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Abstract 

Background  Myofibroblasts constitute a significant component of the tumor microenvironment (TME) and play 
a pivotal role in the progression of hepatocellular carcinoma (HCC). Integrin α5 (ITGA5) is a crucial regulator in myofi-
broblasts of malignant tumors. Therefore, the potential of ITGA5 as a novel target for the therapeutic strategy of HCC 
should be investigated.

Methods  Digital scanning and analysis of the HCC tissue microarray were performed to locate the distribution 
of ITGA5 and conduct the prognosis analysis. CRISPR Cas9-mediated ITGA5 knockout was performed to establish 
the ITGA5-KO myofibroblast cell line. Extracellular vesicles (EVs) derived from LX2 were extracted for the treatment 
of HCC cells. Subsequently, the sphere-forming ability and the stemness markers expression of the treated HCC cells 
were examined. An orthotopic HCC mouse model with fibrotic injury was constructed to test the outcomes of ITGA5-
targeting therapy and its efficacy in the programmed death-ligand 1 (PD-L1) treatment. Co-immunoprecipitation/
mass spectrometry and transcriptome data were integrated to delve into the mechanism.

Results  The tissue microarray results revealed that ITGA5 was highly enriched in the stromal myofibroblasts of HCC 
tissues and contributed to enhanced tumor progression and poor prognosis. Notably, ITGA5 transmission via extra-
cellular vesicles (EVs) from myofibroblasts to HCC cells induced the acquisition of cancer stem cell-like properties. 
Mechanistically, ITGA5 directly bind to YES1, facilitating the activation of YES1 and its downstream pathways, thereby 
enhancing the stemness of HCC cells. Furthermore, the blockade of ITGA5 impeded tumor progression driven 
by ITGA5+ myofibroblasts and enhanced the efficacy of treatment with PD-L1 in a mouse model of HCC.

Conclusions  Our findings elucidated a novel mechanism by which the EV-mediated transfer of ITGA5 from myofi-
broblasts to tumor cells augmented HCC stemness. ITGA5-targeting therapy helped prevent the progression of HCC 
and improved the efficacy of PD-L1 treatment.
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Graphical Abstract

Introduction
Hepatocellular carcinoma (HCC) is an aggressive malig-
nancy associated with poor survival globally. Surgical 
resection is the primary treatment option for HCC; how-
ever, the eligibility criteria for surgical resection limit its 
applicability to a select group of patients. Furthermore, 
approximately 50–70% of patients with HCC experience 
disease recurrence within 5 years following local regional 
therapy [1]. Although immune therapy has produced 
benefits, its therapeutic effect remains unsatisfactory for 
patients with advanced or recurrent HCC.

The tumor microenvironment (TME) plays a key role 
in the occurrence and development of malignancies [2]. 
As important components of the HCC TME, myofibro-
blasts play a significant role in HCC progression and 
recurrence [3, 4]. Hepatic myofibroblasts are identified 
by the expression of α-smooth muscle actin (α-SMA) 
and collagen type I [5]. Existing evidence suggests that 
myofibroblasts may primarily originate from activated 
hepatic stellate cells (HSCs) [6]. Myofibroblasts are 
absent in normal liver tissues. However, they are present 
in the fibrous scar tissues of chronically injured livers, 
where they contribute to the production of the extracel-
lular matrix and the development of liver fibrosis [7]. The 
majority of patients with HCC have varying degrees of 
liver fibrosis, which enhances the infiltration of myofi-
broblasts in the HCC TME [8]. Myofibroblast infiltration 
in the TME promotes HCC progression through various 
mechanisms. Myofibroblasts enhance the proliferation, 
migration, invasion, and cancer stem cell-like (CSC-like) 
properties of HCC cells by secreting cytokines or extra-
cellular vesicles (EVs) [8, 9].

Integrin is a type of heterodimeric transmembrane 
receptor mediating signal transduction between the 

intracellular and extracellular environments. The 18 α 
and 8 β subunits compose 24 integrins in humans, which 
participate in various biological activities such as hemo-
stasis, differentiation, and immune responses [10, 11]. 
Integrin α5 (ITGA5) is a member of the integrin family, 
binding integrin β1 (ITGB1) to compose of α5β1 heter-
odimer [11]. Recent studies showed that ITGA5 plays a 
pivotal role in tumor growth, metastasis, and resistance 
to sorafenib in HCC [12–14]. Interestingly, we detected 
high expression levels of ITGA5 in myofibroblasts within 
the TME of HCC. However, the role of ITGA5 derived 
from myofibroblasts in HCC remains unclear. In this 
study, we explored the expression and localization of 
ITGA5 in the tumor microenvironment of HCC and 
investigated its role in promoting HCC progression.

Results
ITGA5+ myofibroblasts accumulate in HCC tissue and are 
associated with poor prognosis
Analysis of public data from The Cancer Genome 
Atlas (TCGA) and Gene Expression Omnibus (GEO; 
GSE14520) database indicated that the expression lev-
els of ITGA5 were significantly higher in human HCC 
tissues than in adjacent non-tumorous liver tissues 
(Fig.  1A). Previous studies have shown that ITGA5 is 
crucial for predicting the prognosis of various malignant 
tumors [15–18]. In the present study, TCGA and GEO 
data analysis also suggested that high ITGA5 expression 
was linked to shorter overall survival (OS) and disease-
free survival (DFS) in patients with HCC (Figs. S1A, B).

