Wen et al. Stem Cell Research & Therapy (2025) 16:146
https://doi.org/10.1186/s13287-025-04247-z

Stem Cell Research & Therapy

RESEARCH  OpenAcess
®

Check for
updates

Clusterin-mediated polarization of M2
macrophages: a mechanism of temozolomide
resistance in glioblastoma stem cells

Jianping Wen'", Xia Wu', Zhicheng Shu', Dongxu Wu', Zonghua Yin', Minglong Chen', Kun Luo', Kebo Liu',
Yulong Shen', Yi Le' and Qingxia Shu"

Abstract

Glioblastoma remains one of the most lethal malignancies, largely due to its resistance to standard chemotherapy
such as temozolomide. This study investigates a novel resistance mechanism involving glioblastoma stem cells (GSCs)
and the polarization of M2-type macrophages, mediated by the extracellular vesicle (EV)-based transfer of Clusterin.
Using 6-week-old male CD34* humanized huHSC-(M-NSG) mice (NM-NSG-017) and glioblastoma cell lines (T98G

and U251), we demonstrated that GSC-derived EVs enriched with Clusterin induce M2 macrophage polarization,
thereby enhancing temozolomide resistance in glioblastoma cells. Single-cell and transcriptome sequencing revealed
close interactions between GSCs and M2 macrophages, highlighting Clusterin as a key mediator. Our findings indicate
that Clusterin-rich EVs from GSCs drive glioblastoma cell proliferation and resistance to temozolomide by modulating
macrophage phenotypes. Targeting this pathway could potentially reverse resistance mechanisms, offering a promis-
ing therapeutic approach for glioblastoma. This study not only sheds light on a critical pathway underpinning glio-
blastoma resistance but also lays the groundwork for developing therapies targeting the tumor microenvironment.
Our results suggest a paradigm shift in understanding glioblastoma resistance, emphasizing the therapeutic potential

of disrupting EV-mediated communication in the tumor microenvironment.
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Introduction

Glioblastoma is one of the most common and aggressive
central nervous system tumors, posing a significant threat
to global health [1-3]. Classified into several subtypes by
the World Health Organization (WHO), glioblastomas
are notorious for their high malignancy and poor progno-
sis [4, 5]. The global incidence of glioblastoma continues
to rise, making it a key focus of neuro-oncology research
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[6, 7]. Despite decades of medical advances, the five-year
survival rate for glioblastoma remains below 5% [8]. This
tumor is characterized by rapid growth, invasive behavior
into surrounding brain tissue, and significant resistance
to existing therapies [9, 10]. Its treatment is further com-
plicated by considerable heterogeneity, as tumors within
the same subtype can exhibit varying molecular features,
growth patterns, and responses to therapy [11, 12]. These
challenges highlight the need for a deeper understanding
of glioblastoma biology and resistance mechanisms to
develop innovative therapeutic approaches [13].
Temozolomide, an oral alkylating agent, is a standard
treatment for high-grade glioblastoma [14-16]. It works
by disrupting tumor cell DNA, inhibiting replication
and division, and thereby slowing tumor growth [17].
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However, many patients eventually develop resistance
to temozolomide, leading to treatment failure [18, 19].
Resistance mechanisms include enhanced DNA repair,
immune suppression within the tumor microenviron-
ment, and the involvement of tumor stem cells [20-22].
Tumor stem cells, known for their self-renewal and dif-
ferentiation abilities, can survive chemotherapy and
repopulate tumors, contributing to recurrence and pro-
gression [23-25]. Addressing temozolomide resistance is
therefore an urgent research priority [26—28].

The tumor stem cell theory provides a new perspective
on glioblastoma resistance [29]. Although they represent
a small proportion of the tumor population, these cells
exhibit robust tumorigenic potential and can resist thera-
peutic pressures, enabling tumor regrowth [30, 31]. The
tumor microenvironment, comprising immune cells, vas-
cular components, and extracellular matrix, offers criti-
cal support to tumor stem cells [32-34]. Among these
components, macrophages play a pivotal role. Based on
their functional states, macrophages are categorized as
pro-inflammatory M1 or anti-inflammatory M2 [35]. M2
macrophages are particularly significant, as they promote
tumor growth, suppress immune responses, and contrib-
ute to treatment resistance [36—38]. Understanding the
interaction between tumor stem cells and macrophages,
particularly the regulation of macrophage polarization, is
crucial to addressing glioblastoma resistance [39, 40].

In this study, we used humanized CD34* huHSC-
(M-NSG) mice (NM-NSG-017), a clinically relevant
preclinical model, to replicate the human tumor micro-
environment and explore resistance mechanisms in
glioblastoma. This model, with its humanized immune
system, is particularly suitable for studying interactions
between tumor stem cells and macrophages, as well as
their impact on temozolomide resistance. Moreover,
using glioblastoma cell lines T98G and U251 ensures
the clinical relevance of the findings, given their widely
established use in glioblastoma research.

Although there is some understanding of the role of
tumor stem cells in glioblastoma resistance, the precise
regulation of this process, particularly how tumor stem
cells influence the tumor microenvironment through
secreted factors to promote resistance mechanisms,
remains unclear [41-43]. Clusterin, a molecule involved
in various biological processes, has increasingly drawn
attention for its role in tumor development in recent
years [44, 45]. However, its specific role in glioblastomas
and its function in the interaction between tumor stem
cells and the tumor microenvironment has not been
fully elucidated [46, 47]. This study aims to explore how
tumor stem cells mediate M2 macrophage polarization
through the transfer of Clusterin via extracellular vesicles
(EVs), thereby promoting resistance of glioblastomas to
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temozolomide. Through a comprehensive approach inte-
grating single-cell sequencing, transcriptome sequencing,
machine learning, and in vitro and in vivo experiments,
this research unveils the critical role of Clusterin in regu-
lating the tumor microenvironment, particularly in pro-
moting M2 macrophage polarization. This discovery not
only provides a new perspective on understanding the
complex mechanisms of resistance in glioblastomas but
also offers potential targets for developing novel treat-
ment strategies targeting the tumor microenvironment,
holding significant scientific and clinical implications.

Materials and methods

Preparation of samples for single-cell transcriptomics

and high-throughput transcriptomics sequencing

Male C57BL/6 mice (strain: 219, Beijing Vital River Lab-
oratory Animal Technology Co., Ltd., Beijing, China),
aged six weeks, were reared under standard pathogen-
free conditions. Before cell inoculation, the mice under-
went acclimatization and health checks. A suspension of
5x10° GL261 cells (bio-105911, Beijing BioBow Biotech-
nology Co., Ltd., Beijing, China) in 0.2 mL was subcuta-
neously injected into the dorsal skin of the mice. Tumor
growth was regularly measured using calipers, and the
mice were humanely euthanized according to ethical
guidelines when the experiment ended, or tumor volume
reached 100 mm?. Tumor and adjacent tissues were har-
vested for single-cell transcriptomics and high-through-
put transcriptomics sequencing.

