrated tumour‑eradicating activity and durable immune 
memory in preclinical glioma systems (60,61). These studies 
provide proof of principle for conditional antigen‑recog‑
nition strategies but do not show reduced neurotoxicity or 

Table I. Summary of dual‑targeting compounds for glioma.

Agent or class	 Activities	 Disease context	 Interpretive limitation	 (Refs.)

YB‑3‑17	 mTOR inhibition;	 GBM‑related cell and	 Intracranial exposure and	 (17)
	 GSPT1 degradation	 mouse experiments 	 clinical therapeutic window
			   unresolved
Vorasidenib	 Mutant IDH1 and	 Phase III grade 2 IDH‑	 Same metabolic pathway	 (19,20)
(AG‑881)	 mutant IDH2 inhibition	 mutant glioma;
		  approved indication 
Venetoclax‑	 BCL‑2/HDAC;BCL‑2/	 Anti‑leukemic cellular	 Not venetoclax itself	 (26‑28)
derived	 HDAC6	 studies
experimental
compounds
EP26	 PD‑L1 and EGFR	 GBM‑related preclinical	 Regional unbound exposure	 (33‑35)
		  study 	 and dual engagement need
			   validation
HP29	 PD‑L1 and HDAC6	 Melanoma model	 Systemic pharmacokinetics	 (36)
			   do not establish CNS delivery
CC‑5	 PD‑L1 and CD73	 B16‑F10 melanoma	 CNS exposure and chronic	 (39,40)
		  model 	 safety unresolved
PH3	 PD‑L1 and HDAC3	 CT26 colorectal and	 Favorable brain permeability	 (37,38)
		  B16‑F10 melanoma	 not established here
		  models 

GBM, glioblastoma; mTOR, mechanistic target of rapamycin; GSPT1, G1 to S phase transition 1; IDH, isocitrate dehydrogenase; BCL‑2, B‑cell 
lymphoma 2; HDAC, histone deacetylase; HDAC3, histone deacetylase 3; HDAC6, histone deacetylase 6; PD‑L1, programmed death‑ligand 1; 
EGFR, epidermal growth factor receptor; CNS, central nervous system.

https://www.spandidos-publications.com/10.3892/or.2026.9217


ZHAO et al:  DUAL-TARGET THERAPY FOR GLIOBLASTOMA6

improved survival in patients with GBM. Furthermore, 
evidence from diffuse midline glioma, neuroblastoma, and 
adult‑type GBM should be considered separately because of 
substantial biological and clinical differences between these 
diseases (62‑64).

Prostate‑specific membrane antigen (PSMA) and GD2. 
PSMA is highly expressed within the neovasculature of 
high‑grade gliomas. CAR‑T cells co‑targeting PSMA and GD2 
have therefore been proposed to reduce antigen escape while 
enhancing antitumour activity (65,66). Similarly, dual‑target 
CAR‑T cells directed against CD44 and CD133 may provide 
broader coverage across GBM subtypes. Preclinical studies 
suggest that such designs may enhance anti‑apoptotic signal‑
ling through the STAT5‑BCL2 axis and support CAR‑T‑cell 
persistence within hypoxic tumour microenvironments by 
promoting expression of glycolytic enzymes (67,68) (Table II).

Conceptually, the principal advantage of dual‑target 
CAR‑T therapy may extend beyond increased cytotoxicity. 
By reducing opportunities for tumour escape through antigen 
modulation, these approaches may restrict the adaptive trajec‑
tories available to GBM under immune‑selective pressure. 
Nevertheless, whether dual‑target CAR‑T therapies meaning‑
fully constrain tumour evolution in patients remains a testable 
hypothesis rather than an established clinical outcome. Future 
progress will depend on optimisation of antigen selection, 
receptor signalling architecture, trafficking, persistence, and 
microenvironmental modulation within integrated therapeutic 
platforms. Ultimately, durable clinical control will require 
demonstration that enhanced antigen coverage translates into 
sustained efficacy without unacceptable neurological toxicity.

Oncolytic viral platforms. OVs combine tumour‑cell lysis 
with inflammatory signalling and can be engineered to deliver 
immune‑modulatory payloads. However, combining direct 
oncolysis with immune activation does not inherently consti‑
tute dual‑target inhibition at the molecular level. Dual‑target 
OV strategies are designed to exploit tumour‑intrinsic 
vulnerabilities while remodelling the surrounding immune 

microenvironment. Accordingly, engineered OVs function not 
only as cytolytic agents but also as multifunctional therapeutic 
platforms that integrate tumour debulking with immune 
activation. During oncolysis, OVs release tumour‑associated 
antigens and danger signals, including damage‑associated 
molecular patterns (DAMPs) and pathogen‑associated molec‑
ular patterns (PAMPs), thereby stimulating innate and adaptive 
immune responses and generating an in situ tumour‑vaccine 
effect (69‑72).

Reprogramming the tumour‑immune interface through 
dual‑target design. Bispecific antibodies are engineered 
molecules capable of simultaneously recognising two antigens 
or two distinct epitopes. They can bridge immune effector 
cells, such as T cells or NK cells, with tumour cells, promote 
immune synapse formation, activate cytotoxic responses, 
block paired immune checkpoints, or inhibit multiple 
tumour‑signalling pathways. Combining bispecific antibodies 
or bispecific T‑cell engagers (BiTEs) with OVs therefore repre‑
sents a promising strategy for enhancing local antitumour 
immunity (73‑75). Precise incorporation of BiTEs or other 
immunomodulatory payloads into herplex simplex virus type 
1 (HSV‑1) or adenoviral vectors may also permit spatially and 
temporally controlled transgene expression within the tumour 
microenvironment (76‑78).

Dual‑target OV platforms are specifically designed to 
remodel the tumour‑immune interface. One approach involves 
arming OVs with BiTEs directed against the tumour‑associated 
antigen B7‑H3 and the T‑cell marker CD3. These OV‑BiTE 
systems circumvent limitations in antigen presentation by 
directly linking tumour cells with cytotoxic T lympho‑
cytes, thereby enhancing immune synapse formation and 
tumour‑specific cytotoxicity. For example, researchers incorpo‑
rated the B7H3nb/CD3 bispecific antibody (BsAb) gene into an 
oHSV‑1 genome to combine localised oncolysis with immune 
activation. This platform selectively lysed B7‑H3‑positive 
tumour cells, increased T‑cell infiltration, reduced immunosup‑
pressive cell populations, and limited systemic toxicity through 
local BsAb expression (79,80). Another strategy combines an 

Table II. Cellular therapies and complementary combinations.

Product or strategy	 Architecture and intended function	  Disease context	 Primary limitations	 (Refs.)