To further clarify the expression and localization of 
ITGA5 in HCC tissue, we performed an ITGA5 immu-
nohistochemistry (IHC) assay on HCC tissues. IHC 
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Fig. 1  ITGA5+ myofibroblasts accumulated in HCC tissues and were associated with a poor prognosis. A Expression of ITGA5 mRNA in HCC 
and adjacent non-tumorous liver tissues (data from TCGA and GSE14520). B ITGA5 immunohistochemistry (IHC) staining of human normal liver 
and HCC tissues was performed. Representative images of ITGA5 IHC staining are shown in the left panel. The right panel shows the ITGA5 IHC 
scores of normal liver and HCC tissues. Scale bar: 50 μm. C Representative double immunofluorescence images of ITGA5 (red) with CD68 (green), 
CD31 (green), or α-SMA (green) in human HCC tissues. Scale bars: 50 μm. D Double immunofluorescence staining of α-SMA and ITGA5 in a tissue 
microarray including HCC tissues obtained from 84 patients with HCC. Representative images of HCC samples with high or low α-SMA+ ITGA5+ 
cell infiltration are shown in the left panel. The right panel shows the correlation analysis between the percentages of α-SMA+ cells and ITGA5+ 
cells in the TMA. Scale bar: 20 μm. E Overall survival (OS) and disease-free survival (DFS) curves of 84 HCC patients with high or low α-SMA+ITGA5+ 
cell infiltration. F The bar chart depicts the correlation between the infiltration levels of α-SMA+ ITGA5+ cells and early recurrence or tumor 
differentiation in 84 patients with HCC. *P < 0.05; ***P < 0.001
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confirmed the upregulation of ITGA5 in HCC tissues 
(Fig.  1B). In addition, the results of the IHC assay sug-
gested marked overexpression of ITGA5 in the stroma of 
HCC tissue versus normal liver tissues (Fig. 1B). To fur-
ther investigate the special cellular localization of ITGA5 
in the HCC stroma, multiplex immunofluorescence was 
performed. The results demonstrated that ITGA5 was 
located within the HCC stroma. This analysis revealed 
that ITGA5 predominantly localized to myofibroblasts 
(α-SMA+) rather than macrophages (CD68+) or endothe-
lial cells (CD31+) in human HCC tissues (Fig.  1C). The 
results indicated that ITGA5 would most likely accumu-
late in myofibroblasts within HCC tissues. Additionally, 
we identified co-localization of ITGA5 and α-SMA in 
both fibrotic and malignant liver tissues extracted from 
humans and model mice (Fig. S2). This observation sug-
gested that an increase of ITGA5+ myofibroblasts was 
associated with the dynamic processes of chronic liver 
injury and HCC development in the liver microenviron-
ment. Furthermore, we detected ITGA5 expression in 
primary myofibroblasts from both the tumor and adja-
cent liver tissues of patients with HCC, whereas ITGA5 
upregulation was noted in activated primary HSCs 
obtained from mice (Fig. S3). It is well established that 
activated HSCs are the primary source of myofibroblasts 
and that α-SMA expression increases continuously dur-
ing HSC activation [19]. Our study revealed that ITGA5 
was associated with increased α-SMA levels during 
HSC activation and maintained high expression levels in 
myofibroblasts (Figs. S3C, D). Moreover, ITGA5 expres-
sion was significantly higher in LX-2 cells (an activated 
HSC cell line) compared with HCC cell lines (Fig. S4A). 
Additionally, siRNA-mediated knockdown of ITGA5 
suppressed the proliferation and activation of LX-2 cells 
(Figs. S4B–D). This evidence suggested that ITGA5 plays 
a role in regulating the activation of myofibroblasts.

We sought to further investigate the impact of ITGA5+ 
myofibroblasts on HCC prognosis. Thus, dual immu-
nofluorescence staining for α-SMA and ITGA5 was 
performed to examine the infiltration of ITGA5+ myofi-
broblasts in a tissue microarray (TMA) of HCC tissues 

obtained from 84 patients with HCC. The results con-
firmed the colocalization of ITGA5 and α-SMA, and 
demonstrated that the number of ITGA5+ cells was 
positively correlated with the number of α-SMA+ cells 
(Fig.  1D). Further survival analysis based on the per-
centages of ITGA5+ myofibroblasts (α-SMA+ITGA5+ 
cells) indicated that high ITGA5+ myofibroblast infil-
tration was correlated with shorter OS (hazard ratio: 
2.893, P < 0.001) and DFS (hazard ratio: 1.838, P = 0.018) 
(Fig.  1E). In addition, the results suggested that high 
ITGA5+ myofibroblast infiltration was associated 
with poor differentiation and early recurrence in HCC 
(Fig. 1F). Increased ITGA5+ myofibroblasts in poorly dif-
ferentiated HCC samples correlated with a higher risk of 
shorter OS (Fig. S5).

ITGA5 knockdown abolishes the myofibroblast‑induced 
stemness enhancement of HCC cells
Activated HSCs are one of the primary sources of myofi-
broblasts in the TME of HCC. Therefore, in this study, we 
used the activated HSC line LX-2 to construct a myofi-
broblast-HCC cell co-culture model. Using this model, 
we investigated the role of ITGA5 in the process by which 
myofibroblasts promote HCC progression.