Single-cell sequencing data analysis

Tumor and adjacent non-tumor tissues from mouse
models were selected for single-cell RNA sequencing
(scRNA-seq). The analysis was conducted using the “Seu-
rat” package in R software. Quality control steps were
applied with filtering thresholds set as follows: nFeature_
RNA >500, nCount_RNA >1000, nCount_RNA < 20,000,
and percent.mt<10. Canonical Correlation Analysis
(CCA) was employed to eliminate batch effects, and
data normalization was performed using the LogNor-
malize function. Principal Component Analysis (PCA)
was subsequently conducted, and significant principal
components were selected for t-SNE clustering analysis.
The “SingleR” package was utilized to identify marker
genes for each cell cluster, with the MouseRNAseqData
function providing reference datasets for cell annota-
tion. Statistical methods, including t-tests, were applied
to compare the quantities and proportions of different
cell types in cancerous and adjacent normal tissues. The
results were visualized using the “ggplot2” package [48,
49].
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Transcriptome sequencing analysis

Transcriptome sequencing was performed on tumor
and adjacent tissues from three glioblastoma mouse
models. Differential analysis was carried out using the
“limma” package in R, with |logFC|>1 and P<0.05 as
selection criteria for differentially expressed genes
(DEGs). Volcano plots were generated using the
“ggplot2” package in R, and heatmaps of differential
gene expression were created with the “heatmap” pack-
age [50, 51].

Differential gene function enrichment analysis

Candidate target genes were subjected to Gene Ontol-
ogy (GO), KEGG, and Reactome enrichment analyses
using the “ClusterProfiler” package in R, with a sig-
nificance threshold of P<0.05. GO analysis included
Biological Process (BP), Molecular Function (MF), and
Cellular Component (CC), providing insights into the
cellular functions and signaling pathways influenced by
these genes [52].

LASSO regression analysis

LASSO regression, a mathematical modeling tech-
nique, was used to establish quantitative relationships
between dependent and independent variables. The
“glmnet()” function in R Studio software was applied
to load the candidate gene matrix. Under the condition
a=1, an appropriate \ value was selected, and ten-fold
cross-validation was conducted for internal validation
to identify the optimal model [53].

Support vector machine-recursive feature elimination
(SVM-RFE) analysis

The “e1071” and “caret” packages in R software were
used to implement the Recursive Feature Elimination
(RFE) algorithm for optimized gene selection. Gene
expression data served as features, while clinical sam-
ple characteristics were treated as categorical variables.
Support Vector Machine (SVM) with a linear kernel
was utilized for prediction, and the RFE algorithm
identified the best-performing gene features [54].

Construction of the random forest model

A random forest model was constructed using the “ran-
domForest” function in R. Gene feature importance
was assessed by calculating the “Mean Decrease Gini”
in the decision tree. The top 30 genes were selected
from a pool of 106 candidate genes based on this rank-
ing [55].
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Venn analysis
Venn analysis was conducted using the Draw Venn Dia-
gram tool to obtain candidate genes [56].

Culturing glioblastoma cells and isolating tumor stem cells
Experiments utilized T98G (CRL-1690, ATCC, USA) and
U251 (CC-Y5102, Shanghai Enzyme Research Biologi-
cal Technology Co., Ltd., Shanghai, China) glioblastoma
cell lines. Cells were cultured in high-glucose DMEM
medium (11,965,118, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal bovine serum
(26,140,079, Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin—streptomycin (100 U/mL peni-
cillin and 100 pg/mL streptomycin). Once cells reached
80% confluency, tumor stem cells were isolated using
flow cytometry (BD FACS Aria III, BD Biosciences, USA)
with CD133-PE antibody (ab252128, Abcam, UK) and
CD15-FITC antibody (ab18272, Abcam, UK).

Isolation and characterization of EVs
EVs were isolated from sorted tumor stem cells using a
gradient centrifugation method with an ultracentrifuge
(Optima XPN-100, Beckman Coulter, USA). Initially,
the cell culture supernatant was centrifuged at 5000 g
for 10 min to remove cell debris. The supernatant was
then subjected to ultracentrifugation at 100,000 g to col-
lect EVs. The morphology of the EVs was analyzed using
transmission electron microscopy (JEM-1400Flash,
JEOL, Japan), while their size distribution was deter-
mined using a nanoparticle tracking analysis system
(NTA, NanoSight NS300, Malvern Panalytical, UK).
Diluted samples (1:20) were loaded onto Formvar-
coated copper grids (5 pL). Grids were incubated for
20 min, followed by fixation with 2% paraformaldehyde
for 5 min. The samples were washed with PBS, then fixed
with 1% glutaraldehyde for 5 min, rinsed with Milli-Q
water, and stained with 1.5% uranyl acetate for 4 min.
Images were captured using a Gatan OneView 4 K cam-
era operating at 200 kV, installed on a Jem-2100Plus
(Jeol) microscope.

Dil staining

Before Dil staining, EVs were co-incubated with THP-1
cells (CC-Y1519, Shanghai Enzyme Research Biotechnol-
ogy Co., Ltd., Shanghai, China). THP-1 cells were cul-
tured in RPMI 1640 medium (L210K]J, Shanghai Enzyme
Research Biotechnology Co., Ltd., Shanghai, China) sup-
plemented with 10% fetal bovine serum and 1% penicil-
lin—streptomycin at 37 °C in 5% CO,. Differentiation of
THP-1 cells into macrophages was induced with 100 nM
PMA (Sigma-Aldrich, USA) for 48 h. After 24 h of co-
incubation, a Dil fluorescent tracer (Thermo Fisher
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Scientific, USA) was added to label EVs. A 1 mg/mL Dil
solution was incubated with the EV-THP-1 cell culture
at 37 °C for 30 min, followed by PBS washes to remove
unbound dye. Microscopic observation and image acqui-
sition were conducted using confocal laser scanning
microscopy (Leica TCS SP8, Wetzlar, Germany). The
experiment was repeated three times, with results vali-
dated through statistical analysis [57].

RT-qPCR
Cellular total RNA was extracted using Trizol reagent
(15,596,026, Invitrogen, Carlsbad, CA, USA), and the
concentration and purity of the extracted total RNA were
assessed using a Nanodrop 2000 spectrophotometer
(1011U, Nanodrop, USA). The RNA was reverse tran-
scribed into cDNA following the instructions of the Pri-
meScript RT reagent Kit (RR047A, Takara, Japan) under
the conditions of 42 °C for 30—50 min, followed by 85 °C
for 5 s. Subsequently, qRT-PCR analysis was performed
using the Fast SYBR Green PCR kit (RR820A, Takara,
Japan) on an ABI PRISM 7300 RT-PCR system (Applied
Biosystems). The reaction conditions included an initial
denaturation at 95 °C for 5 min, followed by 40 cycles of
denaturation at 95 °C for 30 s, annealing at 57 °C for 30 s,
and extension at 72 °C for 30 s. Three technical replicates
were set for each sample. GAPDH served as the internal
control, and the relative gene expression was analyzed
using the 2744 method, where AACt = (average Ct value
of the target gene in the experimental group—average
Ct value of the housekeeping gene in the experimental
group)—(average Ct value of the target gene in the con-
trol group—average Ct value of the housekeeping gene in
the control group) [58]. Each experiment was replicated
three times. Primer sequences are listed in Table S1.

