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Abstract: Glioblastoma (GBM) is the most aggressive primary brain tumor, and is characterized by rapid growth, 
therapeutic resistance, and a highly immunosuppressive tumor microenvironment (TME). Progranulin (GRN/
PGRN), a secreted glycoprotein, promotes malignancy in various cancers, yet its role in GBM remains poorly de-
fined. Bioinformatics analysis of GEO (Gene Expression Omnibus) and TCGA (The Cancer Genome Atlas) datasets 
revealed that GRN expression is significantly upregulated in GBM and is associated with shorter overall survival and 
progression-free survival. High GRN levels correlated strongly with increased M2 macrophage infiltration (marked 
by CD163 expression) and elevated immune and stromal scores, suggesting that GRN contributes to an immuno-
suppressive TME. In vitro, silencing GRN in GBM cells markedly inhibited cell proliferation, migration, invasion, and 
colony formation. Coculture assays demonstrated that GRN knockdown reduced GBM-induced M2 macrophage 
polarization (CD206+) while increasing M1 polarization (CD86+), accompanied by decreased secretion of the immu-
nosuppressive cytokines IL-10 and TGF-β. Transwell experiments further showed that GRN promoted GBM invasion 
in a macrophage-dependent manner via the TGF-β pathway, an effect that was abrogated by the TGF-β receptor I 
inhibitor LY3200882. We developed SORT1-loaded hyaluronic acid methacrylate (HAMA) hydrogel microspheres to 
target GRN therapeutically. SORT1 competitively binds to GRN, reducing its concentration in the TME. Intratumoral 
injection of these microspheres significantly suppressed GBM xenograft growth in vivo. Collectively, our findings 
identify GRN as a key driver of GBM progression and TME immunosuppression through M2 macrophage polariza-
tion and TGF-β signaling. Targeting GRN with SORT1-loaded HAMA microspheres represents a promising adjuvant 
therapeutic strategy for GBM.
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Introduction

Glioblastoma (GBM) is the most common pri-
mary malignant brain tumor in adults, account-
ing for approximately 14% of all primary brain 
tumors and over 50% of malignant brain tumors 
in adults. Its highly invasive growth pattern and 
pronounced intratumoral heterogeneity not 
only substantially increase the difficulty of clini-
cal treatment but also constitutes the core rea-
son for the extremely poor prognosis for pa- 
tients. According to the latest epidemiological 
data, the median survival time is only 12-15 
months, with 2-year survival rates of approxi-
mately 18-30% and 5-year survival rates of 
merely 5-10%, indicating that the current treat-
ment outcomes remain far from satisfactory [1, 

2]. GBM is characterized by highly infiltrative 
growth, a limited responsiveness to convention-
al therapeutic modalities, and an exceedingly 
complex tumor microenvironment. These inter-
related factors collectively result in its dismal 
clinical prognosis. Elucidating the intricate cel-
lular and molecular interactions within the 
tumor microenvironment is essential, as it will 
lay a critical theoretical foundation for the de- 
velopment of novel, precise, targeted therapeu-
tic strategies [3, 4].

The TME plays a pivotal role in glioma initiation 
and progression, with tumor-associated macro-
phages (TAMs) being especially critical. Upon 
polarization to the protumorigenic M2 pheno-
type, TAMs secrete factors that increase tumor 
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proliferation, invasion, and immune evasion [5]. 
Recent studies have shown that progranulin 
(PGRN; gene name: GRN), a secreted glycopro-
tein, is overexpressed in various malignancies 
and is correlated with aggressive phenotypes 
and unfavorable outcomes [6]. Tumor cells that 
overexpress GRN or secrete GRN-rich extracel-
lular vesicles have been shown to drive TAMs 
toward an immunosuppressive M2 phenotype, 
thereby establishing a suppressive network wi- 
thin the tumor microenvironment [7, 8]. Colle- 
ctively, these findings highlight the close asso-
ciation between GRN expression and tumor-
associated macrophage (TAM) polarization and 
suggest that GRN may be involved in the devel-
opment of the GBM tumor microenvironment 
and therapeutic resistance and may serve as a 
potential therapeutic target.

M2-polarized tumor-associated macrophages 
(TAMs) secrete a variety of protumor cytokines, 
including IL-10 and TGF-β, which significantly 
promote the invasiveness and therapeutic re- 
sistance of glioma, ultimately shortening the 
survival time of patients [9, 10]. In addition, an 
analysis of public datasets indicated that high-
er GRN expression levels are associated with a 
poorer prognosis, and these findings suggest 
that GRN may promote glioma progression by 
regulating TAM polarization [11, 12]. However, 
the specific molecular role of GRN in GBM and 
the underlying mechanism by which it modu-
lates M2 polarization remain elusive. In addi-
tion, GRN is closely correlated with the initia-
tion and progression of GBM. It can facilitate 
the development of temozolomide resistance 
by regulating DNA repair pathways and enhanc-
ing the characteristics of cancer stem cells. 
Therefore, GRN is considered a potential thera-
peutic target with considerable value [13, 14].

Sortilin (SORT1), a high-affinity cell membrane 
receptor and soluble protein that binds pro-
granulin (pGRN), plays a central regulatory role 
in the endocytosis, lysosomal trafficking, and 
degradation of pGRN, serving as a key mole-
cule governing intracellular and extracellular 
pGRN levels. Together, these proteins form a 
bidirectionally regulated functional axis whose 
dysfunction is closely associated with the pa- 
thogenesis and progression of neurodegenera-
tive diseases [15]. Extracellular SORT1 binds to 
GRN and attenuates its biological activity via a 
receptor-ligand-mediated mechanism [16]. This 

study investigated the application of a photo-
crosslinked hyaluronic acid (HA)-based hydro-
gel (HAMA) as a local drug delivery system to 
treat GBM. Featuring controlled drug release 
and excellent biocompatibility, this system can 
cross the blood-brain barrier and precisely  
target residual tumor cells after surgery [17].  
In experiments using tumor-bearing animals, 
SORT1-loaded HAMA microspheres markedly 
inhibited GBM growth, reduced the abundance 
of M2-type macrophages and decreased the 
pGRN protein level. These findings indicate that 
targeting GRN represents a novel and poten-
tially effective therapeutic strategy for GBM.

Materials and methods

Cell culture

GBM cells (A172 and LN229 cell lines, purcha- 
sed from Shanghai Jinyuan Biotechnology Co., 
Ltd., Shanghai, China) and primary human 
peripheral blood macrophages (purchased fr- 
om Shanghai Jinyuan Biotechnology Co., Ltd., 
Shanghai, China) were cultured in low-glucose 
DMEM supplemented with 10% fetal bovine 
serum (FBS) and 100 U/mL penicillin. Primary 
human peripheral blood macrophages were 
positive for CD68 and MAC387, as confirmed 
by immunofluorescence staining, with a purity 
greater than 90%. To further verify their unpo-
larized state, flow cytometry analysis of polar-
ization markers showed that the proportions of 
CD86, CD197, CD206, and CD163 positive 
cells were all below 5% (Figure S1), indicating 
that these macrophages were in a resting M0 
phenotype. All the cells were cultured in a 
humidified incubator at 37°C with 5% CO2. 
Routine subculture was performed by trypsin 
digestion, and only cells with a passage num-
ber not exceeding 10 were used in all the exper-
iments. GBM cells were treated with the TGF-β 
receptor inhibitor LY3200882 (MCE, New 
Jersey, USA) at a final concentration of 10 μM, 
which was dissolved in DMEM prior to use.