Studies have demonstrated the HCC-promoting effect 
of myofibroblasts [8]. To investigate the role of ITGA5 
in the tumor-promoting function of myofibroblasts, we 
performed RNA-sequencing on Huh7 cells cultured 
with conditioned medium (CM) from myofibroblasts 
(TGF-β1-induced LX-2 cells) with or without ITGA5 
knockdown. RNA sequencing revealed 418 differen-
tially expressed genes between Huh7 cells treated with 
CM from LX-2 cells with or without ITGA5 knockdown 
(Fig. 2A). Gene Ontology (GO) enrichment analysis indi-
cated that the differentially expressed genes were associ-
ated with several GO terms, including cell differentiation, 
cell migration, and cell death functions (Fig. 2B). Gene Set 
Enrichment Analysis (GSEA) showed that genes related 
to the negative regulation of stem cell proliferation were 
enriched in the Huh7 cells treated with CM from ITGA5-
knockdown LX-2 cells, whereas integrin-mediated 

(See figure on next page.)
Fig. 2  Enhancement of stemness in HCC cells induced by myofibroblasts was abolished after the knockdown of ITGA5. A Volcano plot showing 
the differentially expressed genes (DEGs) detected by RNA-sequencing (RNA-seq) in Huh7 cells cultured with conditioned medium (CM) 
from myofibroblasts (TGF-β1 induced LX-2 cells) with or without ITGA5 knockdown (si-Ctrl CM vs. si-ITGA5 CM). B GO enrichment analysis of DEGs. 
C The GSEA revealed several signaling pathways that were notably enriched among the DEGs. D Sphere formation assays were conducted in Huh7 
cells with CM of myofibroblasts (si-Ctrl or si-ITGA5). Scale bar: 50 μm. E Schematic of the subcutaneous xenograft mouse model injected with Huh7 
cells alone or co-injected with myofibroblasts (vector or ITGA5-KO). F Variation in tumor volume among the indicated groups. G Quantification 
of the tumor weights in the indicated groups (n = 6 for each group). H Respective IHC staining images and quantification of ITGA5 and EPCAM 
in the tumor tissues of the indicated groups. Scale bar: 50 μm. I Representative immunofluorescence images of ITGA5 (red), α-SMA (green), 
and ALDH (pink) in human normal liver tissue or HCC tissues. Scale bar: 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001. Data were obtained from three 
independent experiments per group
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Fig. 2  (See legend on previous page.)
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signaling was enriched in Huh7 cells treated with LX-2 
CM (Fig. 2C). Previous studies have reported that myofi-
broblasts promoted the CSC properties of HCC cells [8, 
20]. These results suggested that ITGA5 regulated the 
myofibroblast-induced promotion of CSC-like properties 
in HCC cells. Further sphere-forming assays confirmed 
that CM of LX-2 cells enhanced the sphere-forming abil-
ity of Huh7 cells, whereas ITGA5 knockdown in LX-2 
cells reversed this effect (Fig. 2D).

Subsequently, we established a subcutaneous xenograft 
mouse model to investigate the function of myofibroblast 
ITGA5 in tumor promotion. The results suggested that 
the co-injection of myofibroblasts and HCC cells accel-
erated growth and increased the expression of the CSC 
biomarker (epithelial cell adhesion molecule [EPCAM]) 
compared with the injection of HCC cells alone. How-
ever, ITGA5 deficiency in myofibroblasts abolished 
these effects (Fig. 2E–H). Additionally, we observed that 
ALDH1, a CSC biomarker-positive HCC cells mainly 
surrounded ITGA5+ α-SMA+ myofibroblasts in human 
HCC tissues (Fig. 2I). On the other hand, we detected an 
increased number of ALDH-positive HCC cells in HCC 
tissues with high ITGA5+ α-SMA+ cells infiltration com-
pared to HCC tissues with low ITGA5+ α-SMA+ cells 
infiltration (Fig. 2I). These results suggested that ITGA5+ 
myofibroblasts facilitated HCC stemness.

Myofibroblast‑derived EVs facilitate ITGA5 transfer to HCC 
cells and enhance the stemness of HCC cells
Interestingly, our results also showed that the protein 
expression of ITGA5 was upregulated in HCC cells after 
treatment with CM derived from LX-2 cells (Fig. 3A–C). 
Moreover, silencing ITGA5 expression in LX-2 cells abol-
ished this effect (Fig. 3A–C). This finding suggested that 
myofibroblasts transmit ITGA5 to HCC cells through a 
component in the CM. Existing evidence suggests that 
EVs play a crucial role in mediating intercellular pro-
tein transfer [21]. Therefore, we used the EV inhibitor 
GW4869 to investigate whether inhibiting vesicle for-
mation could block the LX-2 CM-mediated increase of 
ITGA5 protein levels in HCC cells. The results showed 
that, after inhibiting EV production, LX-2 CM lost the 
ability to upregulate ITGA5 protein expression in HCC 
cells (Fig.  3B, D). To further confirm the role of myofi-
broblast-derived EVs in ITGA5 transfer, we isolated 
and purified EVs from LX-2 CM and used them to treat 
HCC cells (Fig.  3E). The results revealed that treatment 
with LX-2 EVs upregulated ITGA5 protein expression in 
HCC cells in a concentration- and time-dependent man-
ner (Fig. 3G). However, there was no difference in ITGA5 
mRNA expression in the EV-treated group (Fig.  3F). 
Besides, we established over expression of Flag-tagged 
ITGA5 in LX-2 cells to collect the EVs, which were then 

used to treat Huh7 cells. We found that the Flag-tag 
could be detected in huh7 cells treated with EVs from 
LX-2 cells transfected with Flag-ITGA5 virus. (Fig. S6A, 
6B). These findings indicated that myofibroblasts trans-
mitted ITGA5 to HCC cells through EVs. Additionally, 
we further investigated the role of myofibroblast-derived 
EVs in regulating the stemness of HCC cells. The results 
showed that blocking the generation of EVs in LX-2 cells 
abolished the LX-2 CM-mediated enhancement of HCC 
cell stemness (Fig. 3H). Moreover, treatment of HCC cells 
with isolated LX-2 EVs also enhanced the stemness of 
HCC cells (Fig. 3H). Furthermore, the overexpression of 
ITGA5 in HCC cells also enhanced the stemness of HCC 
cells (Fig. S7). These findings suggested that myofibro-
blasts enhanced the stemness of HCC cells by transmit-
ting ITGA5 via EVs.

