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Abstract
Background.   Multi-omics profiling of glioblastoma (GBM) has unraveled two aspects fundamental to its aggres-
siveness and lethality that is molecular heterogeneity inherent to the tumor and cellular plasticity modulated by 
the microenvironment. Yet, empirical validation to identify causal factors for these complex mechanisms is rather 
scarce. Here, we report our endeavor in establishing Glioportal, a GBM tumor biobank with derivative preclinical 
models and molecular information that we leverage for basic and translational research on precision therapies.
Methods.   Bulk transcriptome and single-cell-based deconvolution analyses highlighted key features of distinct 
GBM subtypes and ligand-receptor pairs predicted to regulate malignant cell state plasticity. Synthetic genetic tracing 
tool and target genes/proteins expression analyses validated ligands-induced mesenchymal transition. This was 
further corroborated with phenotypic invasion/migration assays and cell-based assays using inhibitors, functional 
antibodies, and gene silencing approaches. A proof-of-concept animal experiment was conducted using orthotopic 
xenograft carrying gene knockdown. Clinical relevance was assessed through immunohistochemical assay.
Results.   Our transcriptomic analysis highlights the integral roles of STAT3 and NF-κB pathways in maintaining 
intrinsic mesenchymal identity and enabling myeloid-induced plasticity towards mesenchymal phenotype. One 
critical ligand, TNF, confers mesenchymal adaptation and cellular invasiveness that is mitigated by TNFRSF1A, but 
not TNFRSF1B, loss of function. TNFRSF1A silencing significantly improves survival in vivo.
Conclusion.   Glioportal makes a valuable resource for identifying therapeutic vulnerabilities in molecularly strati-
fied GBM. Here, we underscore GBM dependency on myeloid-derived ligands to acquire mesenchymal traits that 
have clinical implications in therapeutic response and recurrence. Such reliance warrants treatment strategies 
targeting ligand-receptor pairs to mitigate interactions with the tumor ecosystem.

Key Points

•	 Transcriptomic profiling uncovers essential molecular factors governing GBM subtype 
identity.

•	 Tumour microenvironment modulates GBM cell plasticity via ligand-receptor pair 
interactions.

•	 Ligand-receptor pairs present potential actionable therapeutic targets for GBM.

Glioportal: a comprehensive transcriptomic resource 
unveiling ligand-mediated mesenchymal transition  
in glioblastoma  
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Glioblastoma (GBM) is the most common primary ma-
lignant brain tumor in adults, notorious for its poor prog-
nosis.1 Despite aggressive therapeutic interventions by 
maximum surgical resection followed by temozolomide 
(TMZ) and radiotherapy, the median survival remains 
less than 15 months.2 GBM invariably recurs as the tumor 
regrows from residual cells that already infiltrated sur-
rounding brain tissues beyond the resection margins. 
Consortia efforts have characterized GBM across clinical, 

genomic, transcriptomic, epigenomic, proteomic, and an-
atomical features,3–6 defining three molecular subtypes, 
namely, proneural (PN), classical (CL), and mesenchymal 
(MES). Each subtype arises from distinct lineages and 
is molecularly governed by specific genetic drivers.3,4,6,7 
Clinically, they vary in prevalence, prognosis, and re-
sponse to therapy.6

The advance of single-cell sequencing and in silico 
methods to deconvolute bulk RNA sequencing data have 

Importance of the Study

This study emphasizes the importance of biological and 
molecular resources for clinical data-driven hypothesis 
testing that could benefit prospective cohorts of GBM 
patients. We established a Glioportal repository, where 
we continually bank primary tumor tissues and asso-
ciated fluids, generate derivative patient avatars, as 
well as curate clinico-pathological and transcriptomic 

information. Focusing on the mesenchymal GBM subtype 
often associated with disease recurrence and resistance 
to therapy, we unraveled their inherent reliance on STAT3 
and NF-κB pathways and cross-talk with infiltrating my-
eloid populations via TNF-TNFRSF1A ligand-receptor 
interaction. These molecular dependencies present ther-
apeutic vulnerabilities that can be potentially targeted.
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unraveled molecular heterogeneity of GBM that not only 
occurs between tumors, but also within. Further adding 
to the complexity is a phenomenon of cell state plasticity, 
where malignant cells acquire new phenotypes without 
changing their genetic blueprints.7,8 One notable example 
is mesenchymal transition frequently detected in recur-
rence and clinically correlates with the worst prognostic 
outcomes.3,5,9 This underscores an unmet clinical need to 
investigate (i) mechanisms integral to MES subtype and (ii) 
factors driving the molecular shift towards mesenchymal 
phenotype. More effective and targeted therapeutic strat-
egies can then be potentially developed for MES GBM.

Single-cell profiling has also given insights into the in-
tricacies of GBM microenvironment that significantly 
influence phenotypic switches in neoplastic cells and 
eventual response to therapy.3,5,9–11 MES tumors, specifi-
cally, exhibit prominent myeloid infiltration5,11 and through 
ligand-receptor interactions, myeloid populations have 
the capacity to trigger a mesenchymal transition in non-
mesenchymal cell states.3,9 The specific molecular players 
critical for the cross-talks remain inadequately elucidated 
and validated. Understanding these interactions is impera-
tive for pinpointing therapeutic vulnerability for MES GBM.

To address these gaps in knowledge, we leverage 
Glioportal, our comprehensive repository of GBM patient 
tumors that comes along with the associated biofluids, 
cell lines, xenografts, and clinical and transcriptome 
data. Using cellular and xenograft models, we utilize 
Glioportal to better understand the multifariousness of 
MES GBM. Our transcriptomic analysis unravels the gene 
co-expression network and signaling pathways integral to 
MES subtype, as well as ligand-receptor pairs critical for 
interactions with myeloid populations and acquisition of 
mesenchymal phenotype.