Cell transfection

GBM cells were cultured in complete medium 
and seeded 24 h prior to transfection to achieve 
30-50% confluence. Gene silencing was per-
formed using a small interfering RNA (siRNA) 
targeting GRN (siRNA sequence: 5’-GGA CCU 
GUG AGA AGG AUG UCG AUU-3’, purchased 
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from Fenghui Biotechnology Co., Ltd.). The cells 
were transfected with 50 nM siRNA. Briefly, 1 
μL of LipofectamineTM 3000 Reagent and 1 μL 
of P3000™ Reagent were diluted in 50 μL of 
Opti-MEM™ medium (Gibco, Grand Island, NY, 
USA). The diluted siRNA and Lipofectamine 
3000 reagents were mixed gently by pipetting 
and incubated at room temperature for 10-15 
min to allow the formation of siRNA-lipid com-
plexes. The resulting complexes (50 μL per 
well) were added to cells cultured in 24-well 
plates. The plates were then returned to a 37°C 
incubator with 5% CO2 and cultured for 18-48 h 
before subsequent assays.

Wound healing assay

GBM cells were divided into siNC and siGRN 
groups. When the cells reached 80-90% conflu-
ence in 6-well plates, a linear scratch was cre-
ated in the cell monolayer using a 10 μL pipette 
tip. The culture medium was replaced with 
DMEM containing 1% fetal bovine serum (FBS). 
Images were captured immediately after scra- 
tching and again at 24 h and 48 h after scratch-
ing. Wound closure at these time points was 
compared to evaluate differences in cell migra-
tion between the two groups.

Colony formation assay

siNC-transfected and siGRN-transfected GBM 
cells were seeded into 6-well plates at a densi-
ty of 1×103 cells per well. After 2 weeks of cul-
ture with regular medium replacement, the cell 
colonies were fixed with methanol for 5 min and 
stained with 0.1% crystal violet for 5 min. The 
plates were then washed three times with 
ddH2O. The colony-forming ability was evaluat-
ed by counting the number of stained cell colo-
nies in 3 randomly selected microscopic fields.

Cell counting kit-8 assay

Cell proliferation was assessed using a CCK-8 
assay kit (Beyotime Biotechnology, Shanghai, 
China). Briefly, cells were seeded in 96-well 
plates and cultured under routine incubation 
conditions. At the designated time points (0 h, 
24 h, and 48 h), 10 μL of CCK-8 reagent was 
added to each well containing 100 μL of culture 
medium in accordance with the manufacturer’s 
instructions. Following an incubation at 37°C 
for 2 h, the absorbance at 450 nm was detect-
ed using a microplate reader. The obtained 

optical density values were utilized to quantita-
tively evaluate cell proliferation.

Invasion assay using Matrigel-coated Transwell 
chambers

Cell invasion was evaluated using the Matrigel-
coated Transwell chamber method. Matrigel 
was diluted according to the manufacturer’s 
instructions and spread on the membrane of 
the upper Transwell chamber (pore size 8 μm), 
followed by an incubation at 37°C with 5% CO2 
for 30-60 min to allow solidification. Logari- 
thmic-phase GBM cells were adjusted to a den-
sity of 5×104 cells/well and seeded into the 
coated upper chamber; DMEM supplemented 
with 1% FBS was added to the lower chamber, 
while equal numbers of macrophages or GBM 
cells were added to the lower chamber of the 
control group, with 3 replicate wells in each 
group. After 24 h of incubation, non-invading 
cells on the upper surface of the chamber 
membrane were wiped off with a sterile cotton 
swab. Invading cells on the lower surface were 
fixed with methanol for 10 min, stained with 
crystal violet for 10 min, rinsed with PBS, and 
then air-dried. The cells were observed and 
photographed under an inverted microscope. 
Five random fields of view were selected from 
each replicate well for cell counting, and the 
average number of invading cells was calculat-
ed to quantitatively evaluate the invasion of 
GBM cells.

Immunofluorescence staining in Transwell co-
culture system

A Transwell co-culture system was established 
to evaluate TGF-β/Smad signaling activation in 
GBM cells. Macrophages were seeded in the 
upper chamber, while GBM cells were plated in 
the lower chamber. Four experimental groups 
were set up with different treatments applied to 
GBM cells: IgG (control), IgG + LY3200882 (LY), 
anti-TGF-β1 neutralizing antibody, and IgG + 
recombinant TGF-β1.

After 3 days of co-culture, GBM cells in the 
lower chamber were collected and fixed with 
4% paraformaldehyde for 15 min at room tem-
perature, followed by permeabilization with 
0.1% Triton X-100 for 10 min. Cells were then 
blocked with 5% bovine serum albumin (BSA) 
for 1 h at room temperature and incubated 
overnight at 4°C with primary antibody against 
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phospho-Smad2 (p-Smad2; Proteintech, Cat# 
80427-2-RR) at a dilution of 1:400.

After washing with PBS, cells were incubated 
with an appropriate fluorescent secondary anti-
body for 1 h at room temperature in the dark. 
Nuclei were counterstained with DAPI. Fluo- 
rescence images were captured using a fluo-
rescence microscope, and the expression of 
p-Smad2 was analyzed.

Real-time quantitative PCR

Total RNA was isolated and purified using a 
RNeasy Mini Kit (Qiagen, Germantown, MD, 
USA) according to the manufacturer’s instruc-
tions. The cDNA primers used were obtained 
from Dalian Ruizhong Biotechnology Co., Ltd., 
and an RT-PCR analysis was subsequently per-
formed. We normalized the cycle threshold (Ct) 
value of the gene of interest to the Ct value of 
GAPDH in the same sample and calculated the 
relative expression using the 2-∆∆Ct method.

IL-6 F-ACTCACCTCTTCAGAACGAATTG, R-CCA- 
TCTTTGGAAGGTTCAGGTTG; TGF-β1 F-CTGCT- 
GACCCCCACTGATAC, R-TGACCCGTTGATGTCC- 
ACTT; TNF-α F-CCTCTCTCTAATCAGCCCTCTG, 
R-GAGGACCTGGGAGTAGATGAG; IL-10 F-GACT- 
TTAAGGGTTACCTGGGTTG, R-TCACATGCGCCTT- 
GATGTCTG; TWIST1 F-GGAGTCCGCAGTCTTA- 
CGAG, R-TCTGGAGGACCTGGTAGAGG; SNAI2 
F-TGTTGCAGTGAGGGCAAGAA, R-GACCCTGGT- 
TGCTTCAAGGA; MMP2 F-TTGATGGCATCGCTC- 
AGATC, R-TTGTCACGTGGCGTCACAGT; MMP9 
F-GCAAGCTGGACTCGGTCTTT, R-TGGCGCCCA- 
GAGAAGAAG.