CAR‑T‑EGFR‑IL13Rα2	 Bivalent product targeting EGFR	 Phase I recurrent 	 Antigen heterogeneity;	 (50,52)
	 epitope 806 and IL‑13Rα2	 EGFR‑amplified GBM	 persistence
EGFRvIII/IL‑13Rα2/	 Tri‑specific soluble engager	 Preclinical GBM 	 Complex receptor	 (53,54)
CD3 engager			   design
PHGDH modulation	 Endothelial metabolic	 Preclinical GBM 	 Validation still limited	 (55)
plus EGFRvIII CAR‑	 interventionplus antigen‑
T cells	 directed therapy
GD2‑B7‑H3 SynNotch	 Conditional antigen sensing and	 Preclinical	 Potential on‑target	 (56,57,
CAR‑T cells	 CAR expression	 neuroblastoma	 toxicity	 62‑64)
PSMA CAR‑T cells	 Combination of separately	 Exploratory refractory/	 Target selection and	 (65,66)
plus GD2 CAR‑T cells	 directed cell products	 relapsed glioma report 	 safety

CAR‑T, chimeric antigen receptor T cell; EGFR, epidermal growth factor receptor; IL‑13Rα2, interleukin‑13 receptor subunit α2; GBM, 
glioblastoma; EGFRvIII, epidermal growth factor receptor variant III; PHGDH, phosphoglycerate dehydrogenase; GD2, disialoganglioside 
GD2; SynNotch, synthetic Notch; PSMA, prostate‑specific membrane antigen.
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oncolytic adenovirus carrying an early region 1B 55‑kilodalton 
protein (E1B‑55kD) deletion with a replication‑defective adeno‑
virus encoding an ephrin type‑A receptor 2 (EphA2)‑BiTE 
transgene. This system enhances intratumoural BiTE produc‑
tion, redirects T cells towards EphA2‑positive glioma cells, 
increases apoptosis, upregulates activation markers including 
CD25 and Ki67, reduces tumour burden, and prolongs survival 
without evident neurotoxicity (81).

OVs can also be engineered to augment innate and adap‑
tive immune‑signalling pathways. Expression of NK group 
2 member D (NKG2D) ligands or NKG2D‑based adaptor 
systems exploits stress‑associated signals that are frequently 
upregulated in tumour cells, thereby enhancing NK‑cell and 
T‑cell activation. The combined effects of viral oncolysis and 
immune receptor engagement establish a positive‑feedback 
loop that promotes immune‑mediated tumour clearance. 
NKG2D BiTEs can bridge GBM cells and T cells while 
increasing expression of CD25, CD69, granzyme B, perforin, 
and IFN‑γ, thereby enhancing antitumour activity (82).

Cytokine and checkpoint combinations. Advances in viral 
engineering have improved intratumoural dissemination and 
targeting specificity. Modifying viral tropism, incorporating 
tumour‑targeting ligands, and combining viruses with phar‑
maceutical or nanoparticle delivery platforms can enhance 
viral distribution throughout tumour parenchyma. Modified 
adenovirus (D24‑RGD) and reovirus (R124) have been inves‑
tigated for their capacity to lyse tumour cells and stimulate 
immune responses in paediatric diffuse midline glioma. 
Furthermore, combining engineered T cells with OV therapy 
may further enhance antitumour immunity (83).

OV‑IL15C, an HSV‑1‑derived OV expressing the IL‑15/ 
IL‑15Rα complex, integrates tumour lysis with immune stimu‑
lation. When combined with EGFR‑CAR NK cells, the OV 
eliminates EGFR‑negative tumour cells, whereas CAR‑NK 
cells selectively target EGFR‑positive cells. This complemen‑
tary activity results in synergistic antitumour efficacy and 
reduced cytokine‑associated toxicity compared with systemic 
IL‑15 administration (84).

Genetic engineering of oHSV‑1 has also enabled the 
development of OV‑cetuximab‑C‑C motif chemokine ligand 
5 (CCL5), which expresses a cetuximab (anti‑EGFR)‑CCL5 
fusion protein to promote tumour‑targeted delivery of CCL5 
and enhance immune activation. Through signalling via the 
C‑C motif chemokine receptor (CCR)1/CCR5 axis, CCL5 acti‑
vates NK cells, macrophages, and T cells, thereby improving 
the cytotoxic activity directed against GBM cells  (85). 
Another engineered platform, PD‑1/Al@OV, combines an OV 
with anti‑PD‑1 therapy and alendronate to address both T‑cell 
dysfunction and tumour‑associated macrophage‑mediated 
immunosuppression (86).

δ‑24‑ACT is an oncolytic adenovirus developed to 
improve immunotherapeutic efficacy through targeting of the 
CD137/PD‑L1 axis. Infected tumour cells express functional 
4‑1BB ligand (4‑1BBL) and remodel the tumour microenvi‑
ronment by increasing immune‑cell infiltration. Combination 
with PD‑L1 blockade further enhances antitumour immunity 
while avoiding severe hepatotoxicity (87).

Local delivery of oncolytic HSV can also reverse 
tumour‑associated immunosuppression. The oHSV C5252 
construct co‑expresses IL‑12 and an anti‑PD‑1 antibody 

fragment, activating dendritic cells, NK cells, and CD8+ T cells; 
promoting polarisation of Th1 cells and M1 macrophages; 
suppressing Treg activity; increasing IFN‑γ production; 
and inhibiting the PD‑1/PD‑L1 pathway. Collectively, these 
effects reverse T‑cell exhaustion while minimising systemic 
toxicity (88,89) (Table III).

Overall, dual‑target and multifunctional OV platforms 
represent a promising strategy for overcoming intrinsic 
GBM resistance. Future OV studies should report viral 
dose, replication competence, payload expression, viral 
shedding, and biological activity in both immunocompetent 
and patient‑derived models. The absence of overt toxicity 
in short‑term murine studies does not establish an adequate 
therapeutic window for human application. Although payload 
incorporation may enhance local antitumour activity, it can 
also reduce viral fitness, complicate potency assessment, and 
increase manufacturing variability. Consequently, durable 
clinical benefit from the engineered combinations reviewed 
here remains to be established (Table III).