Materials and Methods

Clinical Samples

Tumour tissues were obtained fresh at the time of sur-
gical resection. Under the sterile condition, the tumor tis-
sues were subdivided into small pieces, some of which 
were snap-frozen and stored at −150 °C for RNA extrac-
tion and sequencing. The leftover tissues were fixed in 4% 
paraformaldehyde for at least 24 hours at 4 °C. A portion 
of the fixed tissues was then dehydrated and embedded 
in paraffin, while the rest was soaked in 30% sucrose for 
at least 24 more hours at 4 °C, before quick freezing in 
optimal cutting temperature (OCT) medium. The frozen 
tissue blocks were stored at −80 °C. Clinical characteristics 
of Glioportal cohort are summarized in Supplementary 
Table S1.

Generation of glioma-propagating cells

The rest of the tumor pieces were processed to generate 
glioma-propagating cells (GPCs) following Gritti et al. with 
slight modifications.12 Cells were tested for mycoplasma 
contamination and cultures were negative. All experi-
ments were conducted with low passage GPCs for which 

we previously demonstrated maintenance of phenotypic, 
transcriptomic, and karyotypic features similar to the orig-
inal primary tumors.13

Ethics Statement

De-identified GBM tumor specimens were obtained with 
informed consent from the National Neuroscience Institute 
Tissue Bank (application no. SBRSA2019/002). All animal 
experimental procedures were performed according to 
protocols approved by the Institutional Animal Care and 
Use Committee of Nanyang Technological University, 
Singapore (A24062).

Statistical Analysis

All bioinformatics data analyses were performed in R 
v4.3.1. Survival analysis was carried out using R/survival 
v3.5-7 and R/survminer v0.4.9.999. R/survivalAnalysis 
v0.3 was used to calculate the pairwise survival differ-
ences between PN, CL, and MES tumors of high simplicity 
scores (>0.99). t-test was used for cell state proportion 
scores, while non-parametric test was used for other 
comparisons, such as gene expression between groups. 
Data visualizations were created using the following 
R packages: ComplexHeatmap v2.16.0, ggplot2 v3.4.4, 
and ggforce v0.4.1. Experimental data are expressed 
as mean ± standard deviation (s.d.) of at least three in-
dependent experiments. Two-tailed student’s t-test and 
Pearson correlation were used where appropriate. Kaplan-
Meier survival curves were analyzed using log-rank test 
with Prism 5 (GraphPad Software). Statistical signifi-
cance is indicated by *, P-value < .05; **, P-value < .01; ***, 
P-value < .001.

Detailed materials and methodology for bioinformatics 
analysis and in vitro, in vivo, and ex vivo experiments are 
available in Supplementary Materials and Methods.

Results

Glioportal for Translational Glioblastoma 
Research

Glioportal is a systematic biobank and transcriptomic re-
source for GBM, where tumor tissue specimens were ac-
quired under Institutional Review Board (IRB) oversight 
with appropriate informed consent processes (Figure 
1A). Unlike other tissue banks that practice complete 
anonymization,14–20 Glioportal maintains ethical stand-
ards by employing a “Trusted Third Party” (TTP) ap-
proach to bridge communication between clinicians and 
scientists, thereby preserving critical patient informa-
tion for research purposes. Following 2021 World Health 
Organization guidelines for GBM classification,21 we col-
lected primary tumors (PTs) with wild-type isocitrate de-
hydrogenase (IDHwt) (Supplementary Table S1). The 
biobank also covers patient-derived glioma-propagating 
cells (GPCs), mouse orthotopic xenografts (TXs), and as-
sociated biofluids (Figure 1B). Peripheral blood samples 
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Figure 1.  Glioportal is a dynamic and forward-looking glioblastoma tumor resource for precision therapy. A. Schematic of procurement of 
primary tumors (PTs) obtained with broad consent and de-identification of samples via a trusted third party (TTP). TTP bridged communications 
between clinicians and scientists for prospective patients’ re-identification. B. PTs were immediately processed to generate glioma-propagating 
cells (GPCs), from which orthotopic patient-derived xenografts (PDXs) were established. Bulk RNA sequencing of snap-frozen PT and PDX tissues 
as well as GPCs was acquired. Leftover PT tissues were formalin-fixed for histopathology and immunohistochemistry. In parallel, patients’ bloods 
were collected longitudinally, at pre- and post-surgery/therapy. De-identified clinical and molecular information were documented throughout 
the course of disease. C. In conjunction with publicly available consortia, Glioportal resource enables statistically robust hypothesis testing for 
prospective stratified trials and precision diagnostic and therapy designs. D. Stratification of Glioportal primary tumors based on glioma-intrinsic 
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were longitudinally collected at pre- and post-surgery and 
-treatments. Our cohort taps into publicly available omics 
consortia, employing a split bank concept, where earlier 
patients’ samples facilitate retrospective discovery, while 
recent patients can be re-identified for therapeutic target 
exploration in new clinical trials (Figure 1C).

From 55 PTs currently banked, we successfully gener-
ated 29 GPCs and established 15 TXs (Figure 1D). All tis-
sues and cells were cryo-pulverized and subjected to bulk 
RNA sequencing, from which they were stratified following 
Wang’s glioma-intrinsic (GI) transcriptomic classifier.6 The 
de-identified molecular data and clinico-pathological fea-
tures were housed in Glioportal at Singapore Oncology Data 
Portal, OncoSG (Figure 1E and 1F). Through this interactive 
resource (Figure 1G) https://src.gisapps.org/OncoS, users 
can analyze genes expression, correlation and co-expression, 
survival stratification, and cell states/types proportion by 
bulk RNA deconvolution in molecularly stratified GBM.