Western blot
Total protein was extracted using RIPA lysis buffer
(P0013B, Beyotime, Shanghai, China) supplemented with
1% phenylmethanesulfonyl fluoride (PMSEF), following
the manufacturer’s protocol. Protein concentration was
quantified with a BCA protein assay kit (P0011, Beyo-
time, Shanghai, China) and adjusted to 1 pg/pL. Sam-
ples were denatured at 100 °C for 10 min and stored at
-80°C.

Proteins were separated on 8-12% SDS-PAGE gels at
a constant voltage of 80-120 V for 2 h and transferred
to PVDF membranes (1,620,177, Bio-Rad, USA) using
a constant current of 250 mA for 90 min. Membranes
were blocked in 1xTBST containing 5% skimmed milk at
room temperature for 1 h, followed by incubation with
primary antibodies overnight at 4 °C (antibody details in
Table S2). Secondary antibody incubation with HRP-con-
jugated goat anti-rabbit or anti-mouse IgG (1:5000) was
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performed for 1 h. Protein bands were visualized using
ECL reagents (1,705,062, Bio-Rad, USA) on an Image
Quant LAS 4000C system (GE Healthcare, USA). Band
intensities were quantified by comparing target proteins
to P-actin controls, with experiments repeated three
times [59].

Immunofluorescence staining

Cells were rinsed with cold PBS and fixed with 4% para-
formaldehyde for 15-30 min. Subsequently, cells were
permeabilized with 0.1% Triton (L885651, Macklin,
Shanghai, China) for 15 min to penetrate the cell mem-
brane. After two washes with PBS, cells were incubated
in PBS containing 15% FBS overnight at 4 °C for 4 min.
Clusterin (ab69644, diluted 1:200, Abcam, USA), CD206
(MA5-16,871, diluted 1:200, ThermoFisher), CD163
(ab182422, 1:200, abcam, USA), CD80 (ab254579, 1:200,
abcam, USA), CD86 (ab239075, 1:100, abcam, USA)
were added and incubated at 37 °C for 60 min. PBS wash
was carried out for 5 min, repeated three times. Cells
were then incubated with goat anti-rabbit IgG (H+L)
(65-6111, ThermoFisher) and donkey anti-mouse IgG
(H+L) (A21202, ThermoFisher) for 1 h at 37 °C, followed
by 60 min avoiding light, and washed with PBS for 3 min,
repeated three times. DAPI staining was performed for
10 min, followed by three washes with PBS. Finally, sam-
ples were mounted with a 20 pL mounting medium and
immediately observed under a fluorescence microscope
[60].

Construction and validation of temozolomide-resistant
glioblastoma cell line

A temozolomide-resistant cell model was established
using the T98G glioblastoma cell line. Initially, cells
were seeded in 6-well plates coated with cell adhesion
protein (176,740, ThermoFisher) and cultured for six
months with increasing concentrations of temozolo-
mide (PHR1437, Sigma-Aldrich, USA) ranging from
5 to 200 uM. The concentration of temozolomide was
increased by 32.5 pM every four weeks. Once cells were
able to proliferate at 200 uM temozolomide, the stable
resistant cell line was established. The resistance pheno-
type was maintained by culturing cells in 200 pM temo-
zolomide. At each concentration, cells were passaged
when their survival density reached 80-90%. The culture
medium containing temozolomide was replaced every
2-3 days [61].

Constructing lentivirus

Lentivirus packaging services were provided by Sangon
Biotech (Shanghai, China). The pHAGE-puro series plas-
mid, along with auxiliary plasmids pSPAX2 and pMD2.G,
and the pSuper-retro-puro series plasmid with auxiliary
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plasmids gag/pol and VSVG were co-transfected into
293 T cells (CRL-3216, ATCC, USA). Following 48 h
of cell culture, the supernatant was collected, filtered
through a 0.45 pm filter, and the concentrated virus was
harvested by centrifugation. After 72 h, the supernatant
was collected, concentrated by centrifugation, and a mix-
ture of the two viruses was prepared and titrated. The
lentiviral silencing sequences are shown in Table S3, and
the silencing efficiency was validated in the T98G cell
line, as illustrated in Fig. S1. Subsequently, the sequence
with the most favorable silencing effect (Sh-Clusterin-2)
was selected for experimentation [62].

For cell transfection, the working titer of the lentivirus
was maintained at 5x 10® TU/mL, with a consistent incu-
bation time of 48 h.

Co-culture of T98GR and THP-1 cells

Both cell types and appropriate media were prepared
for co-culture. A Transwell chamber with a pore size of
0.4 pm was used, placing T98GR cells in the upper cham-
ber and THP-1 cells in the lower chamber. Both cell types
were seeded at a 1:1 ratio. THP-1 cells were seeded on
the bottom of the culture dish below the Transwell insert,
and T98GR cells were seeded on the membrane of the
Transwell insert. Co-culture was performed with regular
medium changes.

MTT assay

The MTT assay is utilized to analyze cell viability and
determine the 50% inhibitory concentration (IC50).
A total of 0.3x10* cells were seeded in each well of a
96-well plate and incubated overnight. Subsequently, the
cells were treated with various doses of MPA for 48 h.
Following this, 10 pL of MTT solution (5 mg/mL in PBS,
11,465,007,001, Merck) was added to each well and incu-
bated at 37 degrees Celsius for 4 h. The formazan crystals
formed were then dissolved in 150 pL of dimethyl sulfox-
ide (DMSO; Sigma-Aldrich, St. Louis, Missouri, USA).
Absorbance was measured at a wavelength of 550 nm
[63].

CCK-8

Cells in a state of good growth were seeded in a 96-well
plate at a density of 8 x 10° cells per well and incubated
in a culture chamber. At specific time points during the
culture period (24 h, 48 h, and 72 h), 10 pL of CCK-8
solution (96,992, Sigma-Aldrich, USA) was added to each
well. After incubation at 37 ‘C in a humidified incubator
for 1 h, the absorbance of each sample was measured at
450 nm using the Epoch microplate spectrophotom-
eter (Bio-Tek, Winooski, VT, USA). Each group was set
up with 6 replicates, and the experiment was repeated 3
times [64, 65].
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Transwell experiment

Following different treatments for 24 h, a Transwell inva-
sion assay was conducted. The Transwell inserts with
an 8 um pore size were coated with 50 puL of basement
membrane matrix (354,234, BD Biosciences, USA) and
incubated at 37 °C for 30 min to allow gel solidification.
The inserts were then rinsed with culture medium with-
out FBS, and the cells were diluted to a concentration of
2.5x10% cells/mL in an FBS-free medium. Subsequently,
100 pL of the cell suspension was added to each insert
chamber, while 500 pL of medium containing 10% FBS
was added to the lower chamber. After 24 h, the inserts
were removed, the cells in the upper chamber were
removed with a cotton swab, and the remaining cells were
fixed with 4% PFA at room temperature for 30 min. Fol-
lowing fixation, cells were stained with 0.1% crystal violet
for 30 min. Five random areas were selected, images were
captured under an inverted microscope (IXplore Pro,
Olympus, Japan), cell counting was performed, and the
experiment was repeated three times. For the cell migra-
tion assay, no basement membrane matrix was added,
while the remaining steps were identical to the invasion
assay [66].