Preparation and physicochemical characteriza-
tion of the hydrogel microspheres

HAMA microspheres (molecular weight 400 
kDa) were prepared as follows: HAMA was dis-
solved in a 1%-5% PBS solution containing 
0.2% photoinitiator (LAP) and 100 pg/mL 
SORT1. Microspheres were prepared using the 
microfluidic focusing method. The oil phase 
was composed of HFE-7500 and 2% PEG-PFPE 
EA surfactant. By regulating the flow rates 
(aqueous phase: 10-50 μL/h; oil phase: 500-
2000 μL/h), droplets with a particle size of less 
than 100 μm were generated, which were then 
polymerized under 365 nm ultraviolet light. The 
residual oil phase and unreacted reagents were 
removed by washing to obtain HAMA hydrogel 
microspheres.

The particle size of the microspheres was ana-
lyzed. After the microsphere suspension was 
diluted, it was dropped onto a glass slide and 
covered with a coverslip. After an incubation, 
the samples were observed under an optical 
microscope. No less than 3 fields of view were 
randomly selected, and no fewer than 50 micro-
spheres in each field of view were counted. The 
micrographs were analyzed using ImageJ soft-
ware to identify the microspheres and measure 
their equivalent circular diameter. The mea-
sured data were imported into Origin software 
to construct a particle size distribution histo-
gram, and Gaussian curve fitting was per-
formed to visualize the particle size distribution 
of the microspheres in the histogram and fitted 
curve.

For the microsphere degradation experiment, 
the hydrogel microspheres were placed in 1 mL 
of a PBS solution containing 1,000 U of algi-
nate lyase and cultured with shaking at 37°C 
and 80 rpm for 48 hours, after which the algi-
nate lyase solution was replaced regularly. Af- 
ter culture, the remaining mass of the micro-
spheres was measured, the treatment was 
standardized such that the initial mass was 
used as the reference, and the degradation 
characteristics of the microspheres were 
analyzed.

Xenograft models

We divided the A172 cells into three groups: the 
untreated control group, the HAMA microsphere 
group, and the HAMA@SORT1 microsphere 
group, with four samples in each group. A total 
of 2×106 cells were subcutaneously injected 
into 5-week-old BALB/c nude mice. One week 
later, the mice in each group received an intra-
tumoral injection of 100 μL of HAMA or HAMA@
SORT1 microsphere suspension. Starting on 
the 5th day after treatment, the length and 
width of the tumors were measured and record-
ed every 5 days. The tumor volume was calcu-
lated using the following formula: length × 
width × width × 0.5. On the 20th day, the 
tumors were removed and weighed. At the end 
of the experiment, the mice were fully anesthe-
tized with inhalation anesthesia and then euth-
anized by cervical dislocation, ensuring a pain-
less death in accordance with animal ethics 
guidelines. All procedures were approved by 
the Institutional Animal Care and Use Com- 
mittee (Approval No. D2023-034).
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Immunohistochemical staining

Paraffin-embedded GBM tumor-bearing tissu- 
es (Subcutaneous xenograft tumor tissues of 
A172 cells in nude mice) were serially sectioned 
at 4 μm thickness and mounted on poly-L-
lysine-coated glass slides. After the samples 
were dewaxed in xylene and rehydrated through 
a graded ethanol series, antigen retrieval was 
performed in 0.01 mol/L sodium citrate buffer 
(pH 6.0) at 95°C for 15 min using a pressure 
cooker. Endogenous peroxidase activity was 
blocked with 3% H2O2 for 10 min at room tem-
perature, followed by an incubation with 5% 
bovine serum albumin (BSA) for 30 min to mini-
mize nonspecific binding. The sections were 
then incubated overnight at 4°C in a humidifi- 
ed chamber with the following primary anti- 
bodies: pGRN (1:500, Abcam, ab208777), TGF-
β1 (1:500, Abcam, ab315255), and CD163 
(1:500, Abcam, ab213612). After three wash- 
es with PBS, the corresponding HRP-conjugat- 
ed secondary antibody (1:500) was applied to 
the sections and incubated for 1 h at room tem-
perature. The color was developed using a DAB 
chromogenic kit (Beijing Zhong Shan-Golden 
Bridge Biological Technology Co., Ltd.) for 3 
min. The sections were counterstained with 
hematoxylin for 30 s, dehydrated through grad-
ed ethanol solutions, cleared in xylene, and 
mounted with neutral resin. Images were cap-
tured at 20× magnification.

Bioinformatics analysis

Gene expression matrices and clinical data 
were retrieved from the GEO database (GSE- 
90598), and TPM-format transcriptomic data 
(log2(TPM+1)) for GBM tumor tissues were 
obtained from TCGA. Quality control was per-
formed on both datasets to remove missing val-
ues and outliers. The differential expression 
analysis was conducted using the R package 
limma (v3.60.6), with screening criteria set at 
adjusted p value < 0.05 and |logFC| > 1. Genes 
with logFC > 1 were defined as upregulated, 
and those with logFC < -1 were defined as 
downregulated. Differentially expressed genes 
(DEGs) were visualized in volcano plots gener-
ated with ggplot2 (v3.5.1). The intersections of 
upregulated and downregulated DEGs from the 
GEO dataset and prognosis-related genes from 
TCGA (identified via Cox regression analysis) 
were calculated and visualized using Venn- 

Diagram (v1.7.3) and ggVennDiagram (v1.5.2). 
For the GRN-based grouping, the surv_cutpoint 
function from the survminer package (v0.5.0) 
was used to determine the optimal cutoff of 
GRN expression, dividing the samples into high- 
and low-expression groups. Differences in GRN 
expression between groups were compared 
using the Wilcoxon rank-sum test (P < 0.05) 
and visualized in bar plots generated by ggplot2 
(v3.5.1). Kaplan-Meier survival analysis was 
performed using the survival (v3.6.4) and sur- 
vminer (v0.5.0) packages, and differences in 
survival were assessed using the log-rank test. 
Immune cell infiltration in TCGA-GBM data- 
sets was analyzed using CIBERSORT (v0.1.0) to 
estimate the relative abundances of 22 im- 
mune cell types, while the ESTIMATE algorithm 
(v1.0.13) was used to calculate the immune 
score, stromal score, and total ESTIMATE score. 
Differences in immune cell infiltration and TME 
scores between the high- and low-GRN expres-
sion groups were evaluated using the Wilcoxon 
rank-sum test and visualized in stacked bar 
plots and statistical plots generated using 
ggplot2 (v3.5.1).

Statistical analysis

All statistical analyses were performed using 
SPSS 25.0 software (IBM, Armonk, NY, USA) 
and R software (version 4.5.3, http://www.r-
project.org). Continuous variables are exp- 
ressed as the mean ± standard deviation (SD). 
Comparisons between two groups were per-
formed using independent-sample t-tests for 
normally distributed data, and the Mann-
Whitney U test for non-normally distributed 
data. One-way analysis of variance (ANOVA) fol-
lowed by post hoc tests was used for compari-
sons among three or more groups. For in vitro 
experiments, each assay was performed in at 
least three independent biological replicates to 
ensure reproducibility. Kaplan-Meier curves 
were plotted to estimate overall survival (OS) 
and progression-free survival (PFS), and differ-
ences between groups were compared using 
the log-rank test. Univariate and multivariate 
Cox proportional hazards regression models 
were applied to identify independent prognos-
tic factors and calculate hazard ratios (HR) with 
95% confidence intervals (95% CI). Spearman’s 
correlation analysis was used to evaluate the 
monotonic relationship between non-normally 
distributed quantitative variables, including 
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GRN and CD163 expression. All statistical tests 
were two-sided, and a P-value < 0.05 was con-
sidered statistically significant. 