We observed a comparable number of PN (n = 17/55), CL, 
(n = 18/55), and MES (n = 20/55) GBM tumors in our co-
hort (Figure 1D). The majority of our GPCs (75%, n = 22/29) 
and TXs (53%, n = 8/15) retained their original tumours’ 
transcriptomic profiles and were of PN and CL subtypes. 
Notably, 55% (n = 6/11) of our MES tumors lost their mes-
enchymal identity and transitioned to PN subtype in cul-
ture (Supplementary Table S1). Similarly, 67% (n = 4/6) of 
MES GPCs switched to PN/CL subtypes when stereotax-
ically implanted into immunodeficient NOD-SCID gamma 
(NSG) mice (Supplementary Table S1 and Supplementary 
Figure S1A). This suggests the prerequisite of the tumor 
microenvironment (TME)/stroma for maintaining mesen-
chymal transcriptional state.

To validate the clinical relevance of MES subtype, 
we analyzed survival outcomes in IDHwt tumors that 
have minimal transcriptional heterogeneity (high sim-
plicity score of > 0.99) from our Glioportal cohort 
(Supplementary Figure S1B), combined with The Cancer 
Genome Atlas (TCGA)4,6 and Clinical Proteomic Tumour 
Analysis Consortium (CPTAC; Supplementary Figure 
S1C).5 Patients with MES-dominant tumors had signifi-
cantly poorer overall survival relative to non-MES tumors 
(Supplementary Figure S1D; log-rank test, P-value = .023). 
This highlights the need to investigate the mechanisms 
driving mesenchymal aggressive phenotype and to dis-
cern potential therapeutic vulnerabilities for MES GBM.

STAT3 and NF-κB Pathways Govern 
Mesenchymal Glioblastoma

To uncover gene modules strongly associated with MES 
subtype, we conducted weighted gene co-expression 

network analysis (WGCNA) on our paired PTs and GPCs 
(Figure 2A, Supplementary Figure S2 and Supplementary 
Table S2). Over-representation analysis presented biolog-
ical functions within each module. In line with previous 
studies,6,22,23 MES subtype showed enrichment in module 
M1, with upregulation of mesenchymal transcriptional 
signature genes (Supplementary Table S3) and those im-
plicated in TNF signaling via NF-κB pathway (Figure 2B). 
Another MES module M16 presented oxidative/glyco-
lytic biological processes with expression of hypoxia 
programs previously reported in bulk and single-cell RNA 
sequencing datasets7,24 (Figure 2B). Over-representation 
of both modules was maintained in MES GPCs (Figure 2C 
and 2D). In contrast, PN-specific modules correlated with 
neurodevelopmental functions (Supplementary Figure 
S3A and Supplementary Table S4), whilst CL-specific 
module overlapped with classical gene signature6 
(Supplementary Figure S3B and Supplementary Table S5).

To further validate the MES-intrinsic nature of modules 
M1 and M16, we assessed the expression changes of en-
riched signaling pathways (Supplementary Figure S3C) 
between (i) paired MES PTs and GPCs (“MES-MES”), and 
(ii) paired MES PTs and non-MES GPCs (“MES-nonMES”) 
(Supplementary Figure S3D-F). “MES-nonMES” pairs 
showed significant downregulation of NF-κB, reactive ox-
ygen species (ROS), and STAT3 signaling, whilst these 
pathways remained active in “MES-MES” pairs, indicating 
their importance for mesenchymal identity. Next, to pre-
dict master regulators in the gene hubs of MES modules 
M1 and M16, we employed a curated transcription factor 
(TF)-target interaction network.25 Predictive analysis re-
vealed key TFs governing module M1, amongst which were 
STAT3, RUNX1, JUN and FOS, as corroborated in previous 
studies22,23,26–28 (Figure 2E). Similarly, RelB, and FOSL1 
were two leading regulons predicted to regulate module 
M16, linking them to NF-κB pathway and GBM plasticity 
and aggressiveness22,29,30 (Figure 2F).

Therapy-induced shift to the MES subtype is common in 
recurrent disease,9,31,32 potentially due to its permissive ep-
igenetic landscape and altered DNA methylation patterns33 
as well as characteristic tumor-associated stroma.3,6 Using 
initial-recurrent tumor pairs from Glioma Longitudinal 
Analysis Consortium (GLASS) cohort,3 we assessed the 
relevance of MES modules M1 and M16 in tumors that 
underwent mesenchymal transitions upon recurrence. 
Feature reduction via a random forest-based method 
identified transcriptomic signatures to classify tumors by 
module enrichment. Initial non-MES tumors transitioning 
to MES subtype upon recurrence showed an increased 
frequency in the shift from “M1low”/”M1+M16low” to 
“M1high”/”M1+M16high” (Figure 2G; Fisher’s Exact test, 

(GI) transcriptomic subtype: proneural (PN), classical (CL), and mesenchymal (MES). All tumors have wild-type isocitrate dehydrogenase genes. 
“Paired samples” defines tumors with corresponding GPCs successfully generated; “PT only” defines tumors without GPCs. Each column repre-
sents a tumor case. Top three tracks correspond to the aggregate scores of the GI subtypes. The dominant subtype in each PT/GPC is shown in 
the fourth and fifth track, respectively. The availability of matched xenograft is indicated in the sixth track. ATRX, MGMT, and survival status are 
presented in the bottom three tracks. ATRX, alpha-thalassemia X-linked mental retardation; MGMT, O⁶-methylguanine DNA methyltransferase. E. 
Schematic representation of GBM transcriptomic data collection and incorporation into the Singapore Oncology Data Portal (OncoSG). F. Data 
summary showcasing the distribution of clinical and molecular parameters of de-identified GBM samples. G. Data exploration and analysis en-
able users to query gene expression, correlation and co-expression, patient survival stratification, as well as cell state proportion based on bulk 
RNA sequencing deconvolution tools. Panels A-C were created in BioRender. Tang, C. (2025) https://BioRender.com/261btr9.
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Figure 2.  Deciphering molecular drivers of mesenchymal glioblastoma. A. Dot plot depicting the correlation between module eigengenes and 
bulk transcriptional subtypes. B. Enriched terms in mesenchymal-associated co-expression modules, M1 and M16. C & D. Boxplot depicting the 
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M16 and GI subtype switch observed in GLASS initial cohort to recurrent GBM cohort. H. Enriched terms in M5, an immune-related mesenchymal 
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P-value = 5 x 10-4). The reverse was similarly observed in 
MES-to-non-MES switch, where there was an increased 
frequency in the shift from “M1high/M16high/M1+M16high” to 
“M1low/M16low/M1+M16low,” highlighting the integral function of modules 

M1 and M16 in MES subtype.