Experimental tumor transplantation in mice

Drawing upon the literature [67] and following the 3Rs
principle (replace, reduce, refine), twenty-four CD34*
healthy 6-week-old humanized huHSC-(M-NSG) mice
(NM-NSG-017) were obtained from Shanghai Southern
Model Biotechnology Co., Ltd. (Shanghai, China) and
housed in SPF-grade animal facilities at a humidity of
60-65% and a temperature of 22—25 °C. The mice were
acclimated for one week before the experiment, and their
health status was assessed prior to the experiment. All
animal procedures were approved by the Institutional
Animal Care and Use Committee.

Prior to tumor cell injection, mice were anesthetized
with intraperitoneal administration of 1-2% isoflurane
(in oxygen) using a precision vaporizer to ensure ade-
quate sedation and minimize discomfort. Anesthesia
depth was monitored based on the absence of a pedal
withdrawal reflex. Following anesthesia induction, the
mice were placed in a sterile environment for the subcu-
taneous injection of tumor cells. Post-injection, the mice
were monitored until they regained full consciousness.
Minor weight loss and transient lethargy after EV injec-
tions were observed but resolved within 24 h; no unex-
pected adverse events occurred. The mice were randomly
divided into four groups, each consisting of six mice. The
groups were designated as follows:

(1) PBS Group: T98G cells were subcutaneously
injected, followed by daily oral administration of
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50 mg/kg temozolomide and intravenous injection
of PBS every three days.

(2) EV  Group: T98G cells were subcutaneously
injected, followed by daily oral administration of
50 mg/kg temozolomide and intravesicular treat-
ment every three days.

(3) sh-NC+EV Group: Temozolomide-resistant T98G
cells were subcutaneously injected, followed by
intravenous injection of EVs collected from tumor
stem cells transfected with sh-NC after two weeks.
Subsequently, daily oral administration of 50 mg/kg
temozolomide was performed, along with EV treat-
ment administered intravenously every three days.

(4) sh-Clusterin-EV  Group: Temozolomide-resistant
T98G cells were subcutaneously injected, followed
by intravenous injection of EVs collected from
tumor stem cells transfected with sh-Clusterin after
two weeks. Subsequently, daily oral administration
of 50 mg/kg temozolomide was performed, along
with EV treatment administered intravenously
every three days.

Specifically, drug-resistant T98G cells (5x 10°/0.2 mL)
were injected subcutaneously into the back of Ragl™/~
mice. The width (W) and length (L) of the tumors in
nude mice of each group were measured weekly using a
caliper to monitor tumor growth. The tumor volume (V)
was calculated using the formula V=(W?xL)/2. When
the tumor volume reached approximately 100 mm?, EVs
isolated from tumor stem cells (200 pg per dose) were
administered via tail vein injection every three days. For
the PBS group, an equivalent volume of PBS was injected
via the tail vein every three days as a control. After
40 days, mice were euthanized following ethical guide-
lines. Prior to euthanasia, animals were anesthetized
using 5% isoflurane in oxygen. Cervical dislocation was
then performed by placing the mouse on a firm surface,
gently restraining the head with one hand, and quickly
pulling the tail downward with the other hand to dislo-
cate the cervical spine, ensuring a rapid and painless pro-
cess. Tumor tissues were then collected.

Tumors were dissected and weighed, with the tissue
divided into two portions: one was fixed in 4% paraform-
aldehyde for staining, and the other was frozen in liquid
nitrogen and stored at —80 °C for subsequent experimen-
tal analysis [68, 69].

Hematoxylin and eosin staining

Tissue sections were first stained in a container con-
taining a solution of hematoxylin (Sigma-Aldrich,
USA) for 5 min to stain the cell nuclei. Subsequently,
rapid destaining was performed in a container con-
taining 1% acidic alcohol, followed by staining in eosin
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solution (Sigma-Aldrich, USA) for 3 min to stain the
cytoplasm and intercellular matrix. Post-staining, the
sections were dehydrated twice in 95% alcohol, cleared,
and mounted with neutral resin. Morphological images
were observed and captured using an optical microscope
(Leica Microsystems, Germany). Image analysis was
conducted using Image] software (NIH, USA, version
1.52a) for quantitative assessment of nuclear and cyto-
plasmic features. All procedures were conducted at room
temperature, ensuring rinsing of excess dye with dis-
tilled water after each step. At least three sections were
prepared under each experimental condition and the
procedures were repeated three times to ensure result
reproducibility.

Immunohistochemical staining

The paraffin embedding process began by cooling molten
paraffin on ice or in a 4 °C refrigerator before embedding
tissue slices. Paraffin-embedded slices were air-dried
overnight and baked at 60 °C for 20 min. The slices were
immersed in xylene twice for 10 min each, followed by
dehydration in absolute alcohol twice for 5 min. Hydra-
tion was performed sequentially in 95 and 70% alcohol
for 10 min each, followed by a 5 min wash in distilled
water. Antigen retrieval was conducted by microwaving
slices in citrate buffer (pH 6.0) at high power for 1 min
and 20 s, then cooling to room temperature and wash-
ing with PBS three times for 3 min each. Endogenous
enzymes were inactivated with 3% H,O, for 10 min at
room temperature, followed by PBS washes.

Slides were blocked with normal goat serum (E510009,
GenePharma) at room temperature for 20 min, then
incubated overnight at 4 °C with primary antibodies
for clusterin (ab92548), CD206 (ab64693), and CD80
(ab134120) (Abcam). After washing, slides were treated
with biotinylated goat anti-mouse/rabbit IgG poly-
mer (pv6000/pv9000, Zhongsheng Golden Bridge) for
30 min and stained using a DAB chromogenic reagent
kit (ZLI-9018, Zhongsheng Golden Bridge). Staining was
observed and photographed under a microscope [70].