Results

GRN as a poor prognostic factor and potential 
therapeutic target in GBM

Gene expression data (GSE90598) were down-
loaded from the GEO database and subjected 
to quality control to ensure the integrity of the 
data. Paired tumor and adjacent nontumor tis-
sues were analyzed for differential gene expres-
sion using the R package limma (v3.60.6). 
Genes with an adjusted p value < 0.05 and 
logFC > 1 were classified as upregulated, whe- 
reas those with an adjusted p value < 0.05 and 
logFC < -1 were classified as downregulated. 
Volcano plots of the differentially expressed 
genes (DEGs) were created using the ggplot2 
package (v3.5.1). A total of 816 upregulated 
and 1,267 downregulated genes were identi-
fied (Figure 1A). Among these genes, 567 
upregulated and 947 downregulated genes 
matched the TPM data from TCGA database. 
Furthermore, an analysis of the intersections of 
the DEGs with 588 prognosis-associated genes 
identified via Cox regression analysis of TCGA-
GBM data revealed 22 upregulated and 50 
downregulated genes with significant prognos-
tic relevance (Figure 1B). Among them, GRN 
was selected as one of the 22 significantly 
upregulated genes associated with prognosis 
in the TCGA-GBM cohort and was prioritized for 
further study because of its known role in pro-
moting tumor progression, inflammation, and 
cell proliferation in various cancers. TCGA-GBM 
data were used to analyze the relationship 
between GRN expression and patient survival 
as an indicator of its clinical value, with a focus 
on its potential as a prognostic biomarker. GBM 
STAR count data and clinical information were 
obtained from the TCGA database. The data in 
TPM format were extracted and normalized 
using log2(TPM+1) transformation, and 153 
samples with both RNA-seq and clinical data 
were retained. The log-rank test and univariate 
Cox regression analyses revealed that overall 
survival and progression-free survival were sig-
nificantly lower in the high-GRN expression 
group than in the low-GRN expression group (p 
value and HR with 95% CI) (Figure 1C, 1D).

GRN expression modulates immune cell in-
filtration and the tumor microenvironment in 
GBM

We analyzed tumor samples from the TCGA 
dataset with available survival information to 
investigate the relationship between GRN 
expression and immune cell infiltration in GBM. 
Using the CIBERSORT algorithm, we evaluated 
the relative infiltration levels of 22 immune cell 
types in the high- and low-GRN expression 
groups. The results revealed significant differ-
ences in the levels of immune cell infiltration 
between the two groups (Figure 1E). Specifically, 
we quantified the proportions of immune cell 
types, including B cells (naive and memory), 
plasma cells, T cells (CD8+, CD4+ naive, CD4+ 
memory resting, CD4+ memory activated, fol-
licular helper, regulatory, and gamma delta T 
cells), NK cells (resting and activated), mono-
cytes, macrophages (M0, M1, and M2), den-
dritic cells (resting and activated), mast cells 
(resting and activated), eosinophils, and neu-
trophils. A stacked bar plot generated using 
ggplot2 visually illustrates the distributions of 
these immune cells, highlighting distinct im- 
mune profiles between the high- and low-GRN-
expressing groups (Figure 1E). Further analysis 
using the ESTIMATE algorithm revealed highly 
significant differences in the immune, stromal, 
and ESTIMATE scores between the high- and 
low-GRN-expressing groups (P < 0.001 for all 
scores) (Figure 1E). These findings indicate a 
strong association between GRN expression 
levels and tumor microenvironment (TME) char-
acteristics in GBM. We performed Wilcoxon 
rank-sum tests to compare the levels of infiltra-
tion of specific types of immune cells between 
the two groups and identify the cell type con-
tributing to the differences in these scores. 
Significant differences were observed for sev-
eral immune cell types (P < 0.05), including 
plasma cells, naive CD4+ T cells, resting CD4+ 
memory T cells, activated NK cells, M2 macro-
phages, and resting dendritic cells (Figures 1F, 
1G, S2). Spearman’s correlation analysis re- 
vealed a significant positive correlation bet- 
ween GRN expression and CD163 expression. 
These observations were further validated by 
analyzing mRNA expression profiles derived 
from tissues samples from 153 GBM patients 
in The Cancer Genome Atlas (TCGA) database, 
which consistently revealed a strong positive 
correlation between GRN and CD163 expres-
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sion (R = 0.53, P < 0.001) (Figure 1H). Co- 
llectively, these results indicate that the GRN 
expression level is significantly associated with 

specific immune cell infiltration patterns and 
TME characteristics in GBM. The significant dif-
ferences in certain immune cell populations 

Figure 1. GRN expression and its prognostic and immunological implications in GBM. (A) Volcano plot depicting 
differentially expressed genes (DEGs) from the GSE90598 dataset, which was analyzed using limma (v3.60.6). Up-
regulated genes (adjusted p value < 0.05, logFC > 1) and downregulated genes (adjusted p value < 0.05, logFC < -1) 
are shown, with 816 upregulated and 1,267 downregulated genes identified. (B) Venn diagram illustrating the inter-
sections of DEGs with 588 prognosis-associated genes in TCGA-GBM data; 22 upregulated and 50 downregulated 
genes with prognostic relevance were identified, and GRN was among the upregulated genes. (C, D) Kaplan-Meier 
survival curves and univariate Cox regression analysis of TCGA-GBM data (n = 153) showing significantly lower 
overall survival (C) and progression-free survival (D) rates in the high-GRN expression group than in the low-GRN 
expression group (log-rank p value and HR with 95% CI). (E) Stacked bar plot generated with ggplot2 displaying the 
relative infiltration of 22 immune cell types in TCGA-GBM cohort stratified by high and low GRN expression, which 
was analyzed using CIBERSORT. Significant differences in immune, stromal, and ESTIMATE scores between groups 
are shown (P < 0.001). (F, G) Box plots illustrating significant differences in the infiltration levels of specific immune 
cell types (plasma cells, naive CD4+ T cells, resting CD4+ T cells, activated NK cells, M2 macrophages, and resting 
dendritic cells) between the high- and low-GRN-expressing groups in TCGA-GBM cohort, as determined using Wil-
coxon rank-sum tests (P < 0.05). (H) Spearman’s correlation analysis of the GRN and CD163 mRNA expression data 
from the tissues from 153 GBM patients in TCGA database revealed a consistent positive correlation (R = 0.53, P 
< 0.001).
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suggest their potential roles in tumor progres-
sion in the presence of varying GRN expression 
levels. These findings provide a foundation for 
further investigations into TME regulation and 
potential immunotherapeutic targets in GBM.