Tumor Immune Microenvironment Regulates 
Mesenchymal Identity

In addition to modules M1 and M16, our network analysis 
also identified module M5 enriched in immune-related 
gene sets (Figure 2H, Supplementary Table S3), which was 
upregulated in MES tumors relative to PN and CL tumors 
(Figure 2I). In line with this observation, our MES tumors 
exhibited reduced tumor purity (Figure 2J), and elevated 
immune score (Figure 2K) compared to non-MES tumors. 
Unlike modules M1 and M16 which were enriched in both 
MES tumors and GPCs (Figure 2C and 2D), the enhanced 
expression of module M5 was not recapitulated in MES 
GPCs (Figure 2I), presumably due to the absence of inter-
actions with tumor immune microenvironment as the cells 
were grown as spheroid cultures in vitro.

Interrogation of GBM TME, through brain tumor-
specific microenvironment cell population counter RNA 
sequencing computational method, identifies three TME-
specific classes: TMElow, TMEmed, and TMEhigh.11 TMEhigh 
tumors exhibit high immune cell infiltration linked to im-
munosuppression markers. Assessment of GBM immu-
notherapy trial datasets showed that TMEhigh patients 
receiving neoadjuvant anti-PD-1 had significantly in-
creased overall survival.11 On account of the MES subtype 
predominating the TMEhigh class, we proceeded to eval-
uate whether M1 and M16 modules have implications in 
GBM TME profile and response to immunotherapy. Our 
Glioportal cohort analysis revealed a significant correlation 
between MES modules enrichment (M1 or M1 + M16) and 
TMEhigh subtype in recurrent cases (Supplementary Table 
S6; Fisher’s Exact test, P-value = 5 × 10−4). Conversely, we 
detected a prevalence in the shift from M16high/M1 + M16high 
to M16low/M1 + M16low phenotype in tumors that transition 
from TMEhigh to TMElow upon recurrence, suggesting a re-
ciprocal relationship between mesenchymal-associated 
pathways and biological processes and TME.

Mesenchymal Glioblastoma Reveals Prominent 
Immune Cell Infiltration

We proceeded to comprehensively characterize the cellular 
components of GBM TME across subtypes. We leveraged 
cell-state signatures from GBmap34 as a reference tran-
scriptome for annotation of Neftel’s malignant cell states7 
and non-neoplastic cell types, and applied CIBERSORTx,34 
a single-cell based deconvolution method, on our bulk RNA 
sequencing data (Figure 3A). Besides the predominating 
MES-like cell state, MES tumors exhibited a higher propor-
tion of mural cells, smooth muscle cells, and pericytes of 
the vasculatures relative to non-MES tumors. MES tumors 
also showed prominent immune cell infiltration, particu-
larly myeloid populations, which include monocytes, bone 
marrow-derived macrophages, and resident microglia. The 

enrichment of myeloid populations within MES tumors 
has been consistently observed by independent groups. 
Tumor-associated myeloid cells were reported to make 
up approximately 30-50% of the cell populations in GBM 
TME.3,6,9,35–37 In contrast, PN tumors primarily constituted 
neural progenitor cell (NPC)-like and oligodendrocyte pro-
genitor cell (OPC)-like malignant cell states, alongside 
resident oligodendrocyte, OPC and radial glia; whilst CL 
tumors featured astrocyte (AC)-like neoplastic cell state 
and resident astrocytes. Similar profiles were observed 
when CIBERSORTx deconvolution was carried out using 
combined cohorts of IDHwt cases from Glioportal, TCGA, 
and GLASS datasets (Supplementary Figure S4A, S4B and 
Supplementary Table S7, S8).

We further assessed quantitative associations between 
malignant cell states and TME using GBMdeconvoluteR38 
(Figure 3B, Supplementary Figure S4C and Supplementary 
Table S9). In agreement with CIBERSORTx deconvolution 
method, MES tumors showed significantly higher propor-
tions of innate and adaptive immune populations relative 
to non-MES tumors. To validate this distinct immune cell 
enrichment, we examined in formalin-fixed and paraffin-
embedded Glioportal PN and MES tumors, CD45 expres-
sion (a pan-leukocyte marker) and its spatial correlation 
with regard to CD44 and Olig2, a canonical mesenchymal 
and proneural marker, respectively (Figure 3C). Our find-
ings were consistent with the single-cell-based deconvo-
lution analysis, showing a significantly higher frequency 
of CD45-positive cells in MES compared to PN tumors 
(Figure 3D). The abundance of CD45-positive immune cells 
correlated significantly with mesenchymal CD44 marker 
(Pearson correlation coefficient r = 0.821, P-value = .012; 
Figure 3E) and showed a strong inverse relationship with 
proneural Olig2 marker (Pearson correlation coefficient 
r = −0.788, P-value = .02; Figure 3F).

Ligand–Receptor Pairs Mediate Cross-Talks 
Between Myeloid and Malignant Cell States

Transcriptome profiling of paired primary and recurrent 
GBM revealed significantly enhanced fractions of macro-
phages/microglia during non-MES to MES transition at re-
currence.3,6 Besides their prevalence in GBM ecosystem, 
there is mounting evidence demonstrating myeloid 
function in promoting GBM proliferation and migration 
and propositioning myeloid-targeted therapeutic strat-
egies.37,39 These findings affirm the pathological interplay 
between GBM neoplastic cells and myeloid populations 
and motivated us to interrogate potential ligand-receptor 
(LR) pairs that mediate communication between the two. 
We hypothesized that abrogating these ligand-receptor 
interactions could mitigate mesenchymal transition and 
therapy resistance upon recurrence. To test this, we exam-
ined upregulated targets, following the deconvolution of 
bulk RNA profiles, specific to myeloid and neoplastic cell 
states within primary tumors from Glioportal, TCGA, and 
GLASS GBM cohorts (Figure 4A).

