
Journal of Extracellular Biology 

RESEARCH ARTICLE

Exosome Secretion Drives Chemo-Resistance of 
Temozolomide in Glioblastoma 

Wenpei Li1 Shaoping Jiang1 Kun Liu1 Zhi Li1 Jun Yang1 Weimin Liu1 Yuanyu Huang1 , 2 , 3 , 4 
Minghui Yang1 , 2 , 3 , 4 Shuai Guo1 , 2 Shaobo Ruan1 , 2 

1 School of Chemistry and Chemical Engineering, School of Life Science, School of Interdisciplinary Science, Key Laboratory of Molecular Medicine and 
Biotherapy, Key Laboratory of Medical Molecule Science and Pharmaceutics Engineering, Beijing Institute of Technology, Beijing, China 2 School of Medical 
Engineering, School of Interdisciplinary Science; Affiliated Zhuhai People’s Hospital, Beijing Institute of Technology, Zhuhai, P.R. China 3 Advanced 
Technology Research Institute, Beijing Institute of Technology, Ji’nan, China 4 Beijing Key Laboratory of Mucosal Immunity Vaccines Against Respiratory 
Viruses, Beijing Institute of Technology, Beijing, China 

Correspondence: Shuai Guo ( sguo@bit.edu.cn) Shaobo Ruan ( ruanshaobo@bit.edu.cn) 

Received: 4 March 2026 Revised: 31 May 2026 Accepted: 3 June 2026 

ABSTRACT 

Temozolomide (TMZ) is a first-line chemotherapeutic agent for the treatment of glioblastoma (GBM), while a majority of patients 
do not effectively respond to TMZ owing to the multiple resistance mechanisms. In this study, we found that TMZ treatment 
substantially increased the exosome secretion from GBM cell line. The secreted exosomes from TMZ-treated C6 cells maintained 
typical physicochemical properties, with only slight fluctuation in expression profile of surface markers compared to untreated 
cell-derived exosomes. Further investigation revealed that increased expression of p53 might be the predominant reason to 
promote exosome secretion, potentially through the upregulation of six-transmembrane epithelial antigen of prostate 3 (STEAP3) 
expression under stress condition. Moreover, we identified that pre-treatment with TMZ-induced exosomes could reduce the 
sensitivity of C6 cells to TMZ and considered that exosome secretion may serve as a potent TMZ resistance mechanism via 
enhancing anti-apoptotic ability of GBM cells towards TMZ exposure. Proteomics analysis revealed a strategic mechanism to 
resist TMZ-induced apoptosis by upregulating exosomal proteins associated with biogenesis, chemoresistance, and therapeutic 
adaption. This finding revealed a considerable TMZ resistance mechanism and provided a new inspiration for preventing exosome 
biogenesis to resensitise TMZ cytotoxicity towards GBM. 
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 Introduction 

lioblastoma (GBM) is the most common and aggressive diffuse
lioma of astrocytic lineage in adults, making up approximately
0% of all glioma and 15% of all primary brain tumours (Berenguer
t al. 2018 ). GBM is classified into Grade IV glioma based on
he WHO classification, characterised by high invasiveness, high
ecurrence rates, high mortality and poor prognosis (Dusoswa
t al. 2019 ). Despite a standard treatment comprising maximal
afe surgical resection, followed by concurrent radiation therapy
nd adjuvant chemotherapy, GBM remains incurable malignancy
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with a median survival of only 15 months (Wong et al. 2020 ).
Temozolomide (TMZ), an oral alkylating agent, can transfer
alkyl groups to guanine and adenine bases, inducing adducts
accumulation and thus DNA damage (Yin et al. 2023 ). Since 2005,
TMZ is considered as the first-line chemotherapeutic agent of
GBM due to its comparatively superior blood–brain barrier (BBB)
penetration efficiency. However, the survival benefits of TMZ
treatment are still modest, with a 2.5 months improvement in the
median survival from 12.1 to 14.6 months (Lee 2016 ). The modest
survival benefit is mainly attributed to the existence of multiple
resistance mechanisms, primarily including O-6-methyl guanine-
ommercial License, which permits use, distribution and reproduction in any 
oses. 
 on behalf of International Society for Extracellular Vesicles. 

1 of 17

https://doi.org/10.1002/jex2.70161
https://orcid.org/0000-0002-6300-4979
mailto:sguo@bit.edu.cn
mailto:ruanshaobo@bit.edu.cn
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/jex2.70161
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjex2.70161&domain=pdf&date_stamp=2026-06-30


D  

r  

m  

W  

2  

s  

a  

J  

(  

(  

t  

o  

i

E  

v  

b  

s  

a  

2  

g  

i  

p  

2  

a  

(  

2  

g  

t  

v  

S  

t  

(  

v  

a  

o  

t  

i

C  

c  

i  

a  

e  

s  

m  

T  

a  

a  

M  

l  

a  

T  

t  

a  

c  

s  

n  

r  

r  

o  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 27682811, 2026, 7, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jex2.70161 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reati
NA methyltransferase (MGMT)-mediated double-strand DNA
epair (Wu et al. 2019 ; Oldrini et al. 2020 ), poly-ADP-ribose poly-
erase (PARP)-mediated base excision repair (Han et al. 2020 ;
u et al. 2021 ), P-glycoprotein (P-gp) efflux pump (Munoz et al.
015 ; Robey et al. 2018 ), the presence of specific cell population
uch as glioma stem cells (GSCs) (Tso et al. 2015 ; Xu et al. 2024 )
nd glioma-associated macrophage (GAM) (Broekman et al. 2018 ;
iang et al. 2024 ), the accumulation of stress-survival responses
e.g., autophagy), as well as alteration in cell signalling pathway
e.g., PI3K/Akt). Therefore, understanding the underlying resis-
ance mechanisms or uncovering new resistance mechanism may
ffer more opportunities to troubleshoot the TMZ resistance and
mprove survival benefit. 

xtracellular vesicles (EVs) are lipid bilayer-enclosed membrane
esicles secreted from nearly all mammalian cell types and are
roadly classified into three subtypes according to their origin and
ize: exosomes (30–150 nm), microvesicles (100–1000 nm) and
poptotic bodies (800–5000 nm) (Liu et al. 2019 ; Hussain et al.
025 ). Among these, exosomes are the most widely studied EVs
iven to their well-defined endosomal origin, significant roles in
ntercellular communication by transferring bioactive cargo (e.g.,
roteins, miRNAs and metabolites) (Zhang et al. 2018 ; Yang et al.
020 ; Kimiz-Gebologlu and Oncel 2022 ; Song et al. 2024 ), as well
s their considerable potential in various biomedical applications
e.g., tissue repair, drug delivery and liquid biopsy) (Liang et al.
021 ; Yu et al. 2022 ; Yadav et al. 2024 ). Briefly, exosomes are
enerally recognised to originate from the inward budding of
he limiting late endosomal membrane to generate intraluminal
esicles (ILVs), mature within multivesicular bodies (MVBs).
ubsequently, fusion of MVBs with plasma membrane results in
he release of ILVs to the extracellular environment as exosomes
Han et al. 2022 ; Arya et al. 2024 ). Along with the biogenesis, a
ariety of membranal and cytoplastic cargos of proteins, nucleic
cids, lipids and metabolites are sorted into either lipid bilayer
r intraluminal space (Wan et al. 2019 ; Gurung et al. 2021 ). The
ransfer of these bioactive cargos between cells plays critical role
n maintaining biological functions or promoting pathogenesis. 

ompared to its normal origin cells (e.g., neural progenitor
ells), GBM cells can substantially secrete exosomes, which are
nvolved in promoting angiogenesis, immune escape, invasion
nd therapeutic resistance (Hu et al. 2022 ; Xia et al. 2023 ; Qin
t al. 2025 ). Previous studies uncovered that tumour-derived exo-
omes may exacerbate chemoresistance by transferring specific
iRNAs and proteins. For example, exosomal miR-1238 from
MZ-resistant GBM cells could be taken up by sensitive cells
nd promote resistance via downregulation of caveolin-1 (CAV1)
nd activation of EGFR/PI3K-Akt signalling (Ma et al. 2024 ).
oreover, exosome-transmitted lncRNA lnc-TALC could modu-

ate the tumour microenvironment through microglia activation
nd complement secretion, enhancing DNA repair and reducing
MZ-induced cytotoxicity (Li et al. 2021 ). More recently, exosomal
ransfer of metabolic enzyme pyruvate kinase M2 (PKM2) has
lso been implicated in driving TMZ resistance under hypoxic
onditions (Li et al. 2024 ). These findings underscore how exo-
omes act as driver of chemoresistance determinants-miRNAs,
oncoding RNAs, and proteins-fundamentally altering DNA
epair, survival signalling, metabolism and tumour microenvi-
onment, thereby undermining TMZ efficacy. Although the role
f exosomes in chemoresistance is increasingly recognised, their
of 17
specific involvement in TMZ resistance in GBM remains largely
unknown (Chen et al. 2021 ). 