For the analysis of antibody-positive areas in IHC
images, TIFF image files were opened in Image] and con-
verted to 8-bit grayscale images. Representative samples
of minimum, maximum, and intermediate staining inten-
sities were displayed to establish optimal threshold val-
ues. The threshold was determined to accurately reflect
staining patterns under all experimental conditions and
kept consistent across all images in the cohort. Black-
and-white images of selected regions of interest were
then generated, and the “Analyze Particles” function was
used to quantify the percentage of stained area. At least
six views from each sample region were analyzed and
averaged [71].
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Statistical analysis methods

All data were processed using GraphPad Prism 8.0.
Continuous data were presented as mean *standard
deviation (Mean+SD). Multiple statistical analysis
methods were employed in this study to process and
interpret data effectively. The comparison between
the two groups was conducted using an unpaired
t-test, while the comparison among multiple groups
was performed utilizing one-way analysis of variance
(ANOVA). Homogeneity of variance was assessed
using the Levene test. If the variances were homogene-
ous, pairwise comparisons were conducted using Dun-
nett’s t and LSD-t tests. In cases of inhomogeneous
variances, Dunnett’s T3 test was applied. Spearman or
Pearson analysis was employed to examine the correla-
tion between genes and the content of immune cells. A
significance level of P<0.05 indicated statistical signifi-
cance in the comparison between two groups.
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This study has been conducted and reported in accord-
ance with the ARRIVE guidelines 2.0

Results
Analysis of highly variable genes and reliable PCA
in glioblastoma tissues using scRNA-seq
We utilized the “Seurat” package in R software to ana-
lyze scRNA-seq data from glioblastoma tissues. Follow-
ing quality control and normalization of the scRNA-seq
data, we obtained the distribution of cell RNA, as shown
in Fig. 1A. We then calculated the S.Score and G2M.
Score of the data (Fig. 1B) and subsequently selected the
top 2000 highly variable genes for downstream analy-
sis (Fig. 1C). These results demonstrate the presence of
numerous highly variable genes in glioblastoma tissues.
Subsequently, we performed PCA to reduce the
dimensions of the aforementioned 2000 genes. Through
PCA reduction, we identified the most significant
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PCs with abundant low p-values. Utilizing the Jack-
StrawPlot function for visualization, we compared the
p-value distributions of each PC relative to the mean
distribution. The significant PCs typically exhibited
very low p-values (indicated by solid lines above the
dashed line), effectively capturing the information con-
tained within the highly variable genes selected earlier.
In total, 50 PCs were obtained from the PCA analy-
sis (Fig. 1D). Heatmaps and bubble plots showing the
expression levels of characteristic genes for the top 4
PCs are displayed in Figs. 1E, F. These findings suggest
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that the PCA results are reliable and can be utilized for
subsequent cell clustering analyses.

Crosstalk analysis between tumor stem cells and M2-type
macrophages in glioblastoma

To further characterize cell types, we initially utilized
the Find Clusters function to determine the opti-
mal number of clusters (Fig. 2A). Subsequently, all
cells were clustered into five cell clusters using t-SNE
analysis (Fig. 2B). Following this, marker genes were
selected, and we employed the Bioconductor/R package
“SingleR” to annotate the five cell clusters, resulting in
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the identification of four cell types: Glioblastoma Stem-
like Cells, Fibroblasts, endothelial cells, and M2 mac-
rophages (Fig. 2C).

Moreover, the proportions of these four cell types in
two samples were visualized (Fig. 2D, E), demonstrating
an increased proportion of M2 macrophages and Glio-
blastoma Stem-like Cells in tumor tissues. Studies have
indicated that M2-type macrophages exacerbate the
malignant progression of glioblastoma by promoting
the proliferation of tumor stem cells and maintaining
their stem cell status. Conversely, tumor stem cells can
induce the polarization of surrounding macrophages
into the M2 type by secreting specific signaling mol-
ecules such as VEGF and EGF, thus creating a micro-
environment that promotes tumor growth and immune
evasion [72]. Based on this, further investigation was
conducted to explore the regulatory mechanisms
between tumor stem cells and M2-type macrophages in
glioblastoma.
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The crucial role and potential mechanisms of clusterin

in glioblastoma development

To delve deeper into the core genes influencing glioblas-
toma, transcriptome sequencing analysis was conducted
on tumor tissues of mice with glioblastoma. The analysis
of DEGs yielded a total of 221 genes (Fig. 3A). Functional
enrichment analysis was then performed on these DEGs,
revealing that they are mainly involved in regulating
mechanisms such as negative chemotaxis, neuron fate
determination, and RNA polymerase II cis-regulatory
region sequence-specific DNA binding according to GO
enrichment analysis. Moreover, Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis indi-
cated their involvement in Glycolysis/Gluconeogenesis,
Synthesis and degradation of ketone bodies, and Ster-
oid biosynthesis mechanisms. Additionally, Reactome
enrichment analysis showed that the DEGs are mainly
associated with the regulation of MET activates PTK2
signaling, Extracellular matrix organization, and MET
promotes cell motility (Fig. 3B-D).
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Subsequently, essential DEGs involved in glioblas-
toma initiation and progression were identified by
subjecting the 221 candidate DEGs to LASSO regres-
sion analysis. Utilizing the LASSO algorithm with the
L1 criterion for model construction, the variations of
regression coefficients under the L1 criterion are shown
in Fig. 4A. A parameter o =1 was selected, and a tenfold
cross-validation was employed for internal model vali-
dation. Two candidate DEGs were identified as poten-
tial biomarkers influencing glioblastoma progression.

To address potential data bias arising from the imbal-
ance between norperitumoral and tumor tissues in
the dataset, the SVM-RFE algorithm was applied, as
depicted in Fig. 4B. Through this algorithm, the opti-
mal gene feature combination was selected from the
221 candidate DEGs. Subsequently, a random for-
est tree model was constructed using the random-
Forest function to screen the top 30 genes ranked by
Mean Decrease Gini (Fig. 4C). Through Venn analy-
sis, Clusterin was identified as a gene shared by all
three algorithms (Fig. 4D). Analysis of the sequencing
data revealed a significant upregulation of Clusterin
mRNA in tumor tissues compared to the control group
(Fig. 4E).
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Furthermore, combining single-cell sequencing data
illustrated the distribution of Clusterin in glioblastoma
tissues (Fig. 5A). Moreover, data from The Human Pro-
tein Atlas website indicated the presence of Clusterin in
brain glioblastoma tissues (Fig. 5B). Additionally, a Pro-
tein—Protein Interaction (PPI) regulatory network was
constructed using the GeneMania website, revealing
interactive relationships between Clusterin and tumor
stem cell marker genes, as well as M2 macrophage marker
genes (Fig. 5C, D). Therefore, Clusterin may participate
in the interaction between tumor stem cells and M2 mac-
rophages during the development of glioblastoma.