From a repertoire of 1380 LR pairs identified in an earlier 
pan-cancer study,40 we filtered for GBM-centric ligand- 
and receptor-encoding genes (Supplementary Figure 
S5A, S5B and Supplementary Table S10). By ranking the 
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Figure 3.  Mesenchymal glioblastoma displays prominent immune cell infiltration. A. Single-cell-based CIBERSORTx deconvolution analysis 
depicting cell state composition within each tumor (left, each column represents a tumor) and the average proportion (right). The tumors shown 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noaf145/8163165 by C

halm
ers tekniska högskola (C

halm
ers U

niversity of Technology) user on 05 Septem
ber 2025



9Pang et al.: Mesenchymal shift by ligand–receptor interactions
N

eu
ro-

O
n

colog
y

gene expression based on log2 fold change, we identified 
LR pairs predicted to regulate neoplastic cell plasticity to-
wards mesenchymal phenotype, ie ligands that are highly 
expressed in myeloid cells, with corresponding receptors 
highly expressed in malignant cells (Figure 4B). Separately, 
we also identified LR pairs that potentially function in my-
eloid cell recruitment, i.e. ligands highly expressed in ne-
oplastic cells, with corresponding receptors expressed in 
myeloid populations (Supplementary Figure S6A-C). Each 
ligand may bind to more than one receptor, alluding to ex-
tensive downstream effects executed by these interactions.

Focusing on LR pairs connected to mesenchymal shift, 
we shortlisted thirty myeloid-derived ligands, which in-
clude oncostatin M (OSM) and tumor necrosis factor 
(TNF) previously implicated in GBM mesenchymal tran-
sition10,22,36,41; secreted phosphoprotein 1 (SPP1) previ-
ously identified in PTEN-null GBM mouse model as the 
ligand involved in macrophage-glioma cross-talk that sus-
tained tumor growth and progression42 and proneural-
to-mesenchymal transition.43 Also, wingless-related 
integration site 5A (WNT5A) whose over-expression was 
reported to induce GBM stem cell differentiation into 
endothelial-like cells, thereby promoting GBM invasive-
ness and spread.44,45

To refine our list of ligands, we verified their expressions 
in myeloid populations, across five independent single-cell 
RNA sequencing datasets7,46–49 (Supplementary Table S11; 
GSE131928,7 syn22257780,46 GSE157424,47 GSE117891,48 
GSE148842,49), and confirmed the expression of the corre-
sponding receptors in neoplastic cell states (Figure 4C and 
Supplementary Figure S5C). Combining top-expressing 
ligands from both bulk and single-cell RNA sequencing 
analysis, we proceeded to validate eleven ligands in vitro 
in terms of their capacity to induce mesenchymal transi-
tion, especially in proneural cells (Figure 5A, top panel). 
Transforming growth factor-beta (TGF-β) known to induce 
mesenchymal transition in various solid tumors, including 
GBM,50 was included in our ligands screening.

Ligand–Receptor Interaction Triggers Malignant 
Cell State Plasticity

We first estimated the proportion of malignant cell states 
within each of our GPCs by quantifying a metagene score 
using gene subsets from Neftel’s non-MES-like and MES-
like meta-module signatures. Samples were then ranked 
as predominantly PN or MES based on their metagene 
scores (Supplementary Figure S7A). The subtype identity 
of these GPCs was further validated via immunoblot, from 
which we observed MES GPCs showing higher expression 
of canonical MES markers STAT3 and CD44 relative to PN 
GPCs (Supplementary Figure S7B).

To measure mesenchymal shift in vitro, we employed a 
MES subtype-specific reporter41 featuring synthetic locus 
control regions (sLCR) with 5–6 MES-specific cis-regulatory 
elements that drive the expression of mVenus reporter 
gene (pLVX-MGT-mVenus-puro, Figure 5A, bottom panel). 
The GPCs were lentivirally transduced with this reporter 
plasmid and treated with the candidate ligands. Flow 
cytometry quantitation of mVenus fluorescence revealed 
elevated expression upon exogenous addition of OSM, 
TNF, ciliary neurotrophic factor (CNTF), and TNF-related 
weak inducer of apoptosis (TWEAK/TNFSF12) (Figure 5B, 
5C), thereby implicating these ligands in mesenchymal 
transition.

Multiple transcriptional factors, including TAZ, STAT3, 
CEBP, OSMR, NF-κB, and HIF-1α, are proposed as master 
regulators of the MES state.51 In agreement, both STAT3 
and NF-κB networks were implicated in our MES-intrinsic 
modules M1 and M16 (see Figure 2E and 2F). We there-
fore assessed the activation of these integral pathways 
upon ligand stimulation (Figure 5D). OSM, CNTF, TNF, and 
TWEAK treatments activated STAT3 signaling cascade, 
as indicated by its phosphorylation (Y705) status. In addi-
tion, TNF and TWEAK also activated the NF-κB pathway, as 
shown by p65 phosphorylation (S546). The importance of 
STAT3 and NF-κB activities in the mesenchymal shift was 
further corroborated using specific inhibitors (AZD1480 
and BMS-345541, respectively) that could suppress the 
mesenchymal sLCR activation and hence the mVenus re-
porter gene expression (Supplementary Figure S8A-F). 
Notwithstanding other mesenchymal-associated path-
ways, we observed a general trend of PN GPCs being more 
receptive to ligands-induced STAT3 and NF-κB signaling 
activation, relative to MES GPCs. We speculate that PN 
GPCs have greater “potential” to undergo mesenchymal 
transition, as opposed to MES GPCs that are already mes-
enchymal, to begin with, as indicated by their higher basal 
STAT3 activity.