Nanocarriers and coordinated delivery. Functionalised 
nanocarriers extend dual‑target therapy beyond combina‑
tions of molecular targets by addressing two major barriers 
simultaneously: Inefficient drug delivery and tumour spatial 
heterogeneity. Through multi‑ligand surface modification, 
stimulus‑responsive drug release, and multimodal payload 
incorporation, nanodelivery systems can achieve differential 
drug distribution across distinct cell populations and tumour 
regions, enabling dual‑target intervention at both the delivery 
and functional levels (90,91). The progression from conven‑
tional nanocarriers to engineered cell‑based and biomimetic 
delivery systems has further improved the precision and 
translational potential of GBM therapy. Nanocarriers offer an 
effective approach to enhance brain penetration, tumour accu‑
mulation, and controlled drug release. Optimisation of particle 
size, surface properties, and stimulus‑responsive behaviour 
can improve tumour targeting and tissue penetration while 
reducing systemic toxicity (92,93).

Ligand‑mediated and dual‑ligand targeting. Researchers 
have investigated angiopep‑2/trans‑activator of transcrip‑
tion (TAT)‑functionalised nanomicelles for docetaxel 
delivery in orthotopic glioma models. Angiopep‑2 facilitates 
receptor‑mediated targeting, whereas TAT enhances cellular 
uptake despite limited intrinsic tumour specificity. Researchers 
have also evaluated dual‑functionalised extracellular vesicles 
in glioma models. These approaches have demonstrated 
improved delivery in the systems examined; however, receptor 
expression patterns, endothelial transport mechanisms, and 
non‑specific uptake may vary substantially between species 
and across tumour regions (94).

Integration of angiopep‑2 targeting with guanidine‑fluo‑
ride‑mediated stabilisation has been reported to improve 
CRISPR/Cas9 delivery efficiency in GBM. However, 
gene‑editing strategies and immune modulation represent 
distinct therapeutic functions, and factors such as off‑target 
editing, durability of gene modification, and exposure 
within healthy brain tissue require careful evaluation. 
Hyaluronic‑acid (HA)‑based drug‑loaded nanoparticles 
have also been studied for their ability to induce immu‑
nogenic cell death and enhance uptake in patient‑derived 
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GBM specimens  (95,96). Additionally, targeting the 
immune‑evasion factor growth differentiation factor 15 
(GDF15) promotes M1 macrophage polarisation and CD8+ 
T‑cell activation, suppresses M2 macrophages and exhausted 
T cells, reverses immune suppression, and enhances the 
efficacy of immune‑checkpoint therapies (97).

HA‑ and polyarginine (PA)‑based nanoparticles loaded 
with DACHPt enable dual uptake by tumour cells and myeloid 
cells through CD44‑mediated recognition. This dual‑targeting 
mechanism enhances tumour‑specific accumulation, induces 
immunogenic cell death, promotes DAMP release, and 
remodels the immunosuppressive tumour microenviron‑
ment (98‑100). HA‑modified gold nanorods have also been 
used in photothermal therapy, where CD44‑mediated targeting 
facilitates localised tumour‑cell ablation and inhibits glioma 
progression (101).

Multifunctional nanoplatforms. Ti@FeAu core‑shell 
nanoparticles integrate targeting, imaging, and therapeutic 
capabilities within a single platform. Angiopep‑2 modifi‑
cation improves BBB penetration and tumour targeting, 
while the nanoparticle simultaneously supports magnetic 
resonance imaging (MRI) and magnetothermal therapy, 
establishing a dual‑target theranostic strategy  (102). In 
addition, NP1‑temozolomide nanoparticles produced by 
nanoprecipitation increase temozolomide encapsulation 

efficiency and stability, extend drug‑release duration, 
enhance brain‑targeting capability, and reduce systemic 
toxicity (103).

Biomimetic delivery systems. Engineered bacterial outer 
membrane vesicles (OMVs) co‑delivering doxorubicin and 
CD47‑small interfering (si)RNA have been developed to 
overcome immune tolerance in GBM. Doxorubicin promotes 
immunogenic cell death through increased calreticulin (CRT) 
exposure and high‑mobility group box 1 (HMGB1) release, 
thereby enhancing dendritic‑cell maturation, whereas CD47 
silencing increases macrophage‑mediated phagocytosis. 
Together, these effects generate a synergistic chemo‑immuno‑
modulatory response (104).

Protein‑mediated targeting further broadens nanode‑
livery strategies. The lipid nanoparticle Nb‑C8Pt‑Ls forms 
an low‑density lipoprotein receptor‑related protein 1 
(LRP1)‑targeting protein corona through interaction with 
plasma fibronectin, thereby facilitating both BBB penetra‑
tion and tumour targeting while maintaining favourable 
scalability (105). Similarly, the BIP‑2‑methacryloyloxyethyl 
phoshorylcholine (MPC) nanopar ticle incorporates 
dual‑targeting peptides directed against EGFR and MET 
and simultaneously inhibits the Ras/MAPK and PI3K/AKT 
pathways, reducing compensatory signalling and improving 
sensitivity to temozolomide (106).

Table III. OV strategies.

	 Payload or	 Evidence and
Platform	 complementary treatment	 disease context	 Primary limitations	 (Refs.)

HSV‑1 expressing	 Local expression of a bispecific	 Preclinical cancer‑	 Clinical GBM benefit not	 (79,80)
B7H3nb/CD3	 T‑cell engager	 model study 	 established
Oncolytic	 OV plus a separate replication‑	 Preclinical high‑	 Not a single‑vector	 (81)
adenovirus plus	 defective adenovirus	 grade glioma	 product
EphA2‑BiTE
vector
NKG2D‑ligand	 Soluble immune engager	 Preclinical GBM	 Ligand heterogeneity;	 (82)
engager plus	 combined with oncolysis		  timing and immune‑cell
virotherapy			   access
OV‑IL15C plus	 IL‑15/IL‑15Rα expression plus	 Preclinical GBM 	 Coordinated delivery;	 (84)
EGFR CAR	 EGFR‑directed cell therapy		  cytokine exposure and
NK cells			   neuroinflammation
OV‑cetuximab‑	 Cetuximab‑CCL5 fusion protein	 Preclinical GBM 	 Chemokine distribution;	 (85)
CCL5			   immune effects and viral
			   fitness
PD‑1/Al@OV	 Anti‑PD‑1 and alendronate with	 Preclinical GBM	 Multicomponent manu‑	 (86)
	 an OV 		  facturing; myeloid effects
			   and safety
δ‑24‑ACT plus	 Virus‑encoded 4‑1BB ligand	 Preclinical GBM 	 Not intrinsic viral PD‑L1	 (87)
PD‑L1 blockade	 plus separate checkpoint		  inhibition; scheduling and
	 blockade		  immune safety