In this study, we aimed to investigate the relationship between
exosomes and TMZ resistance in GBM cells after exposure to TMZ
treatment. We found that GBM cells treatment with different
chemotherapeutic agents, including TMZ, doxorubicin (DOX)
and cisplatin (CDDP), induced enhanced exosome secretion
compared to untreated cells. Despite an increased secretion,
exosomes derived from TMZ-treated cells could still maintain
typical morphology, size distribution and zeta potential, with
only slight fluctuation in expression profile of surface markers,
such as CD9, CD63 and CD81. Western blot analysis revealed
that increased expression of p53 (a critical tumour-suppressing
protein) might be the predominant reason to promote exosome
secretion by upregulating six transmembrane epithelial antigen
of prostate 3 (STEAP3) expression under stress condition. In
vitro cellular uptake studies demonstrated that TMZ-induced
exosomes were preferentially taken up by cognate tumour cells
and brain endothelial cells, in contrast to non-induced exosomes.
More importantly, we identified that pre-treatment with TMZ-
induced exosomes could reduce the sensitivity of C6 cells to
TMZ. We recognised that exosome secretion may serve as a
potent TMZ resistance mechanism via enhancing anti-apoptotic
ability of GBM cells towards TMZ exposure. Further proteomic
analysis revealed an overall upregulation of protein profiles in
TMZ-induced exosomes, with particular enrichment of proteins
associated with PI3K/AKT pathway, of which the activation is
considered significant cause of chemoresistance in cancer ther-
apy. We thus speculated that the upregulated exosomal proteins
may be a strategic mechanism by which cells tended to acquire
resistance to TMZ. Collectively, our findings demonstrated that
chemotherapeutic agents could profoundly promote exosome
secretion and the TMZ-induced exosome secretion may serve as
a potent resistance mechanism. These results not only provide
a new insight of the role of exosomes in therapeutic resistance
but also underscore the therapeutic potential of blocking exosome
biogenesis to overcome TMZ resistance. 

2 Methods 

2.1 Cell Culture and Preparation 

C6, bEnd.3, BV-2 and N2A cells were cultured in DMEM
basic (1 ×) medium (Gibco, USA) containing 10% fetal bovine
serum (FBS, PAN, Germany), 1% penicillin–streptomycin (Gibco,
USA). DC2.4 cells were cultured in RPMI-1640 medium (Gibco,
USA) containing 10% FBS and 1% penicillin–streptomycin. GL261
cells were cultured in DMEM medium containing 10% FBS,
1% penicillin–streptomycin, 1% glutamine (Gibco, USA) and 1%
HEPES (Gibco, USA). Subcultures were maintained in humified
incubator with 5% CO2 supply at 37◦C, and all experiments were
performed during the logarithmic phase of cell growth. 

2.2 MTT Assay 

To determine the half maximal inhibitory concentration (IC50 ) of
different kinds of drugs on C6 cells, the cell viability was tested.
Cells were harvested, centrifuged and seeded into 96-well plates
Journal of Extracellular Biology, 2026
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t a density of about 1 ×104 cells per well, and then treated with
MZ and CDDP for 24 h incubation. 3-(4,5-Dimethylthiazol-2-
l)-2,5-diphen yltetrazoliumbromide (MTT, 5 mg/mL in PBS) was
iluted 20 times with medium and added into 96-well plates with
00 µL per well. After incubating for 4 h, MTT solution in plates
as discarded and 50 µL dimethyl sulfoxide (DMSO) was added
n each well. The plates were placed in a constant temperature
haker at 37◦C for 30 min with 75 rpm/min and the absorbance
as measured at 570 nm with microplate reader (BioTek, USA). 

.3 Chemotherapy Treatment and Exosome 
urification 

or the experimental group, cells were cultured in T25 flask for
4 h and then incubated with 100, 300 and 600 µg/mL TMZ
or another 24 h, then the supernatant containing TMZ was
iscarded, the cells were rinsed with PBS, and 10 mL exosome-
epleted DMEM was added to every T25 flask, the supernatant
as collected after culturing at 37◦C for 24 h. The number of
ells in each T25 flask was calculated, respectively. In the control
roup, the supernatant was discarded after 24 h culture without
reatment, 10 mL exosome-depleted DMEM was added, and the
upernatant was collected after 24 h culture. Treatment of cells
ith DOX and CDDP was similar to TMZ treatment, with altered
ncubation dose of DOX at 1, 3, 6 and 9 µg/mL and of CDDP at
00, 200 and 300 µg/mL. 

6 cells-derived exosomes were isolated from the supernatant by
 sequential ultracentrifugation process, as previously reported
Li et al. 2017 ). Briefly, cells were removed from the supernatant
y centrifugation at 300 × g for 10 min followed by removing
ebris at 2000 × g for 30 min. Then the supernatants were
entrifuged at 10,000 × g for 30 min to remove apoptotic bodies
nd large cell debris (Thermo Scientific, USA). In the end, the
upernatants were transferred to ultracentrifuge tubes and then
entrifuged at 100,000 × g for 70 min (Beckman ultracentrifuge,
eckman Coulter). The pellets were further washed and re-
uspended in 10 mL PBS and ultracentrifuged for the second time
ith 100,000 × g for 70 min. Exosomes were finally resuspended
n 300 µL PBS and stored in − 80◦C for the further study. 

ikewise, bEnd.3, GL261, BV-2 and N2A cells were also treated
ith TMZ, DOX and CDDP at a certain concentration of
00 µg/mL, 300 µg/mL and 600 µg/mL, 1 µg/mL, 3 µg/mL, 6 µg/mL
nd 9 µg/mL and 100 µg/mL, 200 µg/mL and 300 µg/mL, respec-
ively. Cells without any treatment were set as the control group.
ells after treatment were also calculated and the exosomes were
ollected from supernatant after ultracentrifuged. 

.4 Exosome Characterisation 

he size and particle number of isolated exosomes were analysed
y nanoparticle tracking analysis (NTA) using the ZetaView
nstrument (Particle Metrix, Germany). Twenty microlitres of the
esuspended exosomes were diluted in 2 mL PBS at the ratio of
:100. The diluted sample was injected into the instrument by
 mL injection syringe. Software settings for capture and analysis
ere listed as followed: min bright = 30, min size = 10, max size =
000, sensitivity = 70, shutter = 100. The zeta potential of isolated
ournal of Extracellular Biology, 2026
exosomes was determined by dynamic laser scattering (DLS,
Malvern Nano-s, England). The morphology of isolated exosomes
was verified by transmission electron microscope (TEM, FEI,
USA) imaging following the protocol. Exosomes samples were
first diluted in PBS to a concentration of 10–50 µg/mL. Ten
microlitres aliquot of the exosome suspension was applied onto
a formvar/carbon-coated copper grid and allowed to adsorb for
5–10 min at room temperature. Excess liquid was gently removed
with filter paper and a drop of Milli-Q water was used to
wash away contaminants. The grid was negatively stained with
2% (w/v) uranyl acetate for 1–2 min. After carefully removing
the excess stain, the grid was air-dried for 10–15 min at room
temperature. The images were performed using a TEM operated
at an accelerating voltage of 80–100 kV. 

2.5 BCA Assay 

Protein concentrations of lysates were determined using a bicin-
choninic acid (BCA) assay before western blot analysis. Cells were
lysed in ice-cold cell lysis buffer supplemented with protease and
phosphatase inhibitors. Lysates were incubated on ice for 30 min
and centrifuged at 12,000 × g for 15 min at 4◦C to remove cell
debris. The supernatant was collected, and aliquots were stored
at − 80◦C until use next time. A stock solution of bovine serum
albumin (BSA) was diluted with PBS buffer to generate a series
of standards ranging from 0 to 2000 µg/mL. Immediately before
use, Reagent A and Reagent B were mixed at a 50:1 ratio to
form the BCA working reagent, according to the manufacturer’s
instructions. For each standard and unknown sample, 12.5 µL
of solution was added to a 96-well plate. Subsequently, 100 µL
of the BCA working reagent was added to each well and gently
mixed. The plate was incubated at 37◦C for 30 min. Absorbance
was measured at 562 nm using a microplate spectrophotometer. A
standard curve was generated from the BSA dilutions, and protein
concentrations of the experimental samples were calculated using
linear regression. Each sample was assayed in triplicate, and
results were averaged to minimise technical variability. 