Effects of GRN expression on the phenotypes 
of GBM cells

The level of the GRN protein in the cell culture 
supernatant was quantified using enzyme-link- 
ed immunosorbent assay (ELISA) to confirm the 
efficiency of GRN knockdown. Compared with 
the transfection of the negative control (siNC) 
GRN expression was significantly reduced in 
A172 cells transfected with the GRN-specific 
siRNA (Figure 2A), indicating the effective 
knockdown of GRN in this cell line. A similar 
reduction was observed in LN229 cells (Figure 
S3A). Cell proliferation was further assessed 
using the CCK-8 assay. Compared with the 
transfection of siNC, GRN knockdown using an 
siRNA significantly suppressed the proliferation 
of A172 cells (Figure 2B). Consistent results 
were obtained in LN229 cells (Figure S3B), sug-
gesting that GRN plays a critical role in promot-
ing GBM cell proliferation. Cell migration was 
evaluated by performing a wound-healing as- 
say, with wound closure recorded at 0, 24, and 
48 h. Compared with the control treatment, 
GRN knockdown significantly inhibited the 
migration of A172 cells, as evidenced by slower 
wound closure and markedly fewer cells within 
the wound area (Figure 2C-E). Similar trends 
were observed in LN229 cells (Figure S3C, 
S3D). In addition, a single-cell colony formation 
assay was performed to detect tumorigenicity 
in vitro. Compared with control cells, siGRN-
transfected A172 cells formed significantly 
fewer and smaller colonies (Figure 2F-H). The 
same pattern was observed in LN229 cells 
(Figure S3E, S3F), demonstrating that GRN 
silencing substantially impaired the clonogenic 
ability of GBM cells. Collectively, these results 
indicate that GRN promotes proliferation, 
migration, and tumorigenicity in GBM cells, sup-
porting its key function in driving glioblastoma 
malignancy.

GRN mediates intercellular communication 
between GBM cells and macrophages

Macrophages were cocultured with siNC-GBM 
or siGRN-GBM cells to investigate the regulato-
ry effect of GBM cell-derived GRN on macro-
phage polarization. Flow cytometry was used  

to detect the expression of the macrophage 
polarization markers CD206 (M2) and CD197 
(M1). Compared with that in the siNC-GBM 
group, the proportion of CD206+ M2-like ma- 
crophages was significantly decreased, while  
the proportion of CD197+ M1-like macrophages 
was markedly increased in the siGRN-GBM 
coculture system (Figure 3A-E). These findings 
were further validated using another set of cla- 
ssical markers, CD163 (M2) and CD86 (M1), 
which yielded consistent results: GRN knock-
down in GBM cells significantly promoted mac-
rophage polarization toward the M1 phenotype 
(Figure S4A-D). Collectively, these data indicate 
that GRN secreted by GBM cells drives macro-
phage polarization toward the immunosuppres-
sive M2 phenotype, whereas GRN silencing 
shifts polarization toward the proinflammatory 
M1 phenotype, which may inhibit GBM pro- 
gression.

Four coculture systems were established in 
Transwell invasion assays to evaluate the effect 
of GBM-derived GRN on tumor cell invasion: a 
control group with siNC-GBM cells in both the 
upper and lower chambers (siNC-GBM/siNC-
GBM); a group with siGRN-GBM cells in both 
chambers (siGRN-GBM/siGRN-GBM), and two 
additional groups in which siNC-GBM or siGRN-
GBM cells were seeded in the upper chamber 
and human macrophages were plated in the 
lower chamber (siNC-GBM/Mφ and siGRN-
GBM/Mφ). This design allowed the cell-autono-
mous effects of GRN knockdown and the 
effects tumor cell-macrophage interactions to 
be differentiated, thereby clarifying the role of 
GRN within the tumor microenvironment.

Transwell invasion assays revealed that the 
number of invading cells was significantly 
reduced in the siGRN-GBM/siGRN-GBM group 
compared with the siNC-GBM/siNC-GBM con-
trol group (Figure 3F, 3G, 3J), indicating that 
GRN knockdown attenuated the intrinsic inva-
sive capacity of GBM cells. Notably, the siNC-
GBM/Mφ coculture group exhibited a signifi-
cantly greater number of invading cells than the 
siNC-GBM/siNC-GBM group (Figure 3H), con-
firming that macrophages promote GBM cell 
invasion. Importantly, this pro-invasive effect 
was markedly attenuated in the siGRN-GBM/
Mφ group compared with that in the siNC-GBM/
Mφ group (Figure 3H-J), suggesting that the 
macrophage-mediated promotion of GBM inva-
sion depends on GRN expression and secre-
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Figure 2. GRN knockdown suppresses the malignant phenotypes of GBM cells. A. The level of GRN secreted by 
siNC- and siGRN-transfected GBM cells was quantified using ELISA. B. The effect of GRN knockdown on GBM cell 
proliferation was assessed using a CCK-8 assay. C-E. Wound healing assays were performed at 0, 24, and 48 h 
to evaluate the effect of GRN knockdown on the migration of GBM cells. The number of cells migrating into the 
area delineated by yellow dashed lines was quantified. F-H. The effects of GRN knockdown on the clonogenic and 
tumorigenic potential of GBM cells were determined using single-cell colony formation assays. Scale bar: 250 μm; 
*P < 0.05.

tion. Taken together, these findings reveal that 
GRN facilitates tumor cell invasion by mediat-
ing crosstalk between GBM cells and macro-
phages, thereby playing a pivotal role in inter-
cellular communication and immune microenvi-
ronment remodeling within the tumor niche.

A GRN-TGF-β feedback loop is involved in the 
intercellular communication between GBM 
cells and macrophages

RT-PCR results showed that, compared with the 
control co-culture group (siNC-GBM/Mφ), co-

culture with GRN-knockdown GBM cells (siG-
RN-GBM/Mφ) markedly suppressed the mRNA 
expression of IL-10 and TGF-β1 in macro-
phages, while significantly upregulating the 
expression of IL-6 and TNF-α (Figure 4A). 
Consistent with these findings, ELISA further 
confirmed that the protein level of TGF-β1 was 
notably decreased in the supernatant of the 
siGRN-GBM/Mφ co-culture system (Figure 4B). 
Notably, the synchronous downregulation of 
macrophage-derived TGF-β1, a pro-tumor cyto-
kine, suggests the existence of a potential 
GRN-TGF-β feedback loop between GBM cells 



Progranulin/M2-TGF-β axis in glioma and targeted therapy

5501	 Am J Transl Res 2026;18(6):5492-5510

Figure 3. GRN-mediated immune interactions between GBM cells and macrophages. A-E. Flow cytometry analysis 
revealed an increase in the number of M1 macrophages (CD197+) and a decrease in the number of M2 macro-
phages (CD206+) in the coculture with siGRN-GBM cells. F-J. A Transwell coculture system was used to compare the 
invasive capacity of GBM cells under different conditions, and the number of cells migrating through the basement 
membrane was quantified. Scale bar: 250 µm; *P < 0.05.
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Figure 4. GRN affects GBM cell invasion and proliferation by regulating the macrophage secretory profile and TGF-β 
signaling. A. qPCR analysis of inflammation-related factor expression in macrophages under coculture conditions. B. 
ELISA of TGF-β1 levels in the coculture system. C-E. Transwell invasion assay for evaluating the invasive capacity of 
GBM cells under different treatment conditions. F. Quantitative analysis of the number of invaded cells in Transwell 
assays. G. CCK-8 assay of the proliferation of GBM cells in response to different treatments. Scale bar: 250 µm; *P 
< 0.05.

and macrophages. Specifically, GBM-secreted 
pGRN induces M2 polarization of macrophages, 
while M2-polarized macrophages in turn re- 
lease TGF-β1 to promote the proliferation and 
migration of GBM cells. Three noncontact co- 
culture systems were established to test this 
hypothesis: siNC-GBM/Mφ, LY+siNC-GBM/Mφ 
(where LY3200882, a selective TGF-β receptor 
I inhibitor, was added), and LY+siGRN-GBM/

Mφ. Transwell invasion assays showed that 
LY3200882 substantially attenuated the mac-
rophage-induced increase in the invasion of 
siNC-GBM cells. Furthermore, no significant dif-
ference in the invasive capacity was observed 
between the LY+siGRN-GBM and LY+siNC-GBM 
groups (Figure 4C-E), supporting the role of 
TGF-β signaling in mediating GBM-macrophage 
crosstalk. Cell proliferation assays further dem-
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onstrated that the growth rates of both the 
LY+siNC-GBM and LY+siGRN-GBM groups were 
significantly lower than those of the untreated 
siNC-GBM group (Figure 4G). Collectively, these 
results indicate that reducing GRN expression 
in GBM cells suppresses the M2 polarization of 
macrophages and inhibits paracrine TGF-β sig-
naling, thereby restricting GBM progression.