HSV‑1, herpes simplex virus type 1; nb, nanobody; OV, oncolytic virus; EphA2, Ephrin type‑A receptor 2; BiTE, bispecific T‑cell engager; 
NKG2D, natural killer group 2 member D; GBM, glioblastoma; IL‑15, interleukin‑15; IL‑15Rα, interleukin‑15 receptor subunit α; EGFR, 
epidermal growth factor receptor; CAR, chimeric antigen receptor; NK, natural killer; CCL5, C‑C motif chemokine ligand 5; PD‑1, programmed 
cell death protein 1; PD‑L1, programmed death‑ligand 1.
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Surface modification can also exploit receptors frequently 
overexpressed in GBM, including members of the low‑density 
lipoprotein receptor (LDLR) family, transferrin receptor 
(TfR), neuropilin‑1 (NRP‑1), and IL‑13Rα2, to improve 
delivery precision. Dual‑ligand systems such as angiopoi‑
etin‑2 (ANG2)/TAT cell‑penetrating peptide (CPP) and 
angiopep‑2/TAT further improve BBB penetration and tumour 
specificity  (107,108). To address anti‑apoptotic resistance, 
the biomimetic AM@NP (ABT/A12) platform co‑delivers 
the Bcl‑2/B‑cell lymphoma‑extra large (Bcl‑xL) inhibitor 
ABT and the Mcl‑1 inhibitor A12. The system releases its 
payload in the acidic tumour microenvironment and benefits 
from LDLR‑mediated uptake, thereby overcoming dual 
anti‑apoptotic resistance mechanisms in GBM (109).

Stimulus‑responsive peptide systems offer additional 
advantages. The cyclic arginine‑glycine‑aspartic acid (cRGD) 
peptide targets αvβ3 integrin, which is frequently overex‑
pressed in GBM, whereas the pH‑responsive peptide (LLHH)3 
promotes endosomal escape. Co‑delivery of siEGFR and siP65 
enables simultaneous inhibition of the EGFR and NF‑κB path‑
ways, resulting in markedly enhanced radiosensitivity (110). 
The dual‑responsive PC/M nanosystem further improves 
uptake in the acidic tumour microenvironment through a 
glutathione‑responsive core that releases paclitaxel and an 
MPC shell that mimics choline, supporting delivery of both 
small‑molecule drugs and siRNAs (111).

In summary, functionalised nanocarriers expand dual‑target 
therapy beyond conventional molecular‑target combinations 
toward integrated, spatiotemporally coordinated therapeutic 

strategies. By precisely regulating delivery pathways, release 
kinetics, and intratumoural distribution, these systems offer a 
more comprehensive and potentially translatable therapeutic 
approach for GBM (Table IV).

3. Complementary cellular and spatial dependencies

Systemic basis of dual targeting of glioma stem cells (GSCs) 
and differentiated tumour cells (DGCs). GSCs and DGCs 
represent useful experimental classifications; however, they 
do not constitute permanently distinct cellular populations. 
Stem‑like states support self‑renewal and therapeutic toler‑
ance, whereas differentiated states contribute to tumour 
growth and microenvironmental regulation. Single‑cell 
sequencing and lineage‑tracing studies have demonstrated 
substantial bidirectional plasticity between these cellular 
states (112‑115). Consequently, combining agents with pref‑
erential activity against different cellular phenotypes may 
broaden antitumour efficacy, although reductions in stem‑cell 
marker expression alone do not eliminate tumour‑propagating 
capacity. Reciprocal signalling between cellular compartments 
further limits strategies targeting a single state. For example, 
DGC‑derived brain‑derived neurotrophic factor supports 
GSC maintenance through neurotrophic receptor tyrosine 
kinase 2 (NTRK2) signalling, whereas cellular communica‑
tion network factor 1 (CCN1) produced by differentiated cells 
promotes macrophage recruitment and tumour progression. In 
addition, exosome‑mediated transfer of ATP‑binding cassette 
subfamily B member 4 (ABCB4) provides a mechanism 

Table IV. Nanocarriers and coordinated delivery.

		  Evidence and
Platform	 Delivery or therapeutic functions	 disease context	 Primary limitations	 (Refs.)

Angiopep‑2/TAT	 Receptor‑mediated targeting plus	 Preclinical GBM	 Off‑target uptake	 (94)
nanoparticles	 enhanced cellular uptake
CRISPR/Cas9	 Brain‑directed editing; GDF15‑	 Preclinical GBM 	 Editing safety	 (95,96)
nanoparticles	 directed immune modulation in a
	 separate platform
HA/CD44	 Tumor/myeloid uptake and immu‑	 Patient‑derived	 Biodistribution	 (98‑100)
nanoparticles	 nogenic cell death	 GBM material 	 control
Ti@FeAu	 Imaging and thermal‑treatment	 Preclinical nanother‑	 Long‑term toxicity	 (102,103)
nanoparticles	 functions	 anostic study 
OMVs +	 Chemotherapy‑associated immune	 Preclinical GBM 	 Manufacturing and	 (104)
Doxorubicin/	 activation plus phagocytosis		  translation
CD47‑siRNA
ABT/A12	 Complementary pathway targeting	 Preclinical temozo‑	 Toxicity and	 (109)
nanoparticles		  lomide‑resistant	 release control
		  glioma
EGFR/MET	 Co‑delivery of complementary anti‑	 Orthotopic GBM	 Complex design	 (110,111)
nanoparticles	 apoptotic inhibitors	 models 

GBM, glioblastoma; TAT, trans‑activator of transcription; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, 
CRISPR‑associated protein 9; GDF15, growth differentiation factor 15; HA, hyaluronic acid; OMVs, outer membrane vesicles; Doxorubicin, 
DOX; siRNA, small interfering RNA; EGFR, epidermal growth factor receptor; MET, MET proto‑oncogene, receptor tyrosine kinase; TMZ, 
temozolomide.
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for sharing resistant phenotypes between cellular compart‑
ments (116‑118). GSCs depend on signalling pathways including 
Notch, Hedgehog, and PI3K/AKT/mTOR to maintain stem‑
ness, self‑renewal, and therapeutic resistance, thereby driving 
tumour initiation, progression, and recurrence  (119‑121). 
Collectively, these findings support therapeutic strategies that 
disrupt intercellular support networks in addition to directly 
eliminating tumour cells.

Representative preclinical combinations. Function-
selective drug combinations can synergistically target distinct 
GBM cell populations. The HDAC inhibitor belinostat 
shows greater activity against GSCs by disrupting the G2/M 
checkpoint, whereas the tyrosine kinase inhibitor dasatinib 
primarily targets DGCs by inhibiting PI3K/AKT/mTOR 
signalling. Their combination suppresses key oncogenic 
programmes, impairs both GSC and DGC functions, reduces 
tumour volume and Ki‑67 expression, and partially overcomes 
heterogeneity‑associated therapeutic resistance (122).