2.6 Western Blot 

Equal amounts of protein (30 µg) were mixed with 5 ×SDS loading
buffer and denatured at 99◦C for 10 min. Samples were separated
by SDS-PAGE on 10% polyacrylamide gels and transferred onto
nitrocellulose (NC) membrane (Millipore, USA) using a wet
transfer system. Membranes were blocked with 5% skimmed milk
in Tris-Buffered Saline with Tween-20 (TBST) for 2 h at the room
temperature, followed by the incubation with primary antibodies
overnight at 4◦C. After washing three times with TBST, mem-
branes were incubated with appropriate secondary antibodies for
1 h at room temperature. Protein bands were visualised using
enhanced chemiluminescence (ECL) reagents (Jiangsu Cowin
Biotech Co., Ltd, China) and imaged with a 5200 multiautomated
chemiluminescence system (Tianneng, Shanghai, China). 

2.7 Nanoflow Cytometry Analysis 

Purified exosome samples were first diluted in PBS to achieve
a particle concentration within the optimal detection range
3 of 17
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1 ×108 –1 ×109 particles/mL). For fluorescence labelling, exosomes
ere incubated with antibodies conjugated with a fluorescence.
amples were loaded into the nanoflow cytometer and data
ere collected using the instrument’s standard settings for small
article detection. At least 100,000 events per sample were
ecorded. Side scatter (SSC) and fluorescence signals were used
o determine particle size and the protein expression. 

.8 NanoView Microarray for Characterisation 

f Exosomes Surface Markers 

upernatant of cell culture was collected and then centrifuged at
00 × g for 10 min, 2000 × g for 30 min and 10,000 × g for 30 min
o remove cell debris as much as possible. The experimental
rocedure and instrument were provided by Quantum Scientific
nstruments Trading (Beijing) Co., Ltd with a ExoView Exosome
it. The supernatant after centrifuging was collected and diluted
ith the exosomes binding buffer (Solution A, pH7.4) at 1:10 for
xosomes derived from 100 and 300 µg/mL TMZ treated cells
nd 1:30 for exosomes derived from 600 µg/mL TMZ treated
ells. Fifty microlitres of diluted sample was dropped on the
icroarray chips for incubation overnight. Each microarray chip
as precoated with capture antibodies CD9 and CD81. The chips
ere washed four times with Solution A at 150 rpm/min for 3 min
ach time. After washing, 300 µL blocking solution containing
hree detection antibodies, including CF488-conjugated CD9
clone MZ3, rat, Biotium), CF555-conjugated CD81 (clone Eat-
, rat, Biotium) and CF647-conjugated CD63 (clone NVG-2, rat,
iotium), was used to incubate with each chip for 1 h at room
emperature under protection from light. Following, microarray
hips were washed with Solution A, Solution B and distilled
ater sequentially. Finally, the chips were airdried for imaging
y ExoView R200 (NanoView Biosciences, USA). 

.9 Cellular Uptake 

ellular uptake of exosomes was evaluated using fluorescently
abelled exosomes. Exosomes were first labelled with PKH26 dye
Solarbio, China) according to the manufacturer’s instructions.
n brief, isolated exosomes were resuspended in Dilute C, mixed
ith PKH26 dye solution and incubated for 5 min at room
emperature with gently mixing. Excess dye was removed by
ltracentrifugation at 100,000 × g for 70 min at 4◦C. The
abelled exosomes pellet was resuspended in PBS at the desired
oncentration. Recipient cells were seeded in 24-well plates at a
ensity of 5 ×104 cells per well and cultured overnight. Cells were
hen incubated with PKH26-labelled exosomes (1 ×109 particles
er well) for 4, 8 and 24 h at 37◦C in a humidified incubator with
% CO2 . After incubation, cells were washed twice with PBS to
emove uninternalised exosomes. Finally, cells were resuspended
n 300 µL PBS for flow cytometry analysis (BD Bioscience, USA).

.10 Apoptosis 

ell apoptosis was detected using an Annexin V-FITC/propidium
odide (PI) apoptosis detection kit (Yeasen, China) according
o the manufacturer’s instructions. Briefly, cells were seeded
n 12-well plates at a density of 6 ×104 per well. After 24 h
of 17
of cultivation at 37◦C, exosomes derived from 100, 300 and
600 µg/mL TMZ-treated C6 cells were added to the plates (7.5 ×109 
particles per well). Cells without exosomes incubation served
as negative control. After incubation for 24 h, TMZ was added
at the concentration of 300 µg/mL. After incubation for 24 h,
cells were harvested and then washed twice with cold PBS, and
resuspended in 1 ×binding buffer at a concentration of 1 ×106 
cells/mL. Subsequently, 5 µL of Annexin V-FITC and 10 µL of PI
were added to 100 µL of the cell suspension. The mixture was
gently vortexed and incubated for 15 min at room temperature
in the dark. After adding 400 µL of binding buffer, samples
were immediately analysed by flow cytometry (BD Bioscience,
USA). Data were processed using FlowJo software and apoptotic
cells were quantified as the sum of early apoptotic (Annexin V
positive, PI negative) and late apoptotic (Annexin V positive, PI
positive) populations. All experiments were performed in at least
three independent biological replicates. The same experimental
procedures applied to C6 cells were also performed in GL261 cells
under identical conditions. 

2.11 Assessment of Chemotherapy Sensitivity 
Following Treatment With Exosomes From 

TMZ-Treated Tumour Cells 

C6 cells were seeded in a 96-well plate at an appropriate density
and cultured overnight. Then the cells were incubated with the
exosomes, which were isolated from TMZ-treated C6 cells. After
pre-treatment with exosomes isolated from TMZ-treated cells,
C6 cells were further exposed to various concentrations of TMZ
for 24 h. Cell viability and chemotherapeutic sensitivity were
assessed using a MTT assay. Absorbance was measured at 570 nm
using a microplate reader and cell viability was calculated relative
to untreated cells. IC50 values were determined using nonlinear
regression analysis. 

2.12 Preparation of Ultrathin Cell Sections 

Cells were cultured under the specified experimental conditions
and harvested at the desired time point. After washing twice
with PBS, cells were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 2 h at 4◦C. Following primary
fixation, cells were washed three times with 0.1 M cacodylate
buffer and post-fixed in 1% osmium tetroxide (OsO4 ) for 1 h
at room temperature. Samples were then dehydrated through a
graded ethanol series (30%, 50%, 70%, 90% and 100%, 10 min
each) and infiltrated with epoxy resin overnight. Resin-embedded
samples were polymerised at 60◦C for 48 h. Ultrathin sections
(70 nm) were cut using an ultramicrotome equipped with a dia-
mond knife. Sections were collected on copper grids and stained
with 2% uranyl acetate for 10 min, followed by lead citrate for
5 min. After rinsing with distilled water and air drying, samples
were examined under a transmission electron microscope at an
accelerating voltage of 80–100 kV. Representative images were
captured to assess cellular ultrastructure. 

2.13 Proteomic 

Exosomes were isolated from conditioned medium of C6 cells
with an ultracentrifugation protocol. All procedures were per-
Journal of Extracellular Biology, 2026
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ormed at 4◦C to preserve exosome integrity. To extract proteins,
xosomes were lysed in radioimmunoprecipitation assay (RIPA)
uffer supplemented with protease inhibitors (1:100, v/v) and
onicated on ice with 10 s for three times. Then the lysate
as centrifuged at 12,000 × g for 10 min at 4◦C to remove
nsoluble debris. The supernatant was collected as the protein
xtract and the total protein was quantified by a BCA assay with
SA standards. Protein samples were normalised to 50–100 µg
or per analysis. For label-free quantitative proteomics, proteins
ere digested in solution to generate peptides. The peptides
eparation and mass spectrometry (MS) analysis were performed
n a nano-LC system coupled to a mass spectrometer. Functional
nnotation was performed using DAVID for Gene Ontology (GO)
nd Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
nrichment. 