Different coculture treatment systems were 
established to investigate the regulatory role of 
macrophage-derived TGF-β1 in the biological 
behavior of GBM cells and the TGF-β/Smad  
signaling pathway. First, macrophages were 
seeded in the upper chamber, and the prolifer-
ative capacity of the GBM cells in the lower 
chamber was assessed using a CCK-8 ass- 
ay (Figure 5A). Compared with Mφ/IgG+GBM 
treatment, exogenous TGF-β1 treatment (Mφ/
IgG+TGF-β1+GBM) significantly promoted GBM 
cell proliferation. In contrast, the addition of  
the TGF-β receptor inhibitor LY3200882 (Mφ/
IgG+LY+GBM) or a TGF-β1 neutralizing antibody 
(Mφ/Anti-TGF-β1+GBM) partially or completely 
reversed this pro-proliferative effect, indicating 
that macrophages promote GBM cell prolifera-
tion via the paracrine secretion of TGF-β1. Next, 
immunofluorescence staining was performed 
to detect the level of phosphorylated Smad2 
(p-Smad2) in GBM cells from the lower cham-
ber (Figure 5B-E). Under basal coculture condi-
tions (Mφ/IgG+GBM), GBM cells exhibited mod-
erate p-Smad2 signals. Exogenous TGF-β1 tr- 
eatment markedly increased the p-Smad2 fluo-
rescence intensity, whereas treatment with 
LY3200882 or the anti-TGF-β1 neutralizing 
antibody significantly reduced p-Smad2 levels, 
indicating that the TGF-β/Smad signaling path-
way was effectively activated. Furthermore, 
qPCR was performed to quantify the expres-
sion of genes downstream of the TGF-β/Smad 
pathway (Figure 5F). Compared with the control 
treatment, treatment with TGF-β1 significantly 
increased the mRNA levels of TWIST1, SNAI2, 
MMP2, and MMP9, whereas treatment with 
LY3200882 or anti-TGF-β1 markedly suppre- 
ssed their expression. These findings suggest 
that the TGF-β/Smad signaling pathway pro-
motes the epithelial-mesenchymal transition 
(EMT) and extracellular matrix degradation in 
GBM cells. Taken together, these findings sug-
gest that macrophages activate the TGF-β/
Smad signaling pathway in GBM cells throu- 
gh TGF-β1 secretion, thereby upregulating the 

expression of proliferation- and invasion-relat-
ed genes and playing a critical role in promoting 
the malignant progression of GBM.

Therapeutic effect of SORT1-loaded HAMA 
microspheres targeting PGRN in glioblastoma 
xenograft models

GBM is a highly aggressive type of brain tumor, 
with a recurrence rate of nearly 90%, even after 
surgery, radiotherapy, and chemotherapy, and 
the median overall survival is only 15-20 mon- 
ths. Residual invasive tumor cells and limited 
drug penetration across the blood-brain barrier 
remain major therapeutic challenges. Progra- 
nulin (PGRN) promotes GBM progression and 
represents a potential therapeutic target. Sor- 
tilin 1 (SORT1) is a transmembrane receptor 
protein that can also be cleaved to generate a 
soluble form that is present in the extracellular 
space and tissue fluid. SORT1 captures extra-
cellular PGRN via receptor-ligand binding and 
mediates its endocytosis and subsequent lyso-
somal degradation, thereby negatively regulat-
ing extracellular PGRN levels and inhibiting its 
biological activity. Accordingly, in this study, we 
fabricated SORT1-loaded HAMA hydrogel micro-
spheres using microfluidic technology to evalu-
ate the therapeutic efficacy of the local target-
ing of PGRN in GBM.

Initially, microscopic imaging confirmed that 
the prepared HAMA@SORT1 hydrogel micro-
spheres were homogeneously dispersed and 
had a regular morphology and a well-defined 
spherical structure (Figure 6A). An analysis of 
the particle size distribution of the HAMA@
SORT1 hydrogel microspheres revealed a con-
centrated size profile, with diameters predomi-
nantly ranging from 70 to 90 μm, indicating 
favorable uniformity (Figure 6B). In a degrada-
tion system containing hyaluronidase (10 U/
mL), the microspheres degraded gradually over 
time and were almost completely degraded 
within approximately 6 days, indicating favor-
able biodegradability (Figure 6C). An analysis of 
drug release kinetics showed that HAMA@
SORT1 microspheres exhibited sustained and 
stable release characteristics in both PBS and 
PBS supplemented with 10 U/mL hyaluroni-
dase, and the SORT1 concentration displayed  
a typical sustained-release curve over time 
(Figure 6D). HAMA or HAMA@SORT1 micro-
spheres (100 μl/ml) were incubated in PBS 
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Figure 5. Macrophage-derived TGF-β1 regulates the expression of tumor malignancy-related genes in GBM cells by 
activating the TGF-βR/Smad signaling pathway. A. A CCK-8 assay was performed to detect the proliferation of GBM 
cells in the lower chamber under different coculture conditions. B-E. Immunofluorescence staining was performed 
to determine the level of phosphorylated Smad2 (p-Smad2) in GBM cells in the lower chamber and to evaluate the 
activation status of the TGF-βR/Smad signaling pathway. F. qPCR was used to analyze the mRNA expression levels 
of tumor malignancy-related genes downstream of the TGF-β/Smad signaling pathway, including TWIST1, SNAI2, 
MMP2, and MMP9. Scale bar: 250 µm; *P < 0.05.