In brain tumour stem‑cell models, EGFR inhibition 
alone can trigger compensatory STAT3 activation, limiting 
therapeutic efficacy. Combined treatment with the EGFR 
inhibitor afatinib and the STAT3 inhibitor pacritinib signifi‑
cantly reduces brain tumor stem cell (BTSC) survival and 
spheroid formation while more effectively suppressing GSC 
self‑renewal and stemness maintenance. In EGFRvIII‑mutant 
GBM, this combination produces greater tumour reduction 
than either monotherapy or blocks STAT3‑mediated adap‑
tive compensation, illustrating a characteristic dual‑target 
synergistic mechanism (123).

Nanodelivery‑based combination strategies have also 
demonstrated therapeutic potential. In co‑delivery systems 
containing the EGFR inhibitor osimertinib and the protea‑
some/NF‑κB pathway inhibitor bortezomib, osimertinib 
primarily suppresses GSC proliferation and stem‑like 
maintenance, whereas bortezomib targets differentiated and 
treatment‑induced drug‑resistant DGC populations. This 
dual‑drug platform is more effective than monotherapy in 
suppressing tumour growth, reducing expression of stem‑asso‑
ciated markers, and prolonging survival, further supporting 
the rationale for coordinated GSC‑DGC targeting (124‑126).

At the epigenetic level, HDAC activity is closely associated 
with stemness‑related transcriptional programmes and chro‑
matin accessibility. Although HDAC inhibitors can reduce 
GSC self‑renewal and downregulate stem‑cell markers such as 
SRY‑box transcription factor 2 (SOX2) and oligodendrocyte 
transcription factor 2 (OLIG2), inhibition of stem‑like popula‑
tions alone is insufficient to halt tumour progression. Because 
Src/PI3K signalling contributes to adaptive survival in both 
GSCs and DGCs, combining belinostat with the Src/receptor 
tyrosine kinase (RTK) inhibitor dasatinib targets epigenetic 
dependencies in GSCs and growth‑promoting signalling in 
DGCs, resulting in broader antitumour activity (127).

In differentiated tumour cells, the PI3K/AKT/mTOR 
and MAPK/MEK/ERK pathways form a central regulatory 
network governing proliferation and survival. Inhibiting 
one pathway often induces compensatory activation of the 
other. Consequently, combined inhibition using agents such 
as buparlisib plus trametinib or dactolisib plus trametinib 
more effectively suppresses DGC proliferation programmes, 
reduces tumour burden, and prolongs survival (128,129).

Localised drug‑delivery strategies also exhibit dual-
targeting potential. Although the lauroyl gemcitabine lipid 
nanocapsule (GemC12‑LNC) hydrogel can delay tumour 
recurrence, its activity against GSCs is limited. Combining 
this platform with anti‑GSC agents such as salinomycin 
enables simultaneous targeting of both GSCs and DGCs. 
Salinomycin selectively eliminates GSCs by inducing 
reactive oxygen species generation and endoplasmic 
reticulum stress, whereas curcumin suppresses tumour 
spheroid formation but may increase the proportion of 
GSCs. Accordingly, dual‑drug delivery systems can reduce 
GSC spheroid‑forming capacity and inhibit tumour paren‑
chymal proliferation more effectively than single‑agent 
treatment (130,131).

GSCs and DGCs collectively sustain GBM survival, prolif‑
eration, invasion, and tissue destruction. Effective dual‑target 
strategies should therefore extend beyond simply increasing 
the number of therapeutic targets and instead simultaneously 
disrupt the tolerance module responsible for long‑term tumour 
persistence and the execution module that drives tumour 
expansion. This framework provides a unified rationale 
for the therapeutic activity of diverse dual‑target platforms 
and supports the rational development of multidimensional 
combinatorial strategies.

Spatially coordinated targeting of the tumour core (TC) and 
invasive frontier. Spatial heterogeneity provides an additional 
rationale for dual‑target precision therapy. Tumour cells 
located within the TC and the invasive peritumoural border 
(PTB) differ in functional state, microenvironmental context, 
and signalling dependencies. Consequently, the coordinated 
targeting of heterogeneous cell populations across these 
spatially distinct regions may improve eradication of residual 
disease and reduce the likelihood of recurrence. Advances in 
single‑cell and spatial multi‑omics technologies have enabled 
identification of region‑specific molecular signatures and 
critical biological dependencies. For example, PTB‑associated 
cells may rely more heavily on AP‑1‑driven transcriptional 
programmes involved in migration and stromal interactions, 
whereas TC‑associated cells may preferentially depend 
on BTB domain and CNC homolog 1 (BACH1)‑mediated 
oxidative stress responses (132).

AP‑1 and BACH1 activities exhibit distinct spatial distri‑
butions and are negatively correlated across tumour regions. 
Simultaneous inhibition of AP‑1 and BACH1 has been reported 
to suppress tumour growth, reduce invasion, and prolong 
survival more effectively than single‑target approaches (133). 
In the same study, ulixertinib, an ERK1/2 inhibitor used to 
suppress AP‑1‑associated signalling, was combined with either 
BACH1 knockdown or hemin‑induced BACH1 degradation. 
This complementary strategy improved tumour control and 
survival in murine models (134).

However, several limitations remain. Ulixertinib is 
not a direct or selective AP‑1 inhibitor, and no selective 
BACH1‑targeted agent has been approved for GBM treatment. 
Although both genetic and pharmacological interventions 
provide convergent evidence supporting this therapeutic 
concept, the specificity of the available agents, their spatial 
distribution within tumours, and their potential clinical benefit 
remain to be established (135) (Table V).
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4. Integration with radiotherapy and radiosensitizers

Radiotherapy remains a cornerstone of malignant tumour 
treatment; however, its therapeutic efficacy is frequently 
limited by intrinsic tumour radioresistance and an immu‑
nosuppressive tumour microenvironment. Clearance of 
apoptotic cells can promote immunosuppressive phenotypes, 
while the tumour microenvironment further restricts effec‑
tive antitumour immune responses, creating two major 
barriers to durable treatment efficacy. Consequently, an 
ideal radiosensitising strategy should not only enhance 
radiation‑induced tumour‑cell death but also disrupt these 
immunological barriers, thereby promoting robust systemic 
antitumour immunity (136‑138).

Synergistic combination of hypoxia‑targeted strategies and 
radiotherapy sensitisation. Improving the radiation response 
under hypoxic conditions represents an effective approach 
for enhancing radiosensitivity in hypoxic tumours (139,140). 
Under severe hypoxia, ferredoxin 1 (FDX1) regulates the 
phosphorylation status of ataxia‑telangiectasia mutated 
(ATM), DNA‑dependent protein kinase, catalytic subunit 
(DNA‑PKcs), AKT, and EGFR, thereby influencing GBM cell 
radioresistance. These findings indicate that hypoxia is not 
merely a microenvironmental characteristic but also a func‑
tional regulator that can directly modulate the DNA damage 
response network (141).