Promotion of M2 macrophage polarization by tumor stem
cell-derived EVs

Through the aforementioned bioinformatics analyses,
we have elucidated the significant role of Clusterin in
glioblastoma, with its crucial mechanism likely being
the induction of M2 macrophage polarization. To delve
deeper into the mechanisms of temozolomide resistance
in glioblastoma cells, initial experimental validation was
conducted in vitro. Tumor stem cells were successfully
isolated from T98G and U251 glioblastoma cell lines.
By utilizing flow cytometry combined with CD133-PE
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Fig. 5 Exploration of Clusterin Function. Note: A Expression area map of Clusterin in single-cell sequencing profiles, n(C)=1, n(T)=1; B Protein
expression map of Clusterin in THE HUMAN PROTEIN ATLAS website; C Interaction network of Clusterin with tumor stem cell marker genes; D
Interaction network of Clusterin with M2 macrophage marker genes

and CD15-FITC antibodies, cells expressing these mark-
ers were identified and separated to ensure the purity
and specificity of the tumor stem cells (Fig. 6A). Subse-
quently, EVs were isolated from these tumor stem cells.
The presence of EVs was confirmed and their size distri-
bution quantified through ultracentrifugation and NTA
(Fig. 6B). Transmission electron microscopy observa-
tion revealed that these EVs exhibited typical mem-
brane structures, with diameters predominantly ranging
from 30 to 150 nm (Fig. 6C). Western blot experiments
showed high expression of extracellular vesicle markers
TSG101 and CD63 in T98G-EV and U251-EV, while the
negative marker GM130 was not expressed in T98G-EV
and U251-EV (Fig. 6D).

Subsequently, these EVs were co-cultured with THP-1
monocytes induced to differentiate into macrophages to
investigate the impact of EVs on macrophage polariza-
tion. To induce THP-1 differentiation into macrophages,
all cell groups were treated with PMA. Dil-stained EVs

Page 11 of 20

were clearly visible under fluorescence microscopy, con-
firming their successful interaction with macrophages
(Fig. 6E). PCR-qPCR and Western blot analysis revealed
a significant increase in the expression of M2 markers
CD206, CD163 and a relative decrease in M1 markers
CD80, and CD86 in co-cultured macrophages compared
to untreated macrophages (Fig. 6F). This result indicates
that EVs derived from tumor stem cells can promote
macrophage polarization towards the M2 phenotype.
Additionally, immunofluorescence results observed Clus-
terin fluorescence positivity in the cytoplasm (Fig. 6G),
and Western blot analysis confirmed the enrichment of
Clusterin protein in EVs, suggesting its potential role in
mediating macrophage polarization (Fig. 6H).

M2 macrophages, a type of immune cell, are believed
to play a crucial role in tumor growth, proliferation, and
immune function due to their polarization status. In the
tumor microenvironment, M2 macrophages are asso-
ciated with tumor-associated macrophages (TAMs),
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Fig. 6 The Role of Exosomes Derived from Tumor Stem Cells in M2 Macrophage Polarization. Note: A Flow cytometry was used to detect

and isolate CD133*CD15" cells from T98G and U251 cell lines. B Size distribution graph of exosomes obtained by ultracentrifugation and analyzed
using a nanoparticle tracking analyzer (NTA). C Representative images of exosomes observed under transmission electron microscopy, scale
bar=100 nm. D Western blot experiment measuring the protein content of exosomal markers TSG101 and CD60. E Co-culture of Dil-labeled
exosomes with THP-1 monocytes induced to differentiate into macrophages, with representative images observed under a fluorescence
microscope, scale bar=15 um. F Real-time quantitative PCR and Western blot analysis of the expression levels of CD206, CD163, CD86 and CD80
in each group of cells, with corresponding bar graphs for statistical comparison. G Immunofluorescence staining to observe clusterin expression
in different cell groups, with bar graphs showing the fluorescent positive area, scale bar=25 pum. H Western blot analysis to detect the content

of Clusterin protein, with bar graphs showing the grayscale value statistics. In Figure D, compared to the T98G group, *P<0.05, **P <0.01; compared
to the U251 group, #P < 0.05, ##P < 0.01. For Figures F-G, compared to the THP-1 group, *P <0.05, **P< 0.01. Full-length blots/gels are presented

in WB Uncropped Original Image. Data are presented as mean+SD and comparisons between two groups were conducted using an unpaired
t-test, while comparisons among multiple groups were performed using one-way ANOVA

indicating their significant involvement in tumor growth  study, we identified the presence of Clusterin aggrega-
and metastasis [73]. The suppressive effect of M2 mac-  tion in tumor stem cell vesicles. Our experimental results
rophages on immune cell attack is also considered to be  revealed that EVs from tumor stem cells could induce
related to tumor evasion of immune surveillance [74], macrophage differentiation into the M2 phenotype when
highlighting the pivotal role of macrophage polarization  cocultured with PMA-activated THP-1 cells. Recent
in tumor immune mechanisms. studies have linked Clusterin, a multifunctional protein,
Collectively, the above experimental findings demon-  to macrophage polarization, suggesting that tumor stem
strate that EVs derived from tumor stem cells can pro-  cell-derived vesicles may mediate M2 macrophage polar-
mote M2 macrophage polarization, which is likely an ization through Clusterin. To validate this hypothesis, we
important mechanism underlying temozolomide resist-  silenced Clusterin in isolated tumor stem cells, extracted
ance in glioblastoma cells. the vesicles, and performed Western blot and RT-qPCR
analyses to measure Clusterin levels. We observed a sig-
clusterin-mediated M2 macrophage polarization promotes  nificant downregulation of Clusterin in the sh-Clusterin
chemoresistance in glioblastoma cells group (Fig. 7A, B).
Clusterin, also known as CLU, is a highly conserved Subsequently, to investigate the role of Clusterin in
secretory glycoprotein that is believed to play a signifi- regulating macrophage polarization and its impact on
cant role in various biological processes such as apop- temozolomide resistance in glioblastoma cells, we estab-
tosis, cell signaling, and cell cycle regulation. In our lished temozolomide-resistant glioblastoma cell lines.
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of T98GR cells under 200 uM temozolomide stimulation assessed by CCK-8 assay; G Transwell experiment evaluating the migration and invasion
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By exposing T98G cells to increasing concentrations of
temozolomide over a period of six months, we obtained
the temozolomide-resistant cell line T98GR, with sur-
vival rates significantly higher than the parental T98G
cells when treated with 200 pM temozolomide (Fig. 7C,
D). MTT assays confirmed the acquired resistance, as
the half-maximal inhibitory concentration (IC50) of
the resistant cells was substantially higher than that of
the parental cells. Further experiments were conducted
to assess the effect of EVs and Clusterin on temozolo-
mide resistance in glioblastoma cells. The T98GR cells
were divided into four groups: ctrl group cocultured

with THP-1, EV group cocultured with THP-1 and EVs,
sh-NC-EV group transfected with empty lentivirus or
silenced Clusterin along with THP-1 and EVs, and sh-
Clusterin-EV group. MTT assays revealed a significant
increase in IC50 in the EV group compared to the ctrl
group, indicating enhanced resistance, while silencing
Clusterin reduced IC50 to levels similar to the ctrl group,
suggesting a reversal of the enhancing effect of EVs on
glioblastoma temozolomide-resistant cells (Fig. 7E).
Furthermore, the four cell groups were stimulated with
200 uM temozolomide, and the proliferation, migra-
tion, and invasion capabilities were assessed to explore
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whether EVs could enhance the biological functions
of glioblastoma cells under temozolomide stimulation
through Clusterin. Initially, CCK-8 assays indicated
that the EV group had higher cell viability under temo-
zolomide treatment compared to the ctrl group, while
the sh-Clusterin-EV group showed lower viability than
the sh-NC-EV group (Fig. 7F). These results suggested
that EVs derived from tumor stem cells may enhance
glioblastoma cell chemoresistance through Clusterin.
Subsequent Transwell migration and invasion assays
demonstrated that macrophages cocultured with tumor
stem cell EVs significantly enhanced the migration and
invasion abilities of temozolomide-resistant glioblas-
toma cells, which were attenuated by Clusterin silencing
(Fig. 7G).