.14 Statistical Analyses 

ultiple comparisons between different groups were analysed by
ne-way AVONA. A comparison between the experimental group
nd control group was analysed by the paired Student’s t test.
ignificant differences are labelled ⋆ for p < 0.05, ⋆⋆ for p < 0.01
nd ⋆⋆⋆ for p < 0.001. 

 Results 

.1 Chemotherapy Promotes Cellular Production
f Exosomes 

o understand the relationship between exosome secretion and
hemotherapy resistance, the influence of TMZ on exosome
ecretion was first explored since TMZ is the first-line chemother-
peutic agent for GBM. To determine the appropriate incubation
ose, MTT assay was performed and an incubation dose of
00 µg/mL close to IC50 was chosen for further investigation
Figure S1 ). At different incubation times, the total number of
ecreted exosomes showed no significant changes between TMZ-
reated and untreated cells (Figure 1a ). Surprisingly, TMZ-treated
ells exhibited higher number of secreted exosomes after nor-
alising to each cell compared with untreated cells, which was
wing to inhibited cell proliferation resulted from TMZ treatment
Figure 1b ). Increasing the incubation time led to a higher number
f exosomes per cell, suggesting a correlation of incubation
ime. Despite increased secretion, TMZ-induced exosomes still
aintained a similar size distribution and zeta potential to nat-
rally secreted exosomes (Figure 1c, d ). Moreover, transmission
lectron microscopy (TEM) images of TMZ-induced exosomes
emonstrated a typical cup-shaped morphology (Figure 1g ),
alidating that TMZ treatment had negligible influence on the
hysiochemical properties of exosomes. To further investigate the
nfluence of TMZ dose on exosome secretion, gradient doses of
00, 300 and 600 µg/mL were applied. The results showed that
reatment with TMZ at a dose of 600 µg/mL led to a marked
ncrease in exosome secretion, which was probably attributed to
ncreased apoptotic stress induced by TMZ (Figure 1e ). Western
lot was also performed to further validate successful exosome
solation. The exosomes were positive for CD63 and tumour
usceptibility gene 101 (TSG101), while the negative marker
alnexin was not detected, indicating minimal contamination.
ournal of Extracellular Biology, 2026
The results confirmed the purity and identity of the isolated
exosomes and supported the reliability of subsequent functional
analysis (Figure S2 ). Additionally, the impact of TMZ was further
assessed in other types of cells to verify whether the TMZ-
induced exosome secretion was cell type specific. Consistent with
the observation in C6 cells, bEnd.3 (a murine brain capillary
endothelial cell line), BV-2 (a murine microglia cell line), N2A
(a murine neuroblastoma cell line) and GL261 (a murine glioma
cell line) cells treated with TMZ also demonstrated an enhanced
exosome secretion, confirming the nonspecific cytotoxicity of
TMZ that can induce apoptotic stress towards both cancer cells
and normal cells (Figure 1f ). 

Moreover, whether chemotherapeutic agents with different
mechanisms can induce exosome secretion in both cancer cells
and normal cells remain unknown. Therefore, two widely used
chemotherapeutic agents were selected: DOX and CDDP. CDDP
functions as a DNA crosslinking and apoptosis-inducing agent,
which is often in combination with TMZ, Vincristine and Lomus-
tine for clinical treatment of GBM. Based on MTT assay results,
an incubation dose of 200 µg/mL close to IC50 was chosen for
investigation (Figure S3a ). In line with TMZ treatment, treatment
with CDDP also significantly increased the number of exosomes
per cell compared to untreated groups, with negligible influence
on size distribution and zeta potential (Figure 1 h, Figure S3b, c ).
In addition, increasing the incubation dose of CDDP led to higher
level of exosome secretion, revealing a correlation of incubation
dose (Figure 1i ). Similar trends were also observed across multiple
cell types, indicating that CDDP was also able to promote the
exosome secretion regardless of cell types (Figure 1j ). 

DOX, an anthracycline antibiotic with broad-spectrum anti-
tumour effects, functions by damaging cancer cell through
intercalating DNA base pairs and inhibiting the enzyme topoiso-
merase II. Accumulating studies proved that DOX can be effective
treatment for GBM, although it faces challenges in reaching
tumour site due to BBB. As expected, DOX treatment led to an
increased number of exosomes per cell compared to untreated
groups, particularly at 48 h post-treatment, which was consistent
with TMZ and CDDP treatment (Figure 1k , Figure S4 ). An
interesting finding was that DOX treatment at an incubation dose
of 3 µg/mL DOX resulted in highest exosome secretion compared
to 1, 6 and 9 µg/mL (Figure 1l ). Overall, a dose-dependent
behaviour of DOX-induced exosome secretion can be speculated.
Furthermore, DOX treatment also promoted exosome secretion
across cell types, confirming this finding that chemotherapy
significantly induced exosome secretion in both cancer cells and
normal cells (Figure 1m ). 

3.2 Marker Expression of TMZ-Induced 

Exosomes 

To explore the potent impact of TMZ treatment on surface
markers expression profile, nano flow cytometry designed for
quantitative analysis of nanoparticles at the single particle level
was applied. The quantitative analysis showed that the expression
of CD81 remained largely unchanged in TMZ-induced exosomes
compared to untreated exosomes regardless of the concentration,
while the expression of CD9 and CD63 was increased in positive
correlation with concentration (Figure 2a, b ). These results
5 of 17
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FIGURE 1 Characterisation of chemotherapeutic agents-induced cellular production of exosomes. (a) The total particle counts of exosomes with 
and without TMZ treatment ( n = 3). (b) Average cellular secretion rate for exosome production from both TMZ treated and untreated C6 cells ( n = 3, 
each plot represents an independent experiment). (c) NTA analysis of size distribution of TMZ-induced exosomes, indicating the consistent size range 
compared to the control group exosomes without TMZ treatment. (d) Zeta potential profiles from TMZ-induced exosomes which is consistent with their 
control group without TMZ treatment ( n = 3). (e) Average cellular secretion rate for exosomes after treatment with different concentration of TMZ ( n 
= 3). (f) Average cellular secretion rate for exosomes in different cell types after exposure to TMZ ( n = 3). (g) TEM images showing the morphology of 
TMZ-induced exosomes from C6 cells, which is consistent with the control group of native exosomes. Scale bar = 100 nm. Average cellular secretion rate 
for exosome production after treatment with CDDP (h) and DOX (k) ( n = 3). Average cellular secretion rate for exosomes after treatment with different 
concentration of CDDP (i) and DOX (l) ( n = 3). Average cellular secretion rate for exosomes in different cell types after exposure to CDDP (j) and DOX 
(m) ( n = 3). Data are represented as mean ± SD ( n = 3). n refers to independent biological experiments. ⋆p < 0.05, ⋆⋆p < 0.01 and ⋆⋆⋆p < 0.001. TMZ, 
temozolomide; CDDP, cisplatin; DOX, doxorubicin; NTA, nanoparticle tracking analysis. 
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FIGURE 2 Evaluation of the surface markers expression from TMZ-induced exosomes at the single particle level. (a) Representative nano flow 

cytometry plots of exosomes from different treatment ( n = 3). (b) The quantification of the positive rate of CD81, CD9 and CD63 on exosomes surface 
( n = 3). (c) Representative fluorescent microarray imaging of CD81+ (green), CD9+ (blue) and CD63+ (red) exosomes on CD81 capture spots. Bottom 

image frames are enlarged views of captured exosomes under each fluorescent channel as well as the overlay. (d) Particle counts of captured CD81+ , 
CD9+ and CD63+ exosomes from different exosomes sample conditions on CD81 and CD9 capture spots ( n = 3). (e) Radar chart analysis of the relative 
co-expression level of multi-markers in various combinations from different exosomes sample conditions on both CD81 and CD9 capture spots. (f) 
Schematic diagram of sensitive multi-marker detection from exosomes captured on microarray chip spot. (g) GEPIA analysis of the correlation between 
CD81, CD9 and CD63 expression and patient overall survival. Data are represented as mean ± SD. n refers to independent biological experiments. ⋆⋆⋆p 
< 0.001. GEPIA, gene expression profiling interactive analysis; TMZ, temozolomide. 
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ndicated that TMZ treatment may influence the certain surface
arkers expression of exosomes, whereas more investigations are
equired to uncover the underlying alteration in functionalities. 