In addition, collagen type I α1 has been shown to enhance 
radiation tolerance in hypoxic glioma cells by promoting 
autophagy, suggesting that hypoxia‑associated extracellular 
matrix remodelling contributes to radioresistance (142). From 
a translational perspective, tumour‑depolymerisation strate‑
gies have demonstrated the potential to improve radiotherapy 
responses in low rectal tumours by modifying local struc‑
tural barriers and enhancing treatment accessibility. These 
observations support the therapeutic concept of combining 
microenvironmental remodelling with radiotherapy 
sensitisation in hypoxic tumours (143).

Combination of nanomedicine‑enhanced radiotherapy and 
conventional radiotherapy. The radiosensitising effects of 
nanomedicine arise primarily from its ability to integrate 
targeted delivery, microenvironmental modulation, and 
amplification of radiation responses within a single plat‑
form. Through these combined functions, nanomedicine can 
enhance both the local efficacy and biological precision of 
radiotherapy‑based combination strategies. Compared with 
conventional radiosensitisers, nanoplatforms improve tumour 
accumulation and cellular uptake while enhancing thera‑
peutic stability and activity through surface engineering, size 
optimisation, and incorporation of functional modules.

Polyoxometalate‑based nanosystems are a notable example 
of radiotherapy‑sensitising nanoplatforms that can alleviate 
hypoxia‑associated radioresistance and enhance radiation 
responses (144). Similarly, surface modification of ultra‑small 
palladium nanoparticles with polyethylene glycol (PEG) and 
glucose significantly improves cellular uptake and radiosen‑
sitising efficacy, demonstrating that nanoparticle interfacial 
chemistry can strongly influence biological activity (145).

In neuro‑oncology, intracranial delivery of peptide‑based 
nano‑photosensitisers using a magnetic continuum robot 
has emerged as an innovative strategy for precise local 
treatment of brain tumours. This approach highlights the 
advantages of integrating advanced delivery technologies with 
multifunctional nanotherapeutic platforms (146).

Overall, nanomedicine has evolved from a simple 
drug‑delivery system into a multifunctional platform that 
integrates therapeutic, regulatory, and delivery functions. In 
the context of radiotherapy sensitisation, these technologies 
provide opportunities to improve treatment precision, enhance 
local tumour control, and facilitate the development of more 
effective combination‑based radiotherapeutic strategies.

Combination therapy of ferroptosis‑inhibitory sensitizers 
with radiotherapy. Ferroptosis has emerged as a critical 
determinant of tumour‑cell responses to radiotherapy, and 
increasing evidence implicates dysregulated ferroptosis in 

Table V. Dual‑target strategies based on cellular hierarchy and spatial precision in GBM.

Strategy category	 Target dimension	 Key targets/pathways	 Therapeutic effect	 Representative agents	 (Refs.)

EGFR + STAT3	 Compensatory	 EGFR/STAT3	 Suppress GSC	 Afatinib/Pacritinib	 (123)
inhibition	 signalling		  survival
EGFR+NF‑κB	 GSC, resistant	 EGFR/NF‑κB	 Prolong survival	 Osimertinib/Bortezomib	 (124,126)
inhibition	 DGC
HDAC + Src/	 Epigenetic	 HDAC/Src	 Enhanced	 Belinostat/Dasatinib	 (127)
PTK inhibition	 growth		  antitumour effect
AKT + MEK	 Proliferation	 PI3K/AKT + MAPK	 Reduce tumour	 Buparlisib, Trametinib/	 (128,129)
inhibition	 signalling		  burden	 Dactolisib, Trametinib
AP‑1 + BACH1	 Region‑specific	 AP‑1/BACH1	 Extend survival	 Ulixertinib	 (133‑135)
inhibition

EGFR, epidermal growth factor receptor; STAT3, signal transducer and activator of transcription 3; NF‑κB, nuclear factor‑κB; GSC, glioma 
stem cell; DGC, differentiated glioma cell; HDAC, histone deacetylase; Src, SRC proto‑oncogene, non‑receptor tyrosine kinase; PTK, 
protein tyrosine kinase; AKT, protein kinase B; MEK, mitogen‑activated protein kinase kinase; PI3K, phosphoinositide 3‑kinase; MAPK, 
mitogen‑activated protein kinase; AP‑1, activator protein 1; BACH1, BTB domain and CNC homolog 1.
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the development of glioma radioresistance. Tumour cells can 
evade radiotherapy‑induced ferroptotic cell death through 
metabolic reprogramming, suppression of lipid peroxidation, 
and activation of antioxidant defence systems, thereby main‑
taining a survival advantage during treatment. For example, 
adenylate kinase 4 (AK4) has been reported to promote radio‑
resistance in GBM by inhibiting radiation‑induced ferroptosis 
through metabolic regulation, highlighting a close association 
between metabolic homeostasis and ferroptosis suppres‑
sion  (147). Similarly, GDF15 suppresses ferroptosis while 
simultaneously remodelling the immune microenvironment, 
thereby enhancing GBM tolerance to radiotherapy. These find‑
ings suggest that ferroptosis evasion not only supports intrinsic 
tumour‑cell survival but may also reinforce therapeutic 
resistance through immune‑mediated mechanisms (148).

Conversely, nanotherapeutic approaches that enhance 
oxidative stress and lipid peroxidation have shown potential 
to improve radiotherapy efficacy by promoting ferroptosis. 
H2S‑generating semiconducting polymer nanoparticles, for 
example, have been shown to enhance radiodynamic‑ferrop‑
tosis therapy and exhibit favourable synergistic antitumour 
activity in orthotopic GBM models (149). Collectively, these 
observations indicate that ferroptosis‑centred radiosensiti‑
sation strategies are evolving beyond modulating a single 
cell‑death pathway toward an integrated therapeutic frame‑
work encompassing metabolic regulation, redox homeostasis, 
and immune microenvironment remodelling.

Transcriptional‑epigenetic circuits in radiotherapy sensiti‑
sation. Radioresistance develops not only through enhanced 
DNA damage repair but also through extensive alterations 
in transcriptional regulation, chromatin organisation, and 
epigenetic state. Recent studies show that interconnected 
transcriptional‑epigenetic networks govern GBM radiore‑
sistance and influence cellular state transitions, DNA repair 
efficiency, and invasive behaviour. The Fos‑related anitgen 
1 (FOSL1)‑protein arginine methyltransferase 1 (PRMT1) 
transcriptional‑epigenetic circuit, for example, promotes 
radioresistance through calyphosine‑dependent regulation of 
DNA repair and tumour invasion, indicating that coordinated 
interactions between transcription factors and methyl‑
transferases can establish resistance‑associated epigenetic 
programmes (150).