To observe macrophage polarization and the potential
role of Clusterin, Western blot analysis was conducted to
assess the expression levels of M1 and M2 macrophage
markers and Clusterin in the various cell groups. The
results showed a significant upregulation of the M2 mac-
rophage marker CD206 and CD163 in the EV group,
whereas the sh-Clusterin-EV group exhibited down-
regulation compared to the sh-NC-EV group. CD80 and
CD86 an M1 macrophage marker, were downregulated
in the EV group and upregulated in the sh-Clusterin-EV
group. Regarding Clusterin expression, the EV group
exhibited significant upregulation compared to the ctrl
group, while the sh-Clusterin-EV group showed a nota-
ble decrease compared to the sh-NC-EV group (Fig. 7H).
Immunofluorescence staining corroborated these find-
ings, showing differing expression levels of Clusterin
and macrophage markers among the groups, further
supporting the involvement of Clusterin in macrophage
functions (Fig. 7I). Finally, immunofluorescence analy-
sis of CD80, CD86, CD163 and CD206 expression levels
revealed that the EV group had a significant increase in
CD206 positivity and a decrease in CD80 and CD86 posi-
tivity, while Clusterin silencing led to reduced CD206and
CD163 positivity and increased CD80 and CD86 expres-
sion (Fig. 7]).

These results indicate that EVs from tumor stem cells
may promote M2 macrophage polarization through
Clusterin to enhance chemoresistance in glioblastoma
cells. These findings provide additional support for the
crucial role of tumor stem cell-derived vesicles in pro-
moting glioblastoma chemoresistance and invasiveness
through the key mechanism of Clusterin-induced M2
macrophage polarization.

In Vivo validation of M2 macrophage polarization
promoting temozolomide resistance in glioblastoma cells
Building upon the discovery that EVs induced M2
macrophage polarization to promote temozolomide
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resistance in glioblastoma cells in vitro, we proceeded
to validate these findings in vivo. Initially, we suc-
cessfully established a subcutaneous xenograft tumor
model in nude mice. Following the subcutaneous
injection of T98G glioblastoma cells, visible tumor
growth on the mice’s skin surface occurred, with
tumor volume increasing over time. Subsequently, to
investigate the impact of EVs derived from tumor stem
cells on temozolomide resistance in glioblastoma cell
lines in vivo, we administered daily intragastric doses
of 50 mg/kg temozolomide to the intervention group
and injected EVs isolated from tumor stem cells at a
dose of 200 pg/kg via tail vein every three days for four
weeks. Tumor dimensions were regularly measured
with calipers, and tumor volume calculations revealed
sustained growth within four weeks post-injection.
Notably, compared to the PBS group, the extracellular
vesicle (EV) group exhibited accelerated tumor volume
growth. In mice transfected with lentivirus-mediated
Clusterin gene silencing, i.e., the sh-Clusterin+EV
group, the tumor-promoting effect of EVs was sup-
pressed (Fig. 8A, B). At the conclusion of the experi-
ment, tumors were excised and weighed. The tumors
from the EV group demonstrated significantly higher
weight than those from the PBS group, whereas the
sh-Clusterin + EV group exhibited a marked reduction
in tumor weight compared to the sh-NC+EV group
(Fig. 8C).

Subsequent histological examination through H&E
staining and immunohistochemistry provided further
insights into the impact of extracellular vesicle treat-
ment on tumor tissue structure and microenvironment.
Compared to the PBS group, the tissue structure in the
EV group appeared denser, while the tissue structure in
the sh-Clusterin +EV group resembled that of the PBS
group, indicating that sh-Clusterin intervention modu-
lated EV resistance to temozolomide (Fig. 8D).

Immunohistochemistry results indicated that in
the EV extracellular vesicle-treated group, tumor tis-
sues exhibited significantly increased expression of
Clusterin and the M2 macrophage marker CD206
and CD163, alongside decreased expression of the
M1 marker CD80 and CD86 compared to the PBS
group. Conversely, in comparison to the sh-NC+EV
group, the sh-Clusterin+EV group showed a substan-
tial reduction in Clusterin expression and CD206 lev-
els, while CD80 expression increased in tumor tissues
(Fig. 8E, F). These findings suggest that EV treatment
promotes M2 macrophage polarization, whereas Clus-
terin depletion can reverse the promoting effect of EV
treatment on M2 macrophage polarization.
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Fig. 8 Tumor Stem Cell-Derived EVs Mediate M2 Macrophage Polarization to Promote Glioblastoma Temozolomide Resistance and Tumor Growth.
Note: A The growth of subcutaneous tumors in nude mice injected with temozolomide-resistant T98G glioblastoma cells over time; B Tumor
volume growth in each group of nude mice with the untreated control group; C Images of excised tumor tissues at the end of the experiment
along with quantitative analysis; D H&E staining of tumor tissues from each group of mice, scale bar= 100 um; E Immunohistochemical staining

to assess the expression levels of Clusterin, CD206, CD163, CD86, and CD80 in tumor tissue sections from two groups of mice, scale bar=25 um;

F The positive staining area from immunohistochemical results. Data are presented as mean + SD, and comparisons between two groups were
conducted using an unpaired t-test, while comparisons among multiple groups were performed using one-way ANOVA. *P<0.05, **P <0.01
compared to the PBS group; #P < 0.05, ##P < 0.01 compared to the sh-NC+EV group. Each group consisted of five mice

Promote glioblastoma temozolomide resistance and tumor
growth

Taken together, these results illustrate how EVs derived
from tumor stem cells could potentially enhance tumor
growth and development by influencing M2 macrophage
polarization within the tumor microenvironment.

Discussion

In the current field of tumor research, the study of the
tumor microenvironment has emerged as a critical
research direction, supported by recent studies [75-77].
Particularly, various cellular components within the TME
and their interactions play crucial roles in tumor devel-
opment, metastasis, and resistance to therapy [78]. Mac-
rophages, as one of the main immune cells within the
TME, exhibit a dual role in tumor progression [79-81].
On one hand, M1 type macrophages possess anti-tumor
properties; on the other hand, M2 type macrophages
tend to promote tumor growth and metastasis, creat-
ing an immunosuppressive microenvironment for the
tumor [82, 83]. Furthermore, tumor stem cells are con-
sidered pivotal drivers of malignant behavior within

tumors, capable of exchanging information with cells
in the TME through secreted EVs, thereby influencing
tumor development [84—86]. However, previous research
has been limited in understanding how tumor stem cells
specifically affect the polarization status of macrophages
through EVs, especially in highly malignant brain tumors
like glioblastoma, and how this process impacts the
tumor’s resistance to the common chemotherapeutic
agent temozolomide [87, 88].