ITGA5 depletion in myofibroblasts abolishes 
myofibroblast‑derived EV‑mediated ITGA5 transfer 
and stemness enhancement
We sought to determine whether ITGA5 derived from 
myofibroblast EVs plays a crucial role in HCC stemness. 
Therefore, we utilized a CRISPR-Cas9 system to estab-
lish ITGA5-knockout (ITGA5-KO) LX-2 cells, and 
isolated EVs from those cells. We examined the expres-
sion of ITGA5 in whole-cell lysates and EVs from LX-2 
cells with or without ITGA5-KO. We found that ITGA5 
was scarcely present in both the cell lysates and EVs of 
ITGA5-KO LX-2 cells (Fig. 4A). Additionally, our results 
indicated that ITGA5-KO abolished EV-mediated upreg-
ulation of ITGA5 proteins in HCC cells (Fig. 4B, C). Spe-
cifically, the protein levels of ITGA5 were higher in HCC 
cells treated with EVs (vector EVs) than in ITGA5-lacking 
EVs (ITGA5-KO EVs)-treated cells or only phosphate-
buffered saline-treated cells (vehicle). Thereafter, sphe-
roid formation assays were conducted to investigate the 
self-renewal ability of HCC cells (Huh7 or PLC/PRF/5) 
pretreated with ITGA5-EVs or ITGA5-KO EVs. The 
results showed that the number of spheroids in HCC cells 
treated with ITGA5-EVs increased significantly, whereas 
ITGA5-KO EVs mitigated this effect in both the first and 
second passages of sphere formation (Fig. 4D, E). Further-
more, the expression of key CSC markers MYC, SOX2, 
and EPCAM, was enhanced in HCC cells after treatment 
with ITGA5-EVs. However, this effect was also abol-
ished by ITGA5-KO in myofibroblasts (Fig.  4F, G). The 
tumorigenesis and self-renewal capabilities were further 
assessed through serial transplantation of primary xeno-
grafts into secondary mouse recipients. This experiment 
revealed that HCC cells treated with ITGA5-enriched 
EVs exhibited a marked increase in tumorigenicity, 
accompanied by higher tumor incidence, shorter tumor 
latency, and reduced tumor-free survival compared with 
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Fig. 3  EV-mediated ITGA5 transfer from myofibroblasts to HCC cells enhanced the stemness of HCC cells. A Schematic of the in vitro experiment 
depicting HCC cells (Huh7) cultured with conditioned medium (CM) from myofibroblasts (LX-2 cells with the indicated treatment). B Representative 
immunofluorescence images of ITGA5 (red) in Huh7 cells treated with or without CM of LX-2 cells (si-Ctrl, si-ITGA5, or treated with GW4869). 
Scale bars: 20 μm. C Immunoblotting of ITGA5 in Huh7 cells treated with or without CM of LX-2 cells (si-Ctrl or si-ITGA5). D Immunoblotting 
of ITGA5 in Huh7 cells cultured with or without LX-2 cells (treated with GW4869 or not). E Nanoparticle tracking analysis of LX-2 EVs (left panel); 
representative transmission electron microscopy image of LX-2 EVs (right panel). Scale bar: 50 nm. F Relative mRNA expression of ITGA5 in Huh7 
cells treated with EVs or not. G Immunoblotting of ITGA5 in Huh7 cells treated with 0, 5, or 10 μg/mL EVs for 24 h, or with 10 μg/mL EVs for 0, 24, 
or 48 h. H Sphere formation assay of Huh7 cells subjected to the indicated treatment. Scale bar: 100 μm. *P < 0.05; **P < 0.01; ***P < 0.001. All data 
were obtained from three independent experiments per group
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HCC cells treated with ITGA5-KO EVs (Fig.  4H–J). 
Moreover, IHC staining confirmed that ITGA5-EVs sig-
nificantly increased Ki67 and EPCAM expression in sub-
cutaneous xenografts, whereas ITGA5-KO EVs mitigated 
these effects (Fig. 4K). We also examined whether ITGA5 
affected the enhancement of the proliferation and inva-
siveness of HCC cells mediated by myofibroblasts. We 
found that HCC cells treated with myofibroblasts CM 
or EVs presented a significant increase in colony num-
ber compared with untreated control cells. Notably, the 
depletion of ITGA5 in myofibroblasts reduced this effect 
(Fig. S8). Similarly, ITGA5 knockdown or ITGA5-KO in 
myofibroblasts also attenuated the enhanced migration 
and invasion capacity of HCC cells induced by treatment 
with CM or EVs derived from myofibroblasts in vitro and 
in vivo (Fig. S9).