Figure 6. Therapeutic efficacy of SORT1-loaded HAMA microspheres targeting PGRN in a nude mouse model of 
GBM. A. Representative microscopy images of SORT1-loaded HAMA hydrogel microspheres. B. Histogram of the size 
distribution of the microspheres. C. Profile of the degradation of HAMA@SORT1 microspheres in the presence of 
hyaluronidase in vitro. D. Kinetics of SORT1 release from HAMA@SORT1 microspheres in vitro. E. Effect of HAMA@
SORT1 microspheres on the PGRN concentration in vitro, as detected using ELISA. F. Representative images of 
subcutaneous tumors dissected from GBM xenograft model animals in the different treatment groups. G. Growth 
curves of tumors from Day 5 to Day 20 in the different treatment groups. H. Statistical analysis of the terminal tumor 
weight in each group. I-K. Immunohistochemical staining of excised xenograft tumor tissue showing the expression 
of PGRN, CD163 and TGF-β1. Scale bar: 150 µm; *P < 0.05.
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supplemented with 1 ng/ml recombinant 
PGRN, and free PGRN concentrations were 
measured on Days 1 and 2 to assess the 
PGRN-capturing capacity of HAMA@SORT1 mi- 
crospheres. Compared with the HAMA control, 
HAMA@SORT1 markedly reduced soluble PGRN 
levels (Figure 6E), indicating the specific bind-
ing and efficient clearance of PGRN by HAMA@
SORT1 microspheres. The growth curve of sub-
cutaneous xenograft tumors of A172 cells in 
nude mice showed that HAMA@SORT1 treat-
ment significantly suppressed tumor progres-
sion starting on Day 15 (Figure 6F, 6G). At the 
experimental endpoint, the tumor weights in 
the HAMA@SORT1 group were markedly lower 
than those in both the HAMA-alone group and 
the untreated control group (Figure 6H). Im- 
munohistochemical staining revealed that 
HAMA@SORT1 treatment significantly reduced 
pGRN levels in tumor tissues compared with 
both no treatment and treatment with HAMA 
alone. Concurrently, the expression of the M2 
macrophage marker CD163 and TGF-β1 was 
markedly decreased (Figure 6I-K). These 
results suggest that the HAMA@SORT1 system 
not only decreases pGRN levels but also may 
inhibit GBM progression by modulating the 
immunosuppressive tumor immune microen- 
vironment.

Discussion

GBM is the most lethal primary brain tumor and 
is characterized by aggressive invasiveness, 
profound therapeutic resistance, and intricate 
interactions within the tumor microenviron-
ment (TME) [18]. Through systematic molecular 
and immunological analyses, the pivotal role  
of GRN in driving GBM progression, particularly 
by modulating intrinsic tumor cell behaviors 
and reshaping the TME via macrophage polar-
ization, was elucidated in the present study. 
Our findings demonstrate that GRN not only 
increases the proliferative, migratory, and inva-
sive capacities of glioblastoma cells but also 
promotes M2-like macrophage polarization, 
thereby establishing an immunosuppressive 
TME. These insights provide a novel mechanis-
tic framework for understanding glioblastoma 
malignancy and underscore the therapeutic 
potential of targeting GRN to disrupt tumor pro-
gression and improve patient outcomes.

An integrated bioinformatics analysis of the 
GEO and TCGA datasets revealed that GRN 

expression is significantly upregulated in glio-
blastoma (GBM) and strongly correlated with a 
poor clinical prognosis (Figure 1). These find-
ings are consistent with those of previous re- 
ports showing that elevated GRN levels are 
closely associated with aggressive and inva-
sive phenotypes across multiple human malig-
nancies [19, 20]. The Kaplan-Meier survival 
analysis combined with multivariate Cox pro-
portional hazards regression further confirmed 
that GBM patients with high GRN expression 
experienced significantly shorter overall surviv-
al (OS) and progression-free survival (PFS) than 
those with low GRN expression, establishing 
that GRN is a robust independent prognostic 
factor for adverse clinical outcomes (Figure 1). 
These results are consistent with those of pre-
vious reports showing that elevated GRN levels 
are strongly associated with a poor prognosis 
for multiple human malignancies, including thy-
roid cancer, breast cancer, and non-small cell 
lung cancer [21-23]. An integrated analysis of 
differential gene expression profiles and clini-
cal survival data revealed that the expression 
of GRN was markedly upregulated in GBM tis-
sues. High GRN expression was strongly asso-
ciated with adverse clinical outcomes and 
retained independent prognostic significance 
according to the multivariate analysis. These 
findings establish GRN as a promising biomark-
er for the risk stratification and prognostic pre-
diction of GBM. 

The key findings of this study indicate that GRN 
contributes to the construction of the immuno-
suppressive tumor microenvironment (TME)  
in glioblastoma (GBM) by driving macrophage 
polarization toward the M2 phenotype. Analy- 
ses using the CIBERSORT and ESTIMATE algo-
rithms revealed that high GRN expression was 
strongly associated with increased infiltration 
of M2 macrophages and elevated immune and 
stromal scores (Figure 1F, 1G). Notably, GRN 
expression was significantly positively correlat-
ed with the expression of the M2 macrophage 
marker CD163 in TCGA glioblastoma cohort (R 
= 0.53, P < 0.001; Figure 1H). These results 
are consistent with those of previous reports 
showing that GRN-enriched extracellular vesi-
cles can promote the polarization of tumor-
associated macrophages (TAMs) toward an 
M2-like phenotype [7]. Furthermore, coculture 
experiments demonstrated that silencing GRN 
expression significantly reduced the proportion 
of M2-type (CD206+) macrophages while con-
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currently increasing the proportion of M1-type 
(CD86+) macrophages (Figure 3A-D). Collec- 
tively, these findings indicate that GRN plays a 
central role in maintaining an immunosuppres-
sive tumor microenvironment in GBM.

Cellular assays showed that the GRN plays a 
critical functional role in glioblastoma (GBM) 
malignancy. Stable knockdown of GRN in GBM 
cells (siGRN-GBM) markedly suppressed cell 
proliferation, migration, invasion, and the clo-
nogenic capacity (Figures 2, 3F-H), revealing 
that GRN actively supports the malignant phe-
notypes of GBM cells. These findings are con-
sistent with previous reports documenting the 
association between elevated GRN expression 
and aggressive tumor behavior in multiple 
other cancer types [5, 24, 25]. In coculture sys-
tems, GBM-derived GRN potently induced mac-
rophage polarization toward an M2-like pheno-
type. Conversely, GRN knockdown triggered a 
reciprocal shift in the expression of macro-
phage surface markers that was characteriz- 
ed by decreased expression of M2 markers 
(CD206+/CD163+) and increased expression of 
M1 markers (CD197+/CD86+) (Figures 3A-D, 
S4A-D). Moreover, macrophages significantly 
increased the invasive capacity of GBM cells in 
a strictly GRN-dependent manner; this pro-
invasive effect was completely abolished fol-
lowing GRN silencing in tumor cells. Collectively, 
these results identify GRN as a key molecular 
mediator of intercellular communication bet- 
ween GBM cells and macrophages, thereby 
maintaining an immunosuppressive tumor mi- 
croenvironment and sustaining the malignant 
phenotype of glioblastoma.