We found STAT3 and NF-κB pathways activation correl-
ated with induced expression of mesenchymal-associated 
proteins (CD44, YKL-40, and TAZ) and suppressed ex-
pression of a proneural marker, Olig2 (Supplementary 
Figure S7C and S7D). In agreement, quantitative reverse 
transcription-PCR (qRT-PCR) analysis showed increased 
expression of a subset of Neftel’s MES-like-associated 
genes, alongside a reduction in non-MES-like-related 
genes (Figure 5E). Together, these data further corrobor-
ated mVenus fluorescence tracking mesenchymal phe-
notype. Importantly, the cellular plasticity towards the 
mesenchymal state manifested in enhanced invasiveness, 
as demonstrated in PN GPCs treated with CNTF and TWEAK 
(Supplementary Figure S8G-J) as well as TNF (Figure 6F 
and 6G). Meanwhile, the effect of TGF-β on mesenchymal 

are from Glioportal cohort stratified according to the glioma-intrinsic (GI) transcriptomic subtype. B. Violin plots showing the distribution of 
GBMdeconvoluteR cell state scores in GI subtype-stratified tumors. C. Representative immunofluorescent staining of CD45 (immune marker), 
CD44 (mesenchymal marker), and Olig2 (proneural marker) in formalin-fixed paraffin-embedded proneural versus mesenchymal primary tumors. 
D. Quantification of CD45-positive cells in proneural versus mesenchymal primary tumors (n = 4 primary tumors for each subtype). Scale bar: 
100 µm. E & F. Correlation of CD45-positive and CD44- or Olig2-positive cells in each tumor. Pearson correlation coefficient (r) measures the 
strength of the relationship. Significance is denoted by asterisks: *P < .05; **P < .01; ***P < .001; ****P < .0001.
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Figure 6.  TNF-TNFRSF1A ligand-receptor pair promotes mesenchymal transition and confers invasive trait. A. TNFRSF1A and TNFRSF1B ex-
pression in malignant cell states based on deconvoluted sample-level cell state-specific gene expression and publicly available single-cell RNA 
sequencing datasets. B. Representative mVenus fluorescence curve shift in proneural cells, GLIO-0122 and -0084, upon 24-h agonistic antibody or 
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program activation was rather subdued (Figure 5B, 5C). 
Phosphorylation of Smad2 (S465/467) upon TGF-β addition 
indicated binding to its receptor (Supplementary Figure 
S7C and S7D), but with a change in the transcriptomic pro-
file that paled in comparison with the rest of the ligands 
(Figure 5E).

TNF Binding to TNFRSF1A Confers Mesenchymal 
Phenotype and Invasiveness

With consistent induction of MES program across all 
tested GPCs, we zoomed into TNF function in the mes-
enchymal shift. TNF has two well-known receptors, 
TNFRSF1A and TNFRSF1B.52 Deconvoluted bulk transcrip-
tome data showed TNFRSF1A expression in MES-like cell 
state regardless of tumor subtypes, whilst TNFRSF1B was 
entirely absent (Figure 6A). Five independent public single-
cell RNA sequencing datasets7,46–49 further corroborated 
the differential TNFRSF1A and TNFRSF1B expressions, 
where TNFRSF1A expression was predominantly detected 
in MES-like neoplastic cell state, but also evident in NPC- 
and OPC-like states. Meanwhile, TNFRSF1B was detectable 
across all states, albeit at a generally much lower coverage 
and expression level relative to TNFRSF1A. At the pro-
tein level, both PN and MES GPCs in our cohort expressed 
TNFRSF1A, while only those with high metagene score (ie, 
possessed relatively more mesenchymal traits) expressed 
TNFRSF1B (Supplementary Figure S9A).

To further substantiate TNFRSF1A as the receptor respon-
sible for mesenchymal transition, we treated GPCs that 
have the lowest metagene score (ie, possessed relatively 
more proneural traits) with agonistic antibodies targeting 
either receptor. Only TNFRSF1A engagement phenocopied 
TNF-induced mesenchymal sLCR activation (Figure 6B and 
Supplementary Figure S9B) and mVenus reporter gene 
expression (Figure 6C and Supplementary Figure S9C). 
Similar findings were replicated in TNFRSF1B-expressing 
GPCs (GLIO-0125 and -0223) (Supplementary Figure S9B 
and S9C). This was accompanied by concurrent activa-
tion of STAT3 and NF-κB pathways (Supplementary Figure 
S9D) and upregulation of mesenchymal-associated genes 
(CD44, YKL-40, Vim, and TAZ) (Supplementary Figure S9E). 
TNF is a well-known pro-inflammatory cytokine with pleio-
tropic effects including tumor growth and invasion. Using 
Matrigel® invasion chamber, we showed that agonistic an-
tibody treatment targeting TNFRSF1A, but not TNFRSF1B, 
enhanced cell invasion towards chemoattractant (2% fetal 
bovine serum in bottom chamber, Figure 6D and 6E).

We continued verifying the TNFRSF1A function in 
triggering plasticity towards MES program by two ap-
proaches. Neutralizing antibody targeting TNFRSF1A, 
but not TNFRSF1B, significantly diminished TNF-
induced upregulation of mesenchymal-associated 
genes in both PN GPCs (GLIO-0122, -0092 and -0084) 

and TNFRSF1B-expressing GPCs (GLIO-0125 and -0223; 
Supplementary Figure S9F). In addition, three inde-
pendent short hairpin RNA (shRNA) knockdown clones 
of TNFRSF1A (C1-3) suppressed TNF-induced phospho-
rylation of STAT3 and p65, and upregulation of mesen-
chymal markers (Supplementary Figure S9G). Importantly, 
TNFRSF1A depletion also significantly reduced TNF-
induced invasiveness (Figure 6F and 6G). Utilizing three 
corresponding formalin-fixed paraffin-embedded tumors, 
we observed proximity of TNFRSF1A-expressing cells 
with CD11b-positive myeloid populations (Figure 6H and 
Supplementary Figure S10A). Notwithstanding other LR 
pairs implicated in neoplastic cell state plasticity, these re-
sults established the function of TNF-TNFRSF1A interaction 
in mediating mesenchymal transformation.