ITGA5 enhances the stemness phenotypes of HCC cells 
via interacting with and activating YES1
To investigate the mechanism by which ITGA5 
enhances the CSC properties of HCC cells, Huh7 cells 
were transfected with Flag-ITGA5 lentivirus or vector 
control. Flag co-immunoprecipitation/mass spectrome-
try (Co-IP/MS) was performed to identify ITGA5-inter-
acting proteins. We identified 288 ITGA5-interacting 
proteins via Co-IP assays. Of those, 23 proteins were 
related to stemness signaling (Fig. 5A). Among these 23 
proteins, YES1 (a non-receptor tyrosine kinase of Src 
family kinases [SFKs]) strongly interacted with ITGA5 
(Fig.  5B). Co-IP/western blotting assays and molecu-
lar docking further confirmed the interaction between 
ITGA5 and YES1 (Fig.  5C, D). In addition, molecular 
docking suggested that the cytoplasmic tail domain of 
ITGA5 was the binding site for YES1 (Fig. 5D). Thus, we 
constructed an ITGA5-truncated variant (∆1022–1049) 
plasmid to confirm this interaction (Fig.  5E). Co-IP 
assays confirmed that the cytoplasmic tail domain 
was necessary for the interaction between ITGA5 and 
YES1 (Fig.  5F). These results demonstrated the direct 

interaction between ITGA5 and YES1. Moreover, we 
found that overexpression of the wild-type ITGA5 pro-
moted the phosphorylation and activation of YES1, 
whereas overexpression of mutated ITGA5 (∆1022–
1049) did not affect YES1 phosphorylation (Fig.  5G). 
Here, we used pY416 Src family kinase (SFK) antibody 
to detect the phosphorylation and activation of YES1. 
YES1 is a member of the Src family kinase (SFK). And 
pY416 SFK antibody is commonly accepted to evaluate 
the activation YES1 [22]. YES1 activation was previ-
ously linked to the phosphorylation and activation of 
downstream YAP1 and ERK1/2 signaling, which were 
involved in cancer stemness [23–25]. Our findings also 
showed that overexpression of wild-type ITGA5, but 
not mutated ITGA5, promoted the phosphorylation 
and activation of ERK1/2 and YAP1 (Fig. 5G).

Additionally, we investigated the impact of LX-2-de-
rived ITGA5-enriched EVs on YES1 and its downstream 
ERK1/2 and YAP1 pathways. The results showed that 
treatment with ITGA5-enriched EVs promoted the phos-
phorylation and activation of YES1 and its downstream 
targets ERK1/2 and YAP1 in HCC cells (Fig.  5H). This 
effect was accompanied by an increase in the nuclear 
localization of YAP1 (Fig. 5I). We also found that block-
ing ITGA5 by an ITGA5 inhibitor AV3 (Fig. S9A) or 
using YES1 inhibitor CH6953755 reversed the ITGA5-
EV-mediated activation of ERK1/2 and YAP1 (Figs. 5H, 
I). These findings suggested that ITGA5 promotes the 
phosphorylation and activation of YES1 through direct 
interaction, thereby activating the downstream ERK and 
YAP pathways. In addition, blocking ITGA5 or treat-
ment with a YES1 inhibitor abolished the EV-induced 
stemness enhancement in HCC cells. Obviously, the 
increased expression of CSC markers (MYC, EPCAM, 
SOX2) and the self-renewal ability of HCC cells treated 
with EVs were suppressed by ITGA5 or YES1 inhibi-
tor (Figs.  5H, J). These findings supported that ITGA5 
interacts with YES1 to activate ERK1/2 and YAP1 and 
enhance the CSC-like phenotype in HCC cells.

(See figure on next page.)
Fig. 4  ITGA5 depletion in myofibroblasts abolished myofibroblast-derived EV-mediated ITGA5 transfer and stemness enhancement. A 
Immunoblotting of ITGA5 in whole cell lysate of LX-2 cells (vector or ITGA5-KO) and EVs derived from LX-2 cells (vector or ITGA5-KO). B 
Immunoblotting of ITGA5 in HCC cells treated with or without EVs from LX-2 cells (vector or ITGA5-KO). C Representative images of ITGA5 
immunofluorescence in Huh7 cells treated with or without EVs from LX-2 cells (vector or ITGA5-KO). Scale bar: 20 μm. D, E Spheroid formation 
of Huh7 cells and PLC/PRF/5 cells treated with or without EVs from LX-2 cells (vector or ITGA5-KO) at primary (P1) and secondary (P2) passage. Scale 
bar: 100 μm. F Representative immunofluorescence images of EPCAM in Huh7 cells and PLC/PRF/5 cells treated with or without EVs from LX-2 cells 
(vector or ITGA5-KO). Scale bar: 20 μm. G Immunoblotting of ITGA5 and CSC markers (MYC, EPCAM, and SOX2) in Huh7 or PLC/PRF/5 cells subjected 
to the indicated treatment. H Images of tumors formed by Huh7 cells pretreated with or without the indicated EVs after two rounds of implantation 
(n = 5 per group). I Tumor-free survival curves of mice injected with Huh7 cells during the primary and secondary implantation are shown. J 
Percentages of tumorigenesis in the indicated groups after primary and secondary implantation. K IHC staining of Ki67 and EPCAM in xenografts 
from indicated groups (n = 5 per group). Scale bar: 50 μm. **P < 0.01; ***P < 0.001. All data were obtained from three independent experiments 
per group
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ITGA5 blockade ameliorates the progression of HCC in vivo
To investigate the therapeutic potential of targeting 
ITGA5 in HCC, a novel ITGA5-targeting peptidomi-
metic AV3 (Fig. S10A) was administered in  vitro and 
in vivo. In vitro binding studies with 5-carboxyfluorescein 

(5FAM) conjugated AV3 showed stronger binding to 
ITGA5-EV-treated HCC cells versus untreated HCC cells 
(Fig. S10B). Moreover, AV3 effectively inhibited the pro-
liferation and sphere formation of HCC cells induced by 
ITGA5-EVs (Figs. S10C, D), and decreased the expression 