The present study mechanistically establishes 
the existence of a self-reinforcing GRN-TGF-β1 
feedback loop within the glioblastoma (GBM) 
tumor microenvironment. GRN knockdown in 
GBM cells not only attenuated macrophage 
polarization toward the M2 phenotype (Figure 
3) but also significantly reduced the secretion 
of the immunosuppressive cytokines IL-10 and 
TGF-β1 from M2-polarized macrophages while 
simultaneously increasing the levels of the pro-
inflammatory cytokines IL-6 and TNF-α (Figure 
4A, 4B). Existing reports confirm that TGF-β 
activity plays an important role in mediating  
M2 macrophage-driven tumor growth [26-28]. 
Pharmacological blockade of TGF-β receptor I 
with LY3200882 or neutralization of TGF-β1 

completely abolished the macrophage-mediat-
ed increase in GBM cell invasion and prolifera-
tion (Figure 4C-G), demonstrating that TGF-β1 
functions as a critical downstream effector of 
GRN signaling. Conversely, TGF-β1 derived from 
macrophages or supplied exogenously robustly 
activated the canonical TGF-β/Smad pathway 
in GBM cells, as evidenced by increased Smad2 
phosphorylation and the transcriptional upreg-
ulation of key genes related to the epithelial-
mesenchymal transition (EMT) and extracellu-
lar matrix remodeling, including TWIST1, SNAI2, 
MMP2, and MMP9. These effects were fully 
reversed by treatment with either LY3200882 
or a TGF-β1 neutralizing antibody (Figure 5). 
These findings reveal a bidirectional, self-ampli-
fying GRN-TGF-β1 feedback loop in the GBM-
macrophage microenvironment: GBM-secreted 
GRN drives M2 macrophage polarization, which 
in turn promotes paracrine TGF-β1 release that 
further increases tumor invasion, proliferation, 
and immune tolerance. This vicious cycle simul-
taneously amplifies immunosuppression and 
tumor aggressiveness, providing a mechanistic 
explanation for the well-documented associa-
tion between elevated GRN expression and the 
poor prognosis of GBM patients.

Although the standard treatment regimen for 
GBM (surgical resection, radiotherapy, and te- 
mozolomide chemotherapy) has been well es- 
tablished, nearly 90% of patients still experi-
ence recurrence, with a median overall survival 
of less than 15-20 months [5, 9]. Following  
surgery, residual tumor cells frequently infil-
trate the surrounding brain parenchyma, ren-
dering complete resection extremely challeng-
ing. Moreover, the blood-brain barrier substan-
tially restricts drug delivery, resulting in sub-
therapeutic drug concentrations within the 
tumor [17]. Local drug delivery systems can 
directly target residual tumor cells while bypass-
ing the blood-brain barrier, thereby achieving 
controlled drug release at the tumor site and 
simultaneously reducing systemic exposure 
and toxicity. Targeting the ubiquitin-proteasome 
system has emerged as a promising anticancer 
strategy, with proteasome inhibitors such as 
bortezomib and carfilzomib already in clinical 
use; however, their application in GBM remains 
limited due to poor brain penetration and sys-
temic toxicity [29]. Consequently, local delivery 
of agents that modulate ubiquitination-related 
targets, such as SORT1-loaded hydrogels, may 
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offer a novel approach to overcome these limi-
tations. Based on these considerations, we 
designed a localized therapeutic system based 
on SORT1-loaded HAMA hydrogel microspheres 
for the treatment of GBM. HAMA is the methac-
rylate derivative of hyaluronic acid (HA) and can 
be photocrosslinked. It exhibits excellent bio-
compatibility, biodegradability, and stable drug 
release properties. Importantly, the HA back-
bone interacts with the highly expressed CD44 
receptors on macrophages, thereby promoting 
receptor-mediated internalization and subse-
quent lysosomal degradation [30]. SORT1 spe-
cifically recognizes and binds extracellular pro-
granulin (PGRN) in the tumor microenviron-
ment. Through this receptor-ligand interaction, 
progranulin activity is inhibited, followed by 
endocytosis and lysosomal degradation [15, 
16]. Physicochemical characterization demon-
strated that the SORT1@HAMA microspheres 
had a particle size of 70-90 μm and underwent 
complete degradation within 6 days in the pres-
ence of hyaluronidase (Figure 5A-C). The micro-
spheres also displayed favorable sustained-
release kinetics of SORT1 and potent PGRN 
clearance capacity (Figure 6A-E). In the subcu-
taneous xenograft tumor model of A172 cells in 
nude mice, HAMA@SORT1 microspheres signif-
icantly suppressed the growth of xenograft 
tumors (Figure 6F-H). In addition, immunohisto-
chemical staining of GBM tumor tissues 
revealed markedly reduced the expression of 
PGRN, CD163, and TGF-β1 (Figure 6I-K). These 
in vivo findings corroborate the functional role 
of the GRN-TGF-β1 signaling loop in GBM tis-
sues and highlight the therapeutic potential of 
PGRN-targeted strategies. Furthermore, the 
HAMA hydrogel microsphere-based local drug 
delivery system represents a novel approach 
for clinical use.

Although this study has demonstrated the ther-
apeutic potential of SORT1@HAMA hydrogel 
microspheres in suppressing GBM tumor gr- 
owth and modulating the PGRN-TGF-β1 axis, 
several limitations remain, particularly the in- 
ability to fully recapitulate the clinical scenario 
of in situ microsphere implantation following 
GBM resection. The in vivo efficacy data pre-
sented herein were obtained exclusively from a 
subcutaneous A172 xenograft model using in- 
tratumoral injection of the microspheres. This 
model lacks critical features of the clinical set-
ting, including the intracranial microenviron-

ment, the surgical resection cavity, and the 
residual infiltrative tumor cells that drive tumor 
recurrence. Therefore, future studies employ-
ing intracranial orthotopic GBM models and 
postoperative residual tumor models will be 
essential to further evaluate the translational 
potential of this local delivery system.

Conclusion

In conclusion, this study identifies GRN as a 
central driver of GBM progression. By promot-
ing M2 macrophage polarization and establish-
ing a TGF-β1 signaling feedback loop, GRN 
enhances the malignant phenotypes of tumor 
cells while orchestrating the formation of an 
immunosuppressive tumor microenvironment. 
These mechanistic insights provide a compel-
ling rationale for the therapeutic targeting of 
GRN in GBM. We engineered a locally injectable 
SORT1-loaded HAMA hydrogel microsphere sys-
tem (SORT1@HAMA) to establish a GRN-tar- 
geted adjuvant therapeutic strategy for GBM. In 
the nude mouse xenograft tumor model of 
GBM, SORT1@HAMA resulted in the sustained 
release of SORT1, which effectively downregu-
lated GRN protein levels, suppressed M2 mac-
rophage polarization and TGF-β feedback sig-
naling, and significantly inhibited tumor growth 
in vivo. Collectively, our findings establish GRN 
as a promising therapeutic target and revealed 
that SORT1@HAMA could serve as a potential 
strategy for targeting the GBM tumor microen- 
vironment.
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Figure S1. Identification of M0 macrophages. Flow cytometry analysis showed that in primary human peripheral 
blood macrophages, the proportions of CD86, CD197, CD206, and CD163 positive cells were all below 5%.
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Figure S2. The complete CIBERSORT output results and the correlation heatmap.
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Figure S3. GRN knockdown suppresses the malignant phenotypes of GBM cells (LN229). A. The level of GRN secret-
ed by siNC- and siGRN-transfected LN229 was quantified using ELISA. B. The effect of GRN knockdown on LN229 
cell proliferation was assessed using a CCK-8 assay. C-D2. Wound healing assays were performed at 0, 24, and 48 
h to evaluate the effect of GRN knockdown on the migration of LN229 cells. E-F2. The effects of GRN knockdown on 
the clonogenic and tumorigenic potential of LN229 cells were determined using single-cell colony formation assays. 
Scale bar: 250 μm. 
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Figure S4. Supplementary analysis of macrophage typing. A-D. Flow cytometry analysis revealed an increase in the 
number of M1 macrophages (CD86+) and a decrease in the number of M2 macrophages (CD163+) in the coculture 
with siGRN-GBM cells.