Loss of TNFRSF1A Improves Mouse Survival

To assess whether TNF-TNFRSF1A function in mesen-
chymal transition has potential implications on disease 
prognosis, we carried out a proof-of-concept animal ex-
periment. We lentivirally transduced our PN cell, GLIO-
0084, with non-targeting (NT) shRNA control and two 
independent knockdown clones of TNFRSF1A (C1 and C2). 
We stereotaxically co-implanted GLIO-0084 with THP-1, a 
human monocytic cell line, to compensate for defective 
macrophage function in an immunodeficient NSG mouse 
strain. Similar preclinical models using either THP-1 or 
U937, another human monocytic cell line, have been pre-
viously employed by independent groups investigating the 
mechanisms of tumor-associated myeloid populations in 
promoting GBM progression.53–58

In vitro, exposure to a conditioned medium from THP-1-
derived macrophages (Supplementary Figure S10B and C) 
strongly induced mesenchymal marker expression, CD44, 
and suppressed that of proneural Olig2 in our proneural 
cells. These effects were dampened by TNFRSF1A silen-
cing (Supplementary Figure S10D). Functionally, loss 
of TNFRSF1A diminished cellular invasiveness stimu-
lated by the conditioned medium (Supplementary Figure 
S10E). In agreement, we found mice bearing orthotopic 
TNFRSF1A-knockdown tumors had a significantly im-
proved probability of survival (Figure 6I) and smaller 
tumor sizes (Figure 6J) relative to control tumors. NT 
mice had a median survival of 57 days in contrast to C1 
and C2 mice with median survival of 90 and 103 days, 
respectively. The better prognosis correlated with a de-
creased frequency of GBM cells expressing CD44 and 
an increased frequency of those with enhanced nuclear 
Olig2 expression (Figure 6K, 6L and Supplementary 
Figure S10F and G). These results further affirmed TNF-
TNFRSF1A function in the acquisition of mesenchymal 
phenotype and substantiated prognostic implications of 
mesenchymal transition.

Quantification of CD44-positive GBM cells within the tumors. Error bars represent the standard deviation of six fields of view. L. Quantification of 
Olig2-positive GBM cells stratified into bright, medium, and dim mean fluorescent intensity (MFI) within each nucleus. Error bars represent the 
standard deviation of at least six fields of view. 1A ag, TNFRSF1A agonistic antibody; 1B ag, TNFRSF1B agonistic antibody; sLCR, synthetic locus 
control region. Significance is denoted by asterisks: *P < .05; **P < .01; ***P < .001, two-tailed Student’s t-test. Data are mean ± s.d.
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Discussion

GBM remains one of the most challenging primary adult 
malignant brain tumors to treat, where chemotherapy is 
still limited to TMZ and treatment decisions have not yet 
fully adapted to inter- and intramolecular heterogeneity. 
Large GBM consortiums, like GLASS and CPTAC, have re-
vealed the granularity of GBM complexity, providing in-
sights into phenotypic plasticity occurring in neoplastic 
cells and characteristics of GBM tumor ecosystem that 
very much regulates the malignant cell state plasticity as 
the disease progresses.3,5 Despite the wealth of data, the 
challenge remains to translate these new paradigms into 
functional, therapeutic, and curative outcomes. While tack-
ling the MES GBM subtype has potential clinical bene-
fits,9,31,59 targeted therapeutic modalities remain scarce. 
In this study, we introduce Glioportal, the first GBM bi-
obank in Asia that is aligned with the 2021 World Health 
Organization guidelines21 and offers a comprehensive plat-
form that integrates molecular data with therapeutic appli-
cations, ultimately aiming to improve treatment outcomes 
for this challenging disease.

Glioportal operates on a “split bank concept” where 
earlier patients’ materials support discovery and preclinical 
research, while more recent patients can be re-identified 
for clinical trials. One example is the STAT3 gene signa-
ture that we previously established to stratify retrospective 
GBM patients into STAT3-high and STAT3-low cohorts.26 
This signature is more accurate than STAT3 phosphoryl-
ation status alone for predicting GBM patients’ response 
to STAT3-targeting interventions.26 Orthotopic xenografts 
derived from these GPCs facilitated preclinical validation 
of STAT3 inhibitor efficacy and combinatorial therapeutic 
strategies in both STAT3-high and -low cohorts. These find-
ings formed the foundation of our EZ-READ (enzyme ZIF-8 
complexes for regenerative and catalytic digital detection 
of RNA) nanosensor platform that accurately profiles circu-
lating RNAs for blood-based GBM diagnosis and molecular 
subtyping.60 We are currently fine-tuning the nanosensor 
platform to enable non-invasive stratification of GBM pa-
tients for STAT3-targeted clinical trials.

Separately, we identified p38 MAPK as a therapeutic vul-
nerability and druggable kinase for the MES subtype.61 We 
demonstrated the synergy between TMZ and p38 MAPK 
inhibition in extending overall survival in orthotopic MES 
xenografts. Our findings advocate the use of targeted 
combination therapies to tackle the therapeutic-resistant 
subpopulation of the tumor. Also, we recently shared our 
findings on the functional dichotomy of enhancer of zeste 
homolog 2 (EZH2) in ROS-stratified GBM, where ROS(+) 
tumors are dominated by MES GBM subtype. ROS(+) 
GPCs and TX show dependency on EZH2 co-interaction 
with RelB and RelA to drive constitutive activation of non-
canonical NF-κB2 signaling, rendering it resistant to TMZ.62 
Altogether, Glioportal resource captures the intra- and 
inter-patient variability and bridge the gap between molec-
ular stratification and functional therapeutic outcomes.