Fig. 4  (See legend on previous page.)
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Fig. 5  ITGA5 enhanced the stemness phenotypes of HCC cells via interacting with and activating YES1. A Venn diagram showing 
the ITGA5-interacting tumor stemness-related proteins identified by mass spectrometry. B The top five unique ITGA5-interacting tumor 
stemness-related proteins. C Co-IP confirmed the interaction between ITGA5 and YES1. D Molecular docking of the interaction between ITGA5 
and YES1. E Schematic of wild-type and mutant ITGA5. F Co-IP assays were performed using anti-Flag beads and GST antibodies in Huh7 
cells co-transfected with Flag-ITGA5 WT/GST-YES1 or Flag-ITGA5 mutation/GST-YES1 plasmids. G Immunoblotting of Huh7 cells subjected 
to the indicated treatment. H Immunoblotting of Huh7 cells subjected to the indicated treatment. I Representative immunofluorescence images 
of YAP1 in Huh7 cells subjected to the indicated treatment. Scale bar: 20 μm. J Spheroid formation of Huh7 cells subjected to the indicated 
treatment. Scale bar: 100 μm. **P < 0.01. All data were obtained from three independent experiments per group
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of the CSC markers MYC, EPCAM, and SOX2 in EV-
treated HCC cells (Fig. S10E).

Our previous study revealed the presence of few 
myofibroblasts in orthotopically implanted HCC tissues 
obtained from mice with a normal liver [26]. Impor-
tantly, pretreatment with carbon tetrachloride (CCl4) 
gavage significantly enhanced myofibroblast infiltration 
in orthotopically implanted HCC tissue [26]. To simulate 
the infiltration of myofibroblasts and investigate the func-
tion of ITGA5+ myofibroblasts in HCC development, we 
established an orthotopic HCC model in mice with CCl4 
gavage pretreatment (Fig.  6A). In this orthotopic HCC 
mouse model, we found that AV3 treatment significantly 
suppressed HCC growth without affecting body weight 
(Fig. 6B–D). Moreover, IHC staining showed that ITGA5 
treatment significantly reduced the expression of the CSC 
marker EPCAM in orthotopic HCC tissues (Fig. 6E). This 

evidence confirmed that ITGA5 blockade reduced the 
stemness of HCC cells. Interestingly, our results also sug-
gested that the number of ITGA5+ and α-SMA+ cells was 
decreased in HCC tissues extracted from AV3-treated 
mice (Fig.  6E). The data indicated that ITGA5 blockade 
also reduced ITGA5+ myofibroblast infiltration in HCC 
tissues.

Inhibition of ITGA5 enhances the efficacy of PD‑L1 
blockade treatment
Although PD-1 or PD-L1 blockade treatment have 
become an important treatment option for advanced 
HCC, only 20–30% of patients respond to this ther-
apy. Increasing evidence indicated that myofibroblasts 
or cancer-associated fibroblasts regulated the tumor 
immune microenvironment and affected the treatment 
effect of PD-1 or PD-L1 blockade treatment [27, 28]. 

Fig. 6  ITGA5 blockade ameliorated the progression of HCC in vivo. A Schematic representation of the establishment of the orthotopic HCC 
mouse model. Mice were subjected to gavage with CCl4 for 4 weeks, followed by HCC implantation and ITGA5 blockade (AV3) treatment (n = 5 
per group). B Ultrasonography of HCC mice at 2 and 10 days after HCC implantation. Scale bar: 5 mm. C Weights of the HCC mice in both groups. 
D Quantification of the tumor diameter and representative images of the orthotopically implanted tumors in the indicated groups. Scale bar: 0.5 
cm (middle panel); 100 μm (right panel). E ITGA5, α-SMA, and EPCAM were detected by IHC in orthotopically implanted tumors from the indicated 
groups. Scale bar: 50 μm. *P < 0.05; ***P < 0.001
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Our bioinformatics analysis revealed that ITGA5 expres-
sion was correlated with cancer-associated fibroblast 
infiltration, stromal score, immune cell infiltration, and 
immune checkpoint-related gene expression (Fig. S11). 
It suggested that ITGA5 influences the efficacy of ICIs. 
Thus, we utilized the CCl4 pretreatment orthotopic HCC 
mouse model to investigate whether inhibiting ITGA5 
enhanced the therapeutic efficacy of ICIs (Fig. 7A).

To evaluate the role of ITGA5 blockade in improving 
ICI therapeutic efficacy, mice were treated with immu-
noglobulin G (IgG), saline, the ITGA5 inhibitor AV3, a 
PD-L1 antibody, or a combination of a PD-L1 antibody 
and AV3. Bioluminescent imaging indicated that 2 days 
after HCC implantation, the tumors could be detected. 
Of note, there was no significant difference in lumines-
cence intensity among these groups. However, 10 days 
after HCC implantation, the luminescence intensity of 
orthotopic HCC in combination-treated mice was sig-
nificantly lower than that recorded in mice that received 
anti-PD-L1 or AV3 treatment (Fig.  7B, C). AV3 and 
PD-L1 antibody combination treatment also signifi-
cantly prolonged the survival time of the orthotopic HCC 
mice compared with AV3 or anti-PD-L1 monotherapy 
(Fig. 7D). In addition, the autopsy results indicated that 
the combination therapy of AV3 and anti-PD-L1 signifi-
cantly reduced the incidence of intrahepatic metastasis 
(Fig. 7E).