Conversely, bromodomain‑containing protein 4 (BRD4) 
inhibition enhances GBM radiosensitivity by suppressing 
super‑enhancer‑driven collagen type I α1 chain (COL1A1) 
expression, showing that chromatin‑dependent transcriptional 
regulation is amenable to therapeutic intervention  (151). 
Additional studies have identified other mechanisms linking 
transcriptional and post‑transcriptional regulation to radio‑
therapy response. N‑acylneuraminate‑9‑phosphatase (NANP) 
targeting promotes radiosensitisation by suppressing mesen‑
chymal transition mediated through tumor necrosis factor 
receptor 1 (TNFR1) sialylation, whereas prolactin‑releasing 
hormone receptor (PRLHR) enhances accumulation of 
radiation‑induced DNA damage by inhibiting Y‑box‑binding 
protein‑1 (YBX1) nuclear translocation. These findings indi‑
cate that glycosylation‑dependent regulation, control of nuclear 
trafficking, and integration of post‑transcriptional signalling 
collectively determine radiotherapy sensitivity (152,153).

Other signalling pathways also contribute to radiosensi‑
tisation. α‑Sulfoquinovosyl‑acylpropanediol (SQAP) exerts 
synergistic antitumour and radiosensitising effects by inhibiting 
PI3K/AKT signalling and impairing DNA repair capacity, 
whereas mamalian ste‑20‑like kinase 1 (MST1) enhances radio‑
sensitivity by suppressing autophagy and promoting apoptosis. 
Together, these observations highlight the extensive crosstalk 
between signalling pathways and epigenetic regulatory networks 
in shaping radiotherapy responses (154,155).

Overall, precise therapeutic intervention directed at 
transcriptional‑epigenetic circuits has emerged as a promising 
strategy for improving glioma radiosensitivity. These findings 
provide a mechanistic foundation for developing rational, 
biology‑driven combination therapies designed to enhance 
radiotherapeutic efficacy (156,157).

5. Patient stratification and a precision framework

Establish the integrated diagnosis. Patient selection for 
dual‑target therapies should begin with an integrated histo‑
logical and molecular diagnosis. IDH status distinguishes 
adult‑type IDH‑wildtype GBM from IDH‑mutant astrocytoma 
and oligodendroglioma, while specific histone alterations 
define additional diffuse glioma entities (4,158). DNA meth‑
ylation profiling can further resolve diagnostically ambiguous 
cases and help identify biologically coherent cohorts for clin‑
ical trials (159). However, a methylation class alone should not 
be regarded as a validated predictor of response to a specific 
dual‑target therapeutic strategy. Studies that enrol patients with 
multiple glioma diagnoses should therefore report outcomes 
separately for each molecularly defined subgroup.

Distinguish diagnostic biomarkers from predictive biomarkers. 
IDH‑mutant gliomas are predominantly observed in low‑grade 
gliomas and secondary high‑grade gliomas. Mutations most 
commonly involve the IDH1 and IDH2 genes, with IDH1 
alterations occurring more frequently. The most prevalent IDH1 
mutation affects codon R132. Co‑occurrence of IDH mutations 
and 1p/19q codeletion, particularly in frontal‑lobe oligodendro‑
gliomas, is associated with a favourable prognosis. Moreover, 
1p/19q codeletion was shown to be strongly associated with 
IDH1/2 mutations, especially in oligodendroglial tumours (158).

Homozygous cyclin‑dependent kinase inhibitor 2A 
(CDKN2A) deletion is a strong adverse prognostic factor 
across the major categories of IDH‑mutant gliomas, high‑
lighting the need to complement histological grading with 
molecular biomarkers to improve risk stratification and clinical 
decision‑making (160).

At the molecular level, IDH‑wildtype diffuse gliomas can 
be classified as GBM when they harbour any one of three 
defining molecular features: EGFR amplification, combined 
chromosome 7 gain and chromosome 10 loss (+7/-10), or 
telomerase reverse transcriptase (TERT) promoter muta‑
tion  (160,162). MGMT promoter methylation remains an 
important biomarker for predicting responsiveness to temo‑
zolomide and for stratification in clinical trial design (163).

Match therapeutic interventions to measurable biological 
dependencies. Select dual‑target therapies based on demon‑
strable tumour dependencies. For example, clinical trials 
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evaluating EGFR‑directed cellular therapies should require 
appropriate assessment of target‑antigen expression; a study 
investigating a bispecific EGFR/IL‑13Rα2‑targeted strategy 
specifically enrolled patients with EGFR‑amplified recurrent 
GBM (164).

Similarly, evidence should support combination thera‑
pies directed at signalling pathways, including pathway 
activation and biologically plausible compensatory mecha‑
nisms. EGFR‑associated activation of STAT3 provides one such 
rationale for dual‑pathway inhibition (123). Myeloid‑directed 
immunotherapies should incorporate detailed characterisation 
of the immune microenvironment rather than relying solely 
on tumour PD‑L1 expression. Likewise, spatially informed 
therapeutic approaches should demonstrate the relevant 
regional biological dependencies and confirm that adequate 
drug delivery can be achieved within the individual tumour. 
At present, AP‑1/BACH1‑guided therapeutic strategies remain 
experimental and require further validation (135).

Reassess treatment feasibility and biological response over 
time. Functional testing using patient‑derived cell cultures 
or organoid models may help prioritise treatment candidates; 
however, culture‑induced selection pressures and the absence 
of native immune interactions limit their predictive accuracy. 
Clinical factors, including performance status, corticosteroid 
exposure, prior radiotherapy, lymphocyte fitness, and the 
manufacturing time required for cellular therapies, should be 
incorporated into patient selection and outcome analyses.

Because tumour biology evolves during treatment, the 
molecular dependencies initially identified may not remain 
stable. Serial radiological assessment, neurological evaluation, 
and molecular monitoring should therefore be incorporated 
to determine whether selected therapeutic targets persist over 
time and remain relevant vulnerabilities for intervention.