Here, we leveraged the Glioportal biobank and utilized 
our paired PTs and GPCs to uncover “transcriptional ad-
diction” within the MES GBM subtype. We found two in-
trinsic modules M1 and M16 that have implications in TME 

architecture and plasticity towards mesenchymal pheno-
type upon recurrence (Figure 2G and Supplementary Table 
S6). In addition, we found enrichment of immune-related 
module M5 indicating the significance of stromal elements 
in MES GBM. This was further corroborated by the loss of 
mesenchymal identity in MES tumor-derived GPCs and 
TXs (Figure 2I and Supplementary Figure S1A). Previous 
studies have established that the propagation of tumor 
cells over serial passages can lead to clonal expansion that 
fails to sustain intratumoral heterogeneity.63 Moreover, the 
absence of tissue architecture and cellular constituents of 
TME exacerbate transcriptomic divergence from the orig-
inal tumors.59 Not surprisingly, the transcriptomic profiles 
of most GPCs derived from MES tumors and TXs estab-
lished from MES GPCs switched to non-MES subtypes. We 
nonetheless took advantage of this phenotypic plasticity to 
screen for myeloid-derived ligands that have the capacity 
to induce mesenchymal transition (Figure 5).

Using mesenchymal-specific synthetic genetic tracing 
reporter,41 we confirmed mesenchymal program activa-
tion induced by OSM3,10,64 and TNF.22,36,41 We also identi-
fied two ligands—CNTF and TWEAK (TNFSF12)—that are 
yet to be implicated in mesenchymal shift in GBM. CNTF, 
a neuropoietic cytokine, regulates astroglial differentiation 
in neural stem cells.65 Alongside OSM, leukemia inhibitory 
factor (LIF) and interleukin 6 (IL 6), CNTF forms a cytokine 
family that shares structural similarities with one another 
and binds to gp130 receptor component thereby initiating 
JAK/STAT signaling cascade.66 Consistent with the pre-
vious report,41 we indeed observed mesenchymal sLCR ac-
tivation upon LIF stimulation (data not shown).

On the other hand, TWEAK (TNFSF12), a TNF ligand 
family cytokine,67,68 binds to Fn14 (TNFRSF12A) receptor 
and activates both canonical and non-canonical NF-κB 
pathways.69,70 Elevated expression of Fn14 receptor was 
previously detected in recurrent GBM and TMZ-resistant 
patient-derived xenografts.71 Fn14 over-expression in 
transgenic PN mouse models led to significantly reduced 
survival, accompanied by transformation into highly inva-
sive, necrotic, and immune cell-rich tumors.72 More inter-
estingly, recent development of anti-Fn14 bispecific T-cell 
engager (BiTE) and Fn14-specific chimeric antigen receptor 
T (CAR-T)/IL-15 cells have shown promising antitumor 
activity in vitro, with significant tumor regression in 
xenograft models.73 Thus, CNTF- and TWEAK-mediated 
induction of mesenchymal program through STAT3 and 
NF-κB signaling nodes highlights the prognostic values of 
M1 and M16 MES modules identified.

Notwithstanding other LR pairs implicated in neo-
plastic cell state plasticity, our ligand screening demon-
strated TNF as a robust trigger for mesenchymal transition 
through specific engagement of TNFRSF1A (Figure 6 and 
Supplementary Figure S9). Intriguingly, high TNFRSF1A 
expression was detected in malignant cells despite its 
well-established pro-apoptosis effects,74 whilst the expres-
sion of TNFRSF1B, known for its proliferative function, 
paled in comparison (Figure 6A). TNFRSF1A and TNFRSF1B 
were shown to jointly modulate the activity of primed 
neural stem cells (NSCs) during systemic inflammation, 
where TNF binding to TNFRSF1B induces NSCs to engage 
the cell cycle and TNFRSF1A stimulation pulls the NSCs 
back to deep quiescence.75 This functional divergence 
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arises from distinct intracellular domains of both recep-
tors. Despite the presence of a cytoplasmic death domain, 
TNFRSF1A can activate NF-κB and other pro-survival path-
ways depending on the downstream formation of adaptor 
protein complexes. For instance, the TRAF2-cIAP1 com-
plex recruitment to the TNFRSF1A death domain confers 
TNF pro-tumorigenic function, whilst its ablation redirects 
interaction with the RIPK1-caspase 8 complex, favoring 
cancer cell death.76

Our experimental data compellingly demonstrate 
TNFRSF1A function in mesenchymal transformation, 
whereas TNFRSF1B's role remains to be elucidated. 
Cooperation between the two receptors in balancing 
pro- and anti-tumorigenic effects of TNF is conceivable 
as demonstrated in the neuroblastoma co-culture model, 
where membrane-bound TNF expressed on cancer cells 
bind to monocytic TNFRSF1B thereby stimulating soluble 
TNF production that in turn binds to TNFRSF1A on the ne-
oplastic cells and triggers pro-survival NF-κB signaling.77 
Future exploration of the interplay between TNFRSF1A and 
TNFRSF1B in the MES GBM subtype is warranted.

In summary, we communicated our endeavor to estab-
lish Glioportal as a resource platform for basic and trans-
lational GBM research. The growing number of biobanks 
alike illustrates its value in advancing precision therapy 
for GBM, especially with the rapid rise and availability of 
multi-omics capabilities and wealth of data that require rig-
orous validation using reliable preclinical models and well-
curated molecular data.14,15,17–20,78–80 Here, we tapped into 
Glioportal to identify both cell-intrinsic and -extrinsic fac-
tors critical for MES GBM. Ligand-receptor pairs function 
as conduits for mesenchymal phenotypic switch induced 
by the tumor immune microenvironment. They present 
potential therapeutic vulnerabilities for clinical scenarios 
when a GBM tumor recurs along a non-MES to MES axis. 
Their capacity to regulate neoplastic cell plasticity merits 
the pursuit of treatment strategies targeting cancer cell 
interactions with TME components.

Supplementary material

Supplementary material is available online at Neuro-
Oncology (https://academic.oup.com/neuro-oncology).
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