Some orthotopic HCC mice were sacrificed 2 weeks 
after orthotopic HCC implantation to further confirm 
the anti-HCC effect of the combination therapy. The 
results also suggested that combination therapy with AV3 
and anti-PD-L1 could better control HCC progression 
than treatment with AV3 or anti-PD-L1 alone (Fig.  7F, 
G). To evaluate the impact of AV3 on the HCC TME, we 
assessed the infiltration of TME cells through multiplex 
immunofluorescence and IHC. Monotherapy and com-
bination therapy both impaired myeloid-derived sup-
pressor cells (MDSCs [CD11b+Gr1+ positive cells]) and 
tumor-associated macrophage infiltration. However, the 
combination therapy significantly increased CD8+ and 
CD4+ T cell infiltration. Notably, only AV3 monother-
apy and combination therapy remarkably decreased the 
infiltration of ITGA5+ myofibroblasts (ITGA5+α-SMA+ 

cells) (Figs. 7H, S12, S13). In addition, we compared the 
infiltration of M1 macrophages and M2 macrophages 
in the tumor tissues of mice in each group. The results 
showed that targeting ITGA5 enhanced the inhibitory 
effect of PD-L1 on M2 macrophages; however, it did not 
exert a significant effect on M1 macrophages (Figs.  7H, 
S13, S14). These findings implied that the ITGA5 block-
ade-induced enhancement of PD-L1 blockade treatment 
efficacy may be achieved through modulation of the 
TME.

Discussion
The TME plays a crucial role in the initiation and pro-
gression of HCC. Myofibroblasts, the main stromal cells 
within the HCC TME, promote HCC progression. Evi-
dence suggests that myofibroblasts enhance HCC pro-
liferation, metastasis, and resistance to therapy through 
paracrine signaling [8, 9, 29, 30]. However, the detailed 
molecular mechanisms underlying these effects remain 
partly understood.

ITGA5 is a member of the integrin family, a group of 
transmembrane receptors that mediate signal trans-
duction between cells and their external environment, 
including the extracellular matrix [31, 32]. Integrins play 
a pivotal role in signal transduction within the microen-
vironment and are crucially involved in the progression 
of various diseases, including tumors, cardiovascular dis-
orders, and immune-related conditions [33–35]. In par-
ticular, ITGA5 has been implicated in fibrotic disorders, 
and cancers [8, 29]. Previous studies have shown that 
ITGA5 in cancer cells contributes to the regulation of 
invasion and metastasis in malignancies such as breast, 
pancreatic, and gastric cancer [14, 15, 30].

Existing studies have shown that high ITGA5 expres-
sion is associated with poor prognosis of HCC [12], and 
ITGA5 enhances the malignant phenotypes (e.g., pro-
liferation, invasion, and metastasis) of HCC cells [12]. 
However, its expression and molecular function in the 
TME of HCC are not yet fully understood. This study 
found that ITGA5 is primarily expressed in myofibro-
blasts within the TME of HCC, and these cells can trans-
fer ITGA5 into HCC cells via EVs, thereby regulating the 
malignant phenotype of HCC cells. EVs are nanoscale 

Fig. 7  Inhibition of ITGA5 enhanced the efficacy of PD-L1 treatment in HCC. A Schematic of the design of ITGA5 inhibitor and immune 
checkpoint inhibitor treatments in an orthotopic HCC model established in mice pretreated with CCl4. B Bioluminescence imaging on days 
2 and 10 in orthotopic HCC model mice subjected to the indicated treatments (n = 4). C Quantification of the bioluminescence signal. D OS 
curves of orthotopic HCC model mice following the indicated treatments. E Intrahepatic metastasis rates in each group. F Representative image 
of livers obtained from the indicated groups. Scale bar: 0.5 cm. G Quantification of the tumor diameter in the indicated groups. H Representative 
immunofluorescence images of ITGA5 (red)/α-SMA (green) and CD11b (green)/CD206 (red)/CD4 (gray)/CD8 (cyan) in orthotopic HCC tissues 
extracted from the indicated groups. Scale bar: 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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vesicles produced by various cells that can transfer bioac-
tive molecules, such as lipids, nucleic acids, and proteins, 
from donor cells to recipient cells. Increasing evidence 
suggests that, beyond regulation by direct cellular con-
tact and soluble factors, EVs play a critical role in cell–
cell communication during tumor progression [36, 37]. 
Certain TME cells, such as myofibroblasts, can produce 
EVs to transfer relevant molecules into tumor cells, thus 
exerting regulatory effects on these cells [38]. Despite 
reports on the intercellular transfer of integrins via EVs, 
whether ITGA5 can be transferred to HCC cells via EVs 
and exert regulatory effects remains uncertain.