eanwhile, a single-exosome microarray imaging technology
rom NanoView was employed to directly visualise and determine
he surface markers expression. The capture antibody coated onto
ach microarray chip spot allows the capture-based immobili-
ation of exosomes from samples for further immune-probing
ith up to three fluorescently labelled antibodies (Figure 2f ).
luorescent images of CD81 capture spots clearly displayed each
ingle exosome with either individual or colocalised probing
ntibodies (CD63 in red, CD81 in green and CD9 in blue)
Figure 2c ). In comparison, fluorescent images of the isotype
pots (HIgG or RIgG) exhibited much lower captured exosomes
n same dilution rate, denoting the high affinity and specificity
f CD81 and CD9 capture antibodies. In line with NTA results,
otal exosome counts captured in either CD81 spot or CD9
pot further confirmed the trend that TMZ treatment promoted
xosome secretion and increasing TMZ concentration led to
igher exosome secretion (Figure S5 ). In both CD81 and CD9
apture spot, the total counts of CD81+ and CD9+ exosomes were
uch higher than counts of CD63+ exosomes, which was also
onsistent with the nano flow cytometry results. This finding
as probably due to the nature of C6 cells-derived exosomes
hat were enriched in CD81 and CD9 expression, while poor in
D63 expression. Compared to untreated group, the total counts
f CD81+ , CD9+ and CD63+ exosomes from TMZ-treated groups
ere all increased (Figure 2d ). Furthermore, the relative percent-
ge of three markers normalised to total counts also demonstrated
n increased percentage of CD81, CD9 and CD63 expression on
MZ-induced exosomes, with particularly higher percentage of
D81 expression (Figure 2e ). Collectively, TMZ treatment could
nduce upregulated expression of tetraspanins, whereas more
nvestigation was required to confirm this finding since the
esults from nano-flow cytometry and microarray imaging were
ot entirely consistent. These differences may be attributed to
ethodological variations between the two platforms, including
etection principles, assay sensitivity and sample types. For
etection principles, nano-flow cytometer relies on fluorescence-
ased detection of individual exosomes in suspension, whereas
anoView captures exosomes based on immunoaffinity with
ntibody coated on chips. In terms of assay sensitivity, the two
latforms exhibit distinct sensitivity and dynamic range due to
heir different detection modes. A nano-flow cytometer allows
igh-throughput analysis but may be less sensitive for low-
bundance markers or weakly labelled exosomes. NanoView
chieves higher sensitivity for specific markers by enriching
xosomes through surface antibody capture, particularly those
ith strong antibody affinity. In addition, the analysed samples
re also not identical: nano-flow cytometer is typically performed
n isolated exosomes following purification, whereas NanoView
irectly analyse exosomes from cell culture supernatants without
rior isolation. Overall, these methodological differences col-
ectively may contribute to the observed discrepancies between
he two platforms and should be carefully considered when
nterpreting and comparing exosome profiling results. 

t has been revealed that CD81 is a canonical structural protein
n the surface of exosomes that not only contributes to exosome
iogenesis but also function as molecular guides for sorting
of 17
of tetraspanin-enriched microdomain-associated proteins into
exosomes (Lee et al. 2024 ). Therefore, the high expression of CD81
on TMZ-induced exosomes was more likely to be linked with
enhanced exosome secretion capacity as well as specific func-
tionalities. Additionally, the survival curves from gene expression
profiling interactive analysis (GEPIA) database were analysed
and the results showed that GBM patients with high CD81
expression exhibited shorter overall survival compared with
those with low CD81 expression, suggesting that elevated CD81
expression on TMZ-induced exosomes may negatively impact
patient prognosis. In contrast, CD9 and CD63 expression showed
less correlation with GBM patient survival (Figure 2 g, Figure S6 ).

3.3 p53-STEAP3-Dependent Exosome Secretion 

Pathway 

Understanding the underlying mechanism involved in promoting
exosome secretion after TMZ treatment is particularly important.
As above mentioned, TMZ induces DNA damage primarily
through the formation of DNA-methyl adducts, which can lead
to DNA double-strand breaks (DSBs). These DSBs further activate
the p53 protein, a major tumour suppressor protein that acts as a
transcription factor to induce apoptosis or programmed cell death
(Naumann et al. 2009 ). Six-transmembrane epithelial antigen of
prostate 3 (STEAP3), also known as tumour suppressor-activated
pathway 6 (TSAP6), contains a functional p53-binding site in
its promoter and has been reported as a direct transcriptional
target of p53 (Wang et al. 2021 ). The activation of p53 leads
to increased STEAP3 expression, which in turn promotes p53-
mediated apoptosis. Moreover, accumulating studies revealed
that STEAP3 is a key regulator of exosome secretion and is partly
dependent on p53 (Lespagnol et al. 2008 ). To determine the role
of p53-dependent secretory machinery in TMZ-induced exosome
secretion, western blot analysis of key proteins was performed.
As expected, the results showed an increased p53 expression in
C6 cells post-treatment with TMZ, particularly at a concentration
of 300 and 600 µg/mL. Consistently, an increased expression
of STEAP3 was observed as the concentration increased. Mean-
while, a decreased expression of B cell lymphoma-2 (BCL-2), a
major anti-apoptotic protein, was also observed (Figure 3a, b ).
These results collectively suggested a correlation between TMZ-
induced p53-STEAP3 upregulation and this machinery may play
a dominant role in promoting exosome secretion, although direct
causality remained to be formally established. 

Given that STEAP3 plays a critical role in the formation of MVBs
and the sorting of ILVs into the MVB lumen for eventual release
as exosomes, we set out to directly observe the formation of
MVBs and ILVs using bio-TEM. Images of untreated C6 cells
clearly displayed the existence of MVBs, whereas very limited
ILVs were found within MVBs lumen. As a sharp contrast, TMZ
treatment not only significantly increased the number of MVBs
but also increased the number of ILVs, which is consistent with
enhanced exosome biogenesis. These observations supported
the possibility that TMZ-induced exosome secretion might be
linked to the activation of p53-dependent secretory machinery,
of which STEAP3 may act as a critical factor in MVB and ILV
formation (Figure 3c–e ). These results suggested a proposed
mechanism that TMZ exposure was associated with the activation
of p53-STEAP3 signalling pathway, accompanied by increased
Journal of Extracellular Biology, 2026
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FIGURE 3 p53-STEAP3-dependent pathway is associated with increased exosome secretion under TMZ treatment. (a) Western blot analysis of 
BCL-2, p53 and STEAP3 in TMZ-treated C6 cells and control cells. (b) Relative protein expression heatmap. (c) Representative bio-TEM images of C6 
cells treated with 300 µg/mL TMZ and control cells. Scale bar = 1 µm. (d) The number of MVBs per 36 µm2 ( n = 5). (e) The number of ILVs per MVB. 
(f) Schematic of a proposed mechanism for TMZ-induced exosome biogenesis. Data are represented as mean ± SD. n refers to independent biological 
experiments. ⋆⋆p < 0.01. BCL-2, B cell lymphoma-2; ILV, intraluminal vesicle; MVB, multivesicular body; STEAP3, six-transmembrane epithelial antigen 
of prostate 3; TEM, transmission electron microscope; TMZ, temozolomide. 
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xosome biogenesis with the increased numbers of MVBs and
LVs (Figure 3f ), although further functional studies are required
o establish a causal relationship. 