6. Resistance to dual‑target interventions

Clonal evolution and genomic instability. Dual targeting does 
not eliminate the capacity of tumour cells to adapt geneti‑
cally during treatment. Therapeutic pressure may select for 
pre‑existing clones that lack one targeted vulnerability, retain 
alternative oncogenic drivers, or possess mechanisms that 
permit tolerance to both interventions. Longitudinal analyses 
of diffuse gliomas have revealed highly heterogeneous evolu‑
tionary trajectories rather than a single, recurrent mechanism 
of therapeutic escape  (133). Furthermore, copy‑number 
alterations and chromosomal instability can modify target 
dosage and generate new biological dependencies. In GBM, 
reversible loss of extrachromosomal EGFRvIII DNA during 
exposure to EGFR inhibitors represents a well‑characterised 
example of rapid target adaptation  (165). Although these 
observations illustrate broader principles of treatment resis‑
tance, they provide a rationale rather than direct evidence 
for resistance mechanisms across all dual‑target therapeutic 
platforms.

Lineage plasticity and epigenetic adaptation. Tumours can 
evade therapy without acquiring additional driver mutations. 
GBM cells exist along a spectrum of neural progenitor‑like, 
oligodendrocyte progenitor‑like, astrocyte‑like, and 

mesenchymal‑like cellular states and can transition between 
these phenotypes  (112). Epigenetic remodelling can alter 
receptor expression, stress‑response pathways, and differen‑
tiation programmes, enabling tumour cells to survive despite 
inhibition of their original dependencies. As a result, therapies 
selected to target the dominant baseline cellular states may fail 
to eliminate newly induced treatment‑adapted populations.

To distinguish true depletion of specific tumour‑cell states 
from reversible phenotypic switching, therapeutic evaluation 
should incorporate serial chromatin‑based and transcrip‑
tomic analyses. Functional tumour‑regrowth assays are also 
required to determine whether residual tumour cells retain 
tumour‑propagating capacity despite apparent molecular 
responses.

Signalling and metabolic rewiring. Tumour adaptation 
may also occur through alterations in signalling networks, 
nutrient utilisation, and redox regulation. Notably, resistance 
mechanisms are not restricted to malignant cells. For example, 
endothelial PHGDH‑dependent metabolism demonstrates that 
metabolically mediated treatment resistance can originate 
within the tumour microenvironment rather than the tumour 
cells themselves (57).

Even when two therapeutic nodes are inhibited simul‑
taneously, downstream signalling pathways or alternative 
metabolic routes may remain available to sustain tumour 
survival. Consequently, select the most effective dual‑target 
combinations based on experimentally verified biological 
dependencies and treatment‑induced adaptive responses rather 
than solely on the presence or expression of two therapeutic 
targets. This approach recognises the dynamic nature of 
tumour adaptation and increases the likelihood of achieving 
durable therapeutic benefit.

7. Current challenges and prospects

Research into dual‑target strategies for GBM has advanced 
rapidly; however, the field remains at a pivotal stage between 
mechanistic discovery and the development of clinically 
translatable therapeutic approaches. Despite substantial 
progress, significant challenges remain in heterogeneous 
BBB/blood‑tumour barrier (BTB) transport, unbound regional 
exposure, engagement of both targets, fixed vs. adjustable dose 
ratios, neurological and systemic toxicity, to treatment.

Each additional mechanism may increase on‑target 
normal‑tissue toxicity or off‑target effects. Small molecules 
may have mismatched target potencies; cell therapies may 
cause neuroinflammation; viruses and bacterial vesicles 
may trigger innate immune toxicity. A fixed‑ratio molecule 
or formulation simplifies some exposure relationships but 
reduces dosing flexibility. Separate agents permit adjustment 
of dose and timing but introduce interactions and unequal 
tissue distribution. Dose escalation and schedule optimization 
must assess the combined biological effect rather than simply 
combining individually tolerated doses.

Autologous CAR‑T products require reliable collection, 
transduction, expansion, release testing and delivery within 
a clinically usable interval. OVs require control of iden‑
tity, replication, genetic stability and payload expression. 
Nanocarriers require consistent size, ligand density, loading 
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ratio, release profile and sterility. For two‑component prod‑
ucts, separate potency assays should be complemented by 
an assay of the intended combined function. These require‑
ments become harder to satisfy as more components are 
added. Regulatory development should link each component 
to a defined contribution to benefit and characterize risks of 
the final product, including interactions that are absent when 
components are tested alone. Manufacturing changes require 
comparability assessment. Safety follow‑up should be appro‑
priate to persistence of the vector, cell product or material. 
Cost and access are also practical barriers: Centralized 
manufacturing, cold‑chain transport, repeated intracranial 
delivery and specialist monitoring can exclude patients or 
delay treatment.

The reviewed evidence cannot support a platform‑wide 
claim of superior efficacy. A non‑glioma flank model cannot 
validate the BBB, a xenograft may not reproduce an intact 
immune system, and a short experiment may not reveal 
adaptive recurrence. Positive studies should be reproduced 
across molecularly characterized patient‑derived models, 
with monotherapy and standard‑treatment controls. Formal 
synergy analysis should use a prespecified reference model 
and dose matrix where applicable; improved activity over 
one comparator alone is not sufficient to establish synergy. 
Clinical trials should distinguish feasibility, target engage‑
ment, radiographic response and survival as different 
outcomes. The bivalent CAR‑T cell experience shows that 
tumor regression can coexist with short median progres‑
sion‑free survival and substantial neurotoxicity. Molecularly 
stratified trials, longitudinal tissue or liquid‑biopsy studies 
where feasible, and validated neurological and quality‑of‑life 
endpoints are needed to connect target selection with patient 
benefit. Treatment sequencing may eventually exploit tran‑
sient sensitivity states, but such schedules remain hypotheses 
requiring prospective testing.

In summary, future dual‑target strategies should consider 
GBM as a dynamic, hierarchically organised biological system 
characterised by evolving functional dependencies, spatially 
distinct microenvironmental niches, and extensive cellular 
plasticity.

8. Discussion and summary

Dual‑targeting strategies offer multiple approaches to address 
complementary biological dependencies in GBM, including 
compensatory signalling, antigen heterogeneity, cellular plas‑
ticity, and limitations in drug delivery. However, their shared 
conceptual framework should not obscure important differ‑
ences in therapeutic architecture, mechanism of action, and 
supporting evidence. Most of the approaches reviewed remain 
at the preclinical stage, and evidence of clinical activity in 
selected glioma populations or observations of early tumour 
regression do not, in themselves, establish durable therapeutic 
benefit in adult‑type IDH‑wildtype GBM.

Further progress will require rigorous molecular classifica‑
tion of patients, verification that both therapeutic components 
reach and effectively engage their intended cellular or micro‑
environmental targets, development of tolerable treatment 
schedules, and establishment of robust and reproducible 
manufacturing processes. Addressing these challenges will be 

essential for translating dual‑target strategies from promising 
experimental concepts into clinically effective therapies for 
GBM.
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