This study delves into the intricate mechanisms of
interaction between tumor stem cells and macrophages,
particularly elucidating a novel mechanism by which
tumor stem cells transmit Clusterin via EVs to mediate
M2 macrophage polarization, offering a fresh perspective
on glioblastoma resistance to temozolomide. In compari-
son to existing literature, the research not only unveils a
new mechanism regulating macrophage polarization but
also identifies the key role of Clusterin in this process.
Previous studies have primarily focused on cytokines or
chemical signals mediating macrophage polarization,
while our research starts from the physical interaction
between tumor stem cells and the TME, demonstrating



Wen et al. Stem Cell Research & Therapy (2025) 16:146

how tumor stem cells directly influence macrophage
functional states through specific molecular mediators
(i.e., Clusterin), paving the way for new insights into
cellular communication mechanisms within the tumor
microenvironment.

Furthermore, this study successfully identified key
genes closely associated with M2 macrophage polariza-
tion and tumor stem cell functionality by combining
single-cell sequencing technology with transcriptome
sequencing, with Clusterin’s role being particularly
prominent. This work not only confirms Clusterin’s
critical role in regulating macrophage polarization but
also provides a new methodological direction for future
research endeavors. By constructing a PPI network using
machine learning algorithms, we further bolster this find-
ing, validating the high innovativeness and scientific rigor
of our study. This comprehensive research methodology,
blending bioinformatics tools with traditional biological
experiments, offers an effective model for unraveling the
molecular mechanisms underlying complex biological
processes.

In exploring the intricate interplay between tumor stem
cells and the tumor microenvironment, our study reveals
that tumor stem cells not only directly influence mac-
rophage polarization through extracellular vesicle secre-
tion but also indirectly promote tumor growth, invasion,
and drug resistance by altering other components within
the TME. This outcome deepens our understanding of
the roles tumor stem cells play in regulating the TME,
particularly in elucidating how they exert a “command-
ing role” in the tumor microenvironment through signal
molecule transmission via EVs. Compared to existing
research, our study marks a significant advancement in
uncovering the molecular mechanisms underlying cel-
lular communication between tumor stem cells and the
TME.

Regarding the mechanism of glioblastoma resistance
to temozolomide, this study emphasizes the pivotal role
played by M2 macrophages. Through a series of in vitro
and in vivo experiments, we confirm that Clusterin deliv-
ered by tumor stem cell EVs effectively promotes M2
macrophage polarization, thereby enhancing glioblas-
toma cell resistance to temozolomide. M2 macrophages,
also known as alternatively activated macrophages,
produce survival-promoting molecules such as argi-
nine, polyamines, and ornithine, as well as anti-inflam-
matory factors, growth factors, and angiogenic factors.
These molecules facilitate tumor cell survival, prolifera-
tion, and metastasis, while suppressing the functions of
other immune cells, such as T cells and NK cells, con-
tributing to immunosuppressive responses. Thus, M2
macrophages are considered accomplices in tumor pro-
gression [73].
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Recent years have seen a surge in anti-cancer strate-
gies targeting macrophages, with one approach focused
on inhibiting the generation and invasion of M2 mac-
rophages. This can be achieved by targeting stimulatory
factors or receptors specific to M2 macrophages. In
this study, we identified Clusterin as a stimulatory fac-
tor for M2 macrophages. This discovery not only pre-
sents new insights for addressing drug resistance in the
treatment of glioblastoma but also lays crucial scientific
foundations for future drug development and treatment
optimization strategies. Compared to prior studies on
glioblastoma drug resistance, our research offers fresh
insights at the molecular level of the resistance for-
mation mechanism, especially in terms of how target-
ing specific cell types (such as M2 macrophages) may
reverse tumor resistance.

The study further explores, based on our findings,
how targeting Clusterin or modulating macrophage
polarization could overcome glioblastoma drug resist-
ance. These proposed therapeutic strategies, rooted in a
profound understanding of glioblastoma pathogenesis,
signal potential directions for future tumor treatment
research. Notably, these strategies lay the groundwork
for the combined use of immunotherapy, targeted
therapy, and other treatment modalities, offering theo-
retical and experimental evidence for more effective
treatment options for glioblastoma patients.

In conclusion, our study identifies a novel mechanism
by which tumor stem cells mediate M2 macrophage
polarization through extracellular vesicle transmission
of Clusterin, thereby promoting temozolomide resist-
ance in glioblastoma. This discovery not only enhances
our understanding of intercellular communication
mechanisms within the tumor microenvironment but
also provides new targets and strategies for the treat-
ment of malignant tumors such as glioblastoma. How-
ever, the limitations of this study should also be noted.
For instance, the precise mechanisms by which Clus-
terin acts on macrophages to induce polarization and
how M2-polarized macrophages contribute to glioblas-
toma resistance—through the secretion of specific sub-
stances and activation of particular pathways—require
further investigation. Additionally, whether the same
resistance mechanisms exist across all glioblastoma
subtypes remains unclear, and the current findings
need to be validated in larger clinical cohorts. Future
studies will delve deeper into the role of Clusterin in
other tumor types and explore effective ways to tar-
get this pathway for the treatment of glioblastoma and
other malignant tumors. Furthermore, whether the
mechanisms identified in this study can be translated
into effective therapeutic interventions warrants fur-
ther investigation.
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Fig. 9 Tumor Stem Cell-Derived Nanovesicles Promote Temozolomide Resistance in Glioblastoma Through Clusterin-Mediated Macrophage

Polarization: Insights from Multiple Omics Studies

Conclusion

This study utilized machine learning-assisted multi-
omics analysis to elucidate the crucial role of tumor
stem cell-derived nanovesicle-mediated Clusterin
transfer in regulating M2 macrophage polarization
and its mechanism in promoting resistance of glio-
blastoma cells to temozolomide (Fig. 9). The research
revealed that tumor stem cells communicate Clusterin
via secreted EVs to induce M2 polarization in mac-
rophages, thus influencing the drug resistance and
invasive capabilities of glioblastoma cells. Moreover,
this mechanism was validated in animal models, show-
ing that extracellular vesicle treatment significantly
slowed tumor growth and altered the tumor microen-
vironment. The scientific significance of this study lies
in offering a fresh perspective on the complex interplay
between tumor stem cells and immune cells in the glio-
blastoma microenvironment. Clinically, this finding
holds promise for the development of novel therapeu-
tic strategies, particularly targeting drug-resistant glio-
blastomas. However, limitations exist in the study, such
as the need for further validation of the results in clini-
cal samples from in vitro and animal models. Future
research should focus on the universality of this mecha-
nism in different subtypes and molecular features of
glioblastoma, along with exploring the potential appli-
cation of this mechanism in clinical treatments. Fur-
thermore, gaining a deeper understanding of other
potential roles of Clusterin in the tumor microenviron-
ment is also a crucial direction for future research.
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