.4 In Vitro Evaluation of Cellular Uptake 

he internalisation of exosomes by recipient cells contributes to
he basis of intercellular communication. Thus, cellular uptake of
MZ-induced exosomes by different types of cells was evaluated
o determine whether TMZ treatment influence the uptake
ehaviour. Flow cytometry analysis displayed that the uptake
f PKH26-labelled exosomes by different cells increased over
ournal of Extracellular Biology, 2026
time, presenting a time-dependent manner. In C6 and bEnd.3
cells, the uptake of TMZ-induced exosomes was higher than
that of non-induced exosomes at each time point, with the
highest uptake of exosomes derived from cells treated with
300 µg/mL TMZ, suggesting that these TMZ-induced exosomes
are more preferentially to be internalised. This finding was prob-
ably attributed to the up-regulated expression of tetraspanins,
which can promote TMZ-induced exosome uptake by recipient
cells by directly binding to receptors or indirectly organising
microdomains that enriched with integrins (Jankovičová et al.
2020 ; Das et al. 2024 ). In BV-2 cells, however, the results showed
an opposite trend that the uptake of TMZ-induced exosomes
was slightly decreased compared to non-induced exosomes. It
9 of 17

ve C
om

m
ons L

icense



c  

f  

r  

r  

H  

t  

s  

e  

b  

p  

c  

r  

a  

i  

(  

t  

d

3
P

T  

s  

a  

e  

r  

s  

G  

t  

T  

A  

i  

r  

i  

a  

n  

m  

t  

t  

i  

a  

l  

c  

T  

T  

r  

t  

o  

w  

p  

t  

f  

t  

d  

G  

a  

T  

c  

e  

b

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 27682811, 2026, 7, D
ow

nloaded from
 https://isevjournals.onlinelibrary.w

iley.com
/doi/10.1002/jex2.70161 by C

ochraneItalia, W
iley O

nline L
ibrary on [15/07/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reat
ould be speculated that microglia recognise and phagocytose
oreign substance through multiple receptors, such as triggering
eceptor expressed on myeloid cells 2 (Trem2), complement
eceptor-3 (CR3) and scavenger receptors (SRs) (Fu et al. 2014 ).
owever, evidences uncover that tetraspanins may compromise
heir functions by interacting with these receptors and associated
ignalling molecules to affect activity and phagocytosis (Brosseau
t al. 2018 ). Surprisingly, the uptake of TMZ-induced exosomes
y DC2.4 cells was close to untreated exosomes at each time
oint, presenting a different trend to neither C6 and bEnd.3
ells nor BV-2 cells. Despite an overlap in phagocytosis-related
eceptors between microglia and DCs, such as CR3 and SRs, DCs
s the professional antigen-presenting cells may involve specific
nternalisation mechanisms that are not affected by tetraspanins
Figure 4a, b ). Overall, the TMZ-induced exosomes were able
o be internalised by cells, while the internalisation behaviours
epended on cell types. 

.5 Exosome-Mediated TMZ Resistance 
ost-Treatment 

MZ resistance is the major reason contributing to modest
urvival benefit, and multiple intrinsic and acquired mechanisms
re well-documented to be involved in the TMZ resistance. How-
ver, whether TMZ-induced exosomes contributed to the TMZ
esistance remains unknow. Considering that enhanced exosome
ecretion and subsequent uptake by surrounding cells within
BM lesion occurred following TMZ treatment, we hypothesised
hat exosome secretion and cellular uptake may exacerbate the
MZ resistance. To confirm this hypothesis, we first performed
nnexin V-FITC/PI staining to evaluate the impact of TMZ-
nduced exosomes on the TMZ sensitivity of C6 cells. The
esults showed that pre-incubation with TMZ-induced exosomes
solated from different conditions led to notably reduced late
poptosis of C6 cells post-exposure to free TMZ again compared to
on-induced exosomes, indicating that TMZ-induced exosomes
ay reduce the TMZ sensitivity of cells (Figure 4c, d ). The apop-
osis experiment was also performed in GL261 cells to evaluate
hat the observed effect is not C6-specific. In line with the findings
n C6 cells, flow cytometry analysis of GL261 cells also exhibited
 similar trend that pre-treatment with TMZ-induced exosomes
ed to reduced apoptosis, particularly under 300 µg/mL TMZ
oncentration, reflecting increased TMZ resistance (Figure S7 ).
hese findings collectively suggested that the exosome-mediated
MZ resistance may be a broad phenomenon, rather than being
estricted to a single cell line. Next, the MTT assay was used
o detect the effect of TMZ-induced exosomes on cell viability
f C6 cells. Consistently, the results showed that pre-incubation
ith TMZ-induced exosomes led to increased cell viabilities
ost-exposure to free TMZ, with an increased IC50 compared
o non-induced exosomes group (Figure 4e, f ). However, as the
ull workflow was not systematically replicated in GL261 cells,
hese results should be considered as supportive rather than
efinitive evidence, and the generalisability of this effect across
BM models requires further investigation. Collectively, both
poptosis and cell viability studies supported our hypothesis that
MZ-induced exosomes may promote TMZ resistance of GBM
ells. This phenomenon was probably owing to that TMZ-induced
xosomes may carry STEAP3, which not only promote apoptosis
ut also contribute to survival. 
0 of 17
3.6 Proteomics Analysis of Exosomal Proteins 

Mounting evidences revealed that exosomal miRNA, such as
miR-1238 and miR-21, plays a crucial role in promoting the
chemoresistance of GBM, indicating that exosomal cargoes may
drive TMZ resistance (Yin et al. 2019 ; Cheng et al. 2022 ). Exosomal
proteins serve as essential mediators of cellular function and play
central roles in cancer progression and tumourigenesis. However,
whether exosomal proteins also contribute to TMZ resistance
remains largely unknown. Thus, we further investigated the
protein profiles of TMZ-induced exosomes as well as potential
alterations by proteomic analysis. To visualise the multivariate
data and reveal potential patterns for further investigation, a
principal component analysis (PCA) was performed (Figure 5a ).
The PCA plot indicated that the first principal component (PC1)
accounted for 46.63% of the total variance, while the second
principal component (PC2) explained an additional 11.38%. For
TMZ-induced exosomes group at the concentration of 300 and
600 µg/mL, the dispersed distribution of data plots indicated sub-
stantial within-group variability, which may attribute to intrinsic
biological heterogeneity among samples. In contrast, the plots
within other groups were more tightly clustered, reflecting a more
uniform distribution of quantitative proteomic profiles. Compar-
ing to the control group, the plots in TMZ-induced exosomes
group were clearly separated, indicating a clear difference in over-
all characteristics. Furthermore, the Pearson correlation plot was
applied to demonstrate the degree of correlation among the four
groups. Most correlation coefficients between control exosomes
and TMZ-induced exosomes were less than 0.5, indicating the
pronounced differences between the two groups at the protein
level (Figure 5b ). To pinpoint specific differentially abundant
proteins (DAPs) that might play key roles in TMZ resistance, we
next conducted differential abundance analysis. In contrast with
control exosomes, hierarchical clustering analysis showed that
some of the proteins were upregulated in TMZ-induced exosomes
(Figure 5c ). Taken together, these results from PCA, Pearson cor-
relation and hierarchical clustering analysis indicated alterations
in protein profiles in TMZ-induced exosomes compared with
control group. 

Comparing the magnitude of protein abundance changes
(log2 fold change) with the statistical significance of the difference
(adjusted p value). A threshold of adjusted p value < 0.05 and
|log2 FC| > 1.5 were applied for filtering. Consistent with
hierarchical clustering analysis, all DAPs expression in the
TMZ-induced exosomes groups were upregulated compared
to non-induced exosomes group (Figure 5d ). These DAPs are
involved in multiple biological functions that may collectively
be associated with tumour cell tolerance and resistance to
chemotherapy rather than acting as independent resistance
factors (Figure 5e ). Chaperones and stress-response proteins,
such as HSP90AB1 (Babi et al. 2022 ) and HSPA5 (Xu et al. 2025 ),
support proteostasis and cell survival under TMZ-induced stress.
Proteins associated with cytoskeletal remodelling, extracellular
matrix interactions and epithelial-mesenchymal transition, such
as CFL1 (Wang et al. 2013 ), ANXA2 (Wang et al. 2019 ), FN1 (Song
et al. 2021 ) and CSPG4 (Xiong et al. 2025 ), are linked to enhanced
invasiveness and aggressive phenotypes that are frequently
coupled with chemoresistance. Metabolic regulators, such as
ALDOA (Deng et al. 2025 ), a critical glycolytic enzyme that
Journal of Extracellular Biology, 2026
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FIGURE 4 In vitro evaluation of cellular uptake and exosome-mediated chemoresistance of temozolomide (TMZ)-induced exosomes. (a) 
Representative flow cytometry histogram of cellular uptake of TMZ-induced exosomes and control exosomes by C6, bEnd.3, BV-2 and DC2.4 cells at 4, 
8 and 24 h. (b) Mean fluorescence intensity (MFI) quantification of (a) ( n = 3). (c) Representative flow cytometry plots of apoptosis in C6 cells following 
incubation with control or TMZ-induced exosomes and then exposure to TMZ at a concentration of 300 µg/mL. (d) The quantification of the apoptotic 
and live cells ( n = 3). (e) Experimental schematic of the impact of TMZ-induced exosomes on C6 cell viability. (f) Cell viability of C6 cells following 
incubation with control or TMZ-induced exosomes and exposure to TMZ at a concentration of 300 µg/mL ( n = 6). Data are represented as mean ± SD. 
n refers to independent biological experiments. 
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FIGURE 5 Proteomic analysis of control and TMZ-induced exosomes. (a) PCA plot illustrates the variance in the full proteomics profiles between 
different groups ( n = 3). The first two principal components, PC1 and PC2, represent 46.63% and 11.38% of the total variance. (b) Pearson correlation 
coefficient matrix plot of multiple groups ( n = 3). The correlation coefficient was represented by a colour scheme from blue (negative correlation) to red 
(positive correlation). (c) Hierarchical clustering heatmap shows the expression pattern of DAPs in exosomes. The colours from blue to red indicate the 
increasing levels of proteins. (d) Volcano plots of TMZ-induced versus control exosomes proteomes at TMZ concentration of 100 µg/mL (left), 300 µg/mL 
(middle) and 600 µg/mL (right). Orange: upregulation, blue: downregulation. (e) The DAPs in exosomes isolated from different conditions ( n = 3). Data 
are represented as mean ± SD. n refers to independent biological experiments. DAP, differentially abundant protein; PC1, first principal component; 
PC2, second principal component; PCA, principal component analysis; TMZ, temozolomide. 
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rives metabolic reprogramming and has been linked to therapy
esistance, and ATP1A1 (Soumoy et al. 2024 ), which participates
n survival signalling pathways, collectively facilitate tumour
daptation under therapeutic pressure. Vesicle trafficking and
xosome biogenesis-related proteins, such as CLTC (Xie et al.
022 ) and SDCBP (Ghossoub et al. 2014 ), may contribute to
he selective sorting and dissemination of resistance-associated
argo. Epigenetic and transcriptional regulators, including H4C2
Simon et al. 2020 ) and SRSF1 (Nehrbas et al. 2020 ), may further
odulate chromatin organisation and stress-responsive gene
2 of 17
expression programs that support adaptive tumour cell states.
Other proteins, including MFGE8 (Wu et al. 2020 ), YWHAE
(Fan et al. 2023 ) and SPP1 (Eun et al. 2023 ), participate in
pro-survival and anti-apoptotic signalling pathways, thereby
potentially contributing to resistance to chemotherapy. It was
worth noting that the expression of metastasis suppressor CD82,
a tetraspanin protein involved in cell adhesion, migration,
signalling and membrane organisation, was also upregulated.
However, its specific role in exosomes under chemotherapeutic
stress requires further investigation. To further validate the
Journal of Extracellular Biology, 2026
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roteomic findings, enzyme-linked immunosorbent assay
ELISA) was performed to determine the levels of a subset of
epresentative DAPs (e.g., HSP90AB1 and FN1) in different
roups of exosomes. The results demonstrated that the levels of
N1 and HSP90AB1 proteins in TMZ-induced exosomes were
uch higher than that in non-induced exosomes, with up to
wo- and six-fold increase, respectively, which was consistent
ith the proteomic data (Figure S9 ). Collectively, all these results
onfirmed the reliability of the omics analysis as well as the
inding that TMZ treatment may induce upregulated protein
xpression in exosomes. Together, we attributed the upregulated
roteins to TMZ-induced cellular stress that caused tumour
ells to alter intracellular process, leading to the enrichment
f proteostasis, cell survival, phenotypic switching, metabolic
daptation and biogenesis-associated proteins in exosomes. The
pregulation of proteins profile may reflect a self-protecting
nd strategic mechanism by which tumour cells tended to
aintain homeostasis, promote survival, switch phenotype to
ecome more adaptable to TMZ treatment, eventually leading
o TMZ resistance. Moreover, the TMZ-induced exosomes
ith upregulated DAPs may further promote homeostasis, cell
urvival, metabolic adaptation of adjacent tumour cells following
nternalisation, therefore enhanced the TMZ resistance of
djacent cells, which also well explained the reduced TMZ
ensitivity of C6 cells after pretreatment with TMZ-induced
xosomes. 

o further investigate the biological functions associated with
he identified protein profiles, GO enrichment analysis was
erformed. The analysis showed that upregulated DAPs were
ignificantly enriched in specific biological process, cellular
omponent and molecular function (Figure 6a ). In terms of
iological process, the identified DAPs were predominantly
elated to regulation of cell size, growth and morphology, as
ell as cellular responses to extracellular stress signals elicited
y TMZ treatment. These processes are closely linked to mem-
rane remodelling and adhesion-related pathways, which are
ommonly dependent on cytoskeletal dynamics and integrin-
ased interactions and are known to play essential roles in
ndosomal trafficking and exosome biogenesis under chemother-
peutic stress. At the subcellular level, the upregulated DAPs were
trongly associated with membrane-bounded compartments,
articularly EVs and exosomes, along with secretory granule-
nd plasma membrane-related domains. These enriched cellular
omponents were consistent with increased vesicle-associated
embrane compartments and trafficking processes that under-
ied exosome biogenesis and secretion following TMZ exposure.
unctionally, the proteome of TMZ-induced exosomes exhib-
ted significant enrichment in phospholipid-binding activities,
ncluding phosphatidylserine-and phosphatidylinositol-related
ipid binding, as well as binding to integrins, cell adhesion
olecules, heat shock proteins, ubiquitin ligases and proteases.
ollectively, these molecular features are compatible with roles
n membrane-associated interactions, stress-related protein han-
ling and EV-mediated intercellular communication, all of which
re commonly associated with exosome biogenesis and secretion.
n the context of TMZ treatment, these functions may contribute
o tumour cell adaptation by maintaining protein homeostasis
nder chemotherapeutic stress and facilitating intercellular com-
unication via exosomes, processes that have been implicated in
hemoresistance. 
ournal of Extracellular Biology, 2026

i

Investigating the pathways in which these exosomal proteins par-
ticipated provides a comprehensive view of their functions and
predicts the underlying mechanisms involved in TMZ resistance
(Figure 6b , Figure S8 ). Comparing with non-induced exosomes,
KEGG enriched analysis demonstrated that the alterations of
protein profiles in TMZ-induced exosomes (from 600 µg/mL
TMZ condition) was predominantly enriched in the PI3K-Akt
signalling pathway, a key intracellular pathway in regulating the
cell cycle. In addition to PI3K-Akt signalling pathway, multiple
KEGG pathways were also involved, such as endocrine, calcium
reabsorption, thyroid hormone synthesis and ECM–receptor
interaction. These pathways are commonly associated with cell
survival signalling, calcium-dependent membrane dynamics,
cytoskeletal remodelling and cell–matrix interactions, which
overlap with endosomal trafficking and exosome biogenesis.
Although several proteins were upregulated in TMZ-induced
exosomes isolated from 100 and 300 µg/mL TMZ condition,
KEGG enrichment analysis revealed that only efferocytosis path-
way associated with apoptotic cell recognition was involved in
100 µg/mL TMZ condition, whereas no statistically significant
enrichment in TMZ-induced exosomes isolated from 300 µg/mL
TMZ condition. This may be attributed to functional hetero-
geneity of the upregulated proteins. Collectively, these results
indicated a dose-dependent shift in the functional protein com-
positions and signal pathways of TMZ-induced exosomes, from
efferocytosis-associated processes at lower TMZ concentrations
to PI3K-Akt signalling pathways at higher TMZ concentrations.
Furthermore, this shift may potentially reflect enhanced stress
adaptation and anti-apoptotic action of tumour cells under high-
dose chemotherapeutic stress. Meanwhile, these findings were
also in line with above results that chemotherapy could increase
production of exosomes, leading to enhanced cancer cell survival
and resistance. 

To identify the underlying DAPs interaction, we performed
a protein–protein interaction (PPI) network revealing a cross
reaction of MFGE8, HSP90AB1 and CFL1 with multiple proteins,
indicating MFGE8, HSP90AB1 and CFL1 may be the major
factors to drive the signalling pathways and biological func-
tions (Figure 6c ). Together, TMZ-induced exosomes exhibited
upregulation of proteins involved in proteostasis, cell survival,
phenotypic switching, metabolic adaption and exosome bio-
genesis, resulting in increased exosome secretion, which may
further contribute to enhance TMZ resistance and therapeutic
adaption. More importantly, the upregulated exosomal proteins
may reflect a strategic mechanism that tumour cells tend to
transfer resistance-associated exosomes to surrounding cells in
the tumour microenvironment, thereby potentially enhancing
the TMZ resistance of adjacent cells, which could well explain
the reduced TMZ sensitivity of C6 cells after pretreatment with
TMZ-induced exosomes. 

4 Discussion 

TMZ serves as the first-line chemotherapeutic agent for GBM
treatment; however, both intrinsic and acquired resistance sig-
nificantly limit its therapeutic efficacy. Combinations of TMZ
with various chemotherapy, immunotherapy and radiotherapy
methods have been widely investigated in either preclinical stud-
ies or clinical settings to synergistically combat GBM (Chandran
13 of 17
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FIGURE 6 TMZ-induced exosomes enriched in exosome biogenesis and chemoresistance related proteins. (a) GO analysis of biological process, 
cellular component and molecular function. The colour represents the significance of upregulating pathways. Colour ranges from blue to red, indicating 
higher levels of significance. (b) KEGG analysis of TMZ-induced exosomes compared with non-induced exosomes. Colour ranges from blue to red, 
indicating higher levels of significance. (c) Protein–protein interaction (PPI) network analysis of the relation of DAPs. n refers to independent biological 
experiments. DAP, differentially abundant protein; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TMZ, temozolomide. 
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t al. 2017 ). Despite these approaches, the therapeutic efficacy
f such combination therapies remains limited, highlighting
he necessity for a deeper understanding of the mechanisms
nderlying TMZ resistance to improve GBM treatment outcomes.
ncreasing evidence indicates that tumour-derived exosomes play
 critical role in angiogenesis, immune escape, invasion as well
s therapeutic resistance through the transfer of proteins, nucleic
cids and metabolites (Li and Nabet 2019 ). Although exosomes
re increasingly recognised as mediators of chemoresistance,
heir specific role in TMZ resistance in GBM remains largely
nclear. This study elucidates the relation between GBM-derived
xosomes and TMZ resistance in GBM cells after exposure to
MZ, suggesting the therapeutic potential of targeting exosome
iogenesis as a possible strategy to overcome TMZ resistance. 

ased on the above findings, we attributed the upregulated
rotein profiles to TMZ-induced cellular stress, which may drive
umour cells to reprogram intracellular processes, leading to
he enrichment of proteins associated with proteostasis, cell
urvival, phenotypic switching, metabolic adaption and exosome
iogenesis. These reprogramed intracellular processes may reflect
 self-protective and strategic mechanism by which tumour cells
end to better adapt to TMZ treatment, ultimately potentially
ontributing to the development of TMZ resistance. Moreover,
4 of 17
the upregulated proteins may also enhance TMZ resistance
in adjacent tumour cells after internalisation. In addition to
promoting the TMZ resistance of adjacent tumour cells, exosomes
may represent another possible mechanism associated with TMZ
resistance by reducing intracellular drug accumulation through
vesicular export from tumour cells. However, direct evidence for
TMZ transport via exosomes is lacking due to its susceptibility
to hydrolysis in vivo and moreover lacks intrinsic fluorescence,
which raise the difficulty to detect prototype TMZ. Instead, we
used DOX as alternative model drug given to its relatively stability
and intrinsic fluorescence property (Ruan et al. 2015 ). According
to the property of DOX, the content in exosomes derived from
DOX-treated C6 cells was assessed. The results showed that
DOX-induced exosomes approximately contained DOX at the
concentration of 70 and 150 ng/mL after incubation for 24 and
48 h, demonstrating that exosomes can mediate drug export from
drug-treated tumour cells (Figure S10 ). Importantly, given the
substantial differences in physicochemical properties and stabil-
ity between DOX and TMZ, the results had no direct evidence
for TMZ incorporation into exosomes, but instead supported the
possibility that chemotherapeutic agents may be exported via
exosome-mediated pathways. Based on this, we speculated that
TMZ may also be transported via exosomes, resulting in decreased
intracellular TMZ accumulation and providing a potentially
Journal of Extracellular Biology, 2026
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echanism underlying chemoresistance, which warrants further
nvestigation. Furthermore, our hypothesis is supported by pre-
ious studies showing that exosomes can enhance the efflux of
hemotherapeutic agents through multiple mechanisms, includ-
ng directly exporting drugs via vesicular packing or indirectly
acilitating drug efflux pathways, thereby reducing intracellular
rug accumulation and potentially serve as a self-protecting and
trategic mechanism underlying chemoresistance (Malla et al.
025 ). 

s aforementioned, the increased exosome secretion induced by
MZ is more likely attributed to the activation of p53-dependent
ecretory machinery. However, accumulating evidence indicates
hat autophagy, an intracellular degradation or self-protecting
rocess, may also involve in exosome biogenesis, although this
as not directly examined in the present study. Chemotherapeu-
ic agents impose cell stress by inducing DNA damage, oxidative
tress and metabolic perturbations, which in turn activate
utophagy as an adaptive survival mechanism. During this pro-
ess, LC3 (a ubiquitin-like protein) and other components of the
utophagy machinery are recruited to autophagic membranes,
acilitating the formation of autophagosomes and promoting
ntracellular homeostasis. These autophagosomes subsequently
use with lysosomes to degrade and recycle cellular components,
r fuse with cell membrane, an event that contributes to the
argo loading and consequent biogenesis of exosomes (Ma et al.
023 ). Emerging evidence indicates that autophagy not only
erves degradative functions but also intersects with exosome
iogenesis pathways (Leidal et al. 2020 ). Specifically, stress-
nduced autophagy can enhance the formation of ILVs and MVBs,
hereby promoting the exosome biogenesis and secretion (Fader
nd Colombo 2009 ). Based on these findings, we speculated
hat autophagy may also contribute to the increased exosome
ecretion observed under TMZ treatment; however, this possi-
ility required direct experimental validation and thus remained
n important direction for future investigation. Through this
echanism, tumour cells under chemotherapeutic stress may
electively package and export bioactive cargoes via exosomes,
otentially including chemotherapeutic agents, which are subse-
uently transported into the extracellular environment. 

s for treatment concentration of chemotherapeutics, TMZ (IC50
 300 µg/mL), CDDP (IC50 = 200 µg/mL) and DOX (IC50 =
 µg/mL) approximately the in vitro IC50 values for the GBM cells
ere selected rather than direct equivalents of clinical dosage
Yang et al. 2024 ). These concentrations enabled measurable
ytotoxic stress and facilitated mechanistic evaluation of exosome
ecretion and cargo remodelling. It should be noted that these
oncentrations were substantially higher than those typically
chieved in patients during standard clinical therapy. Given the
xistence of BBB and complexity of in vivo pharmacokinetics, the
rug concentration at tumour site is generally much lower than
he administration dose, even though TMZ is considered capable
f penetrating the BBB. Therefore, the actual intracellular drug
xposure could not be directly inferred from administered doses
Stern et al. 2010 ; Nichols et al. 2017 ). Moreover, the use of these
oncentrations provided a controlled framework to investigate
ow chemotherapeutic agents regulated exosome biogenesis and
argo composition, yielding qualitative mechanistic insights that
ay still be relevant under physiological conditions. Future
ournal of Extracellular Biology, 2026

reat
studies using clinically relevant dosage or in vivo models will be
crucial to validate and extend these findings. 

In summary, our findings identify exosome biogenesis as a previ-
ously underappreciated adaptive response to TMZ-induced stress
in GBM cells. Through activation of p53-STEAP3-dependent
secretory machinery, TMZ enhances exosome biogenesis without
altering their integrity, physiochemical property, and biological
identity, enabling efficient intercellular communication within
the tumour environment. The ability of TMZ-induced exosomes
to reduce apoptosis and attenuate TMZ sensitivity that they may
play a contributory role in driving chemoresistance, providing
a potential explanation for the limited survival benefit of TMZ.
However, although protein components have been suggested to
contribute to the observed effect, it remains unclear whether
additional exosomal factors are also involved. The current study
does not exclude potential contributions from other cargo, such
as RNAs, lipids or surface molecules. Accordingly, TMZ-induced
exosome may represent a potential chemoresistance-associated
mechanism, which is only validated in cellular level, further
in vivo studies are required to validate the role of exosomes
in mediating chemoresistance and to explore their potential as
therapeutic targets for overcoming resistance. Overall, this study
offers a new insight for improving therapeutic efficacy of TMZ as
well as the survival benefit in GBM patients. 
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