In the present study, we found that ITGA5 can be 
transferred from myofibroblasts to HCC cells through 
myofibroblast-derived EVs. Following transfer into HCC 
cells, ITGA5 significantly enhances the stemness of HCC 
cells and promotes their proliferation and invasiveness/
metastasis. Mechanistically, the findings indicated that 
ITGA5-mediated CSC-like properties of HCC cells were 
dependent on interacting with and activating YES1. 
YES1, a member of the Src kinase family, is thought to 
be mainly activated through conformational changes that 
induce autophosphorylation, thereby promoting phos-
phorylation of downstream proteins, such as YAP1, and 
activating related pathways [24, 39]. Our findings sug-
gested that the interaction between ITGA5 and YES1 may 
promote YES1 conformational changes and autophos-
phorylation activation, though further research is needed 
to confirm this mechanism. Some studies pointed out 
that, in colorectal cancer, YES1 induced stemness and 
resistance to chemotherapy by promoting YAP1 activa-
tion and nuclear translocation. YES1 can also induce 
resistance in melanoma by activating the ERK signaling 
pathway [40]. In our study, activation of YES1-driven 
downstream pathways, including YAP1 and ERK1/2, 
has been closely associated with enhanced stemness of 
tumor cells. Particularly, the treatment of ITGA5 inhibi-
tors can block the enhancement of HCC cell stemness 
by suppressing the activation of the YES1 pathway and 
the downstream signaling. Moreover, ligands and extra-
cellular region may also be essential for ITGA5 to exert 
its molecular biological functions. It had been reported 
that the activation of integrins depends on their bind-
ing to extracellular ligands, such as fibronectin, fibrino-
gen, and the cytokine receptor, which in turn triggers 
conformational changes to induce the transmission of 
intracellular downstream signaling [11, 41]. The absence 
of ligands or the extracellular region may affect the 
molecular function of ITGA5. However, further experi-
ments are needed for verification. Other research proved 
that ITGA5 typically needs to dimerize with ITGB1 and 
bind to its ligand fibronectin to exert its functions [14, 
42]. We also explored whether ITGB1 participates in the 

ITGA5-induced HCC stemness. We found that interfer-
ing with ITGB1 expression impaired the ITGA5-induced 
enhancement of stemness in HCC cells (Fig. S15). Nev-
ertheless, further studies are warranted to investigate the 
specific molecular mechanisms by which ITGB1 influ-
ences ITGA5 in regulating stemness in HCC cells. Fur-
thermore, we observed the presence of ITGA5 in both 
the cell membrane and cytoplasm of HCC cells after they 
were treated with EVs. We speculate that it may be asso-
ciated with the endocytosis of EVs by the recipient HCC 
cells. Integrins, which are transmembrane receptors 
found on the surface of cells or EV membranes, primar-
ily undergo intracellular cycling through the process of 
endocytosis. Prior research has established that EVs can 
interact with target cells through various mechanisms, 
including endocytosis, direct binding, phagocytosis, 
and membrane fusion [43]. Consequently, if HCC cells 
endocytose EVs containing ITGA5, it would result in the 
appearance of ITGA5 within the cytoplasm of these cells.

CSCs are a subpopulation of tumor cells with strong 
self-renewal capabilities; they are key drivers of tumor 
progression, therapeutic resistance, disease recurrence, 
and metastasis [36, 44–46]. Recent studies have empha-
sized the close relationship between CSCs and resist-
ance to immune checkpoint inhibitor (ICI) therapy in 
tumors. CSCs typically exhibit stronger immune evasion 
capabilities and can further influence the efficacy of ICIs 
by mediating the remodeling of the immune microenvi-
ronment [47]. ICI therapy is currently one of the most 
important treatment options for HCC. Nonetheless, it is 
limited by low efficacy and the development of resistance. 
Therefore, there is an urgent need to develop new meth-
ods for improving the response of HCC to ICIs. While 
evaluating the therapeutic effect of targeting ITGA5 in 
HCC, we also assessed the sensitization effect of ITGA5 
inhibitors on ICI therapy for HCC. The results showed 
that ITGA5 inhibitors can inhibit the growth of ortho-
topic HCC in mice, reduce the proportion of infiltrating 
myofibroblasts and CSCs in the tumor, and significantly 
enhance the therapeutic effect of anti-PD-L1 antibodies 
when used in combination. These results indicate that 
ITGA5 is a potential therapeutic target for HCC and that 
targeting ITGA5 could represent a potential strategy for 
sensitizing HCC to ICI therapy.

Conclusions
In conclusion, our study demonstrated that ITGA5 is 
primarily expressed in myofibroblasts within HCC tis-
sue, and high levels of ITGA5+ myofibroblasts are 
associated with poor prognosis in patients with HCC. 
Additionally, we identified a novel regulatory pathway 
in which myofibroblasts enhance the stemness of HCC 
cells by producing EVs that transfer ITGA5 to HCC 
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cells. Mechanistically, we found that ITGA5 primarily 
enhances HCC cell stemness by activating YES1 and its 
downstream pathways. Moreover, our study revealed that 
ITGA5 is a potential therapeutic target for HCC, and tar-
geting ITGA5 represents a new strategy to improve the 
efficacy of immune therapy.

Materials and methods
Clinical samples
HCC specimens were obtained from 25 consecutive 
patients who had undergone curative liver resection 
at the Hepatobiliary Department of the First Affiliated 
Hospital of Jinan University (Guangzhou, China). The 
19 normal hepatic tissues used as normal controls were 
obtained from patients with benign hepatic lesions who 
underwent resection in the Hepatobiliary Department 
of the First Affiliated Hospital of Jinan University. HCC 
samples with TMA of 84 patients, including survival 
data, were purchased from OUTDO Biotech (Shanghai, 
China).

Cell lines and cell culture
Human HCC cell line PLC/PRF/5, human HSC line LX-2, 
and murine HCC cell line Hep1–6 were obtained from 
the Shanghai Cell Bank of Chinese Academy of Science 
(Shanghai, China). Human HCC cell line Huh7 was a 
generous gift from Sun Yat-Sen University Cancer Center 
(Guangzhou, China). All cells were verified by short tan-
dem repeat (STR) analysis. All these cells were cultured 
in high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS; ExCell, Suzhou, China) and 1% penicillin and strep-
tomycin (ThermoFisher Scientific, Waltham, MA, USA). 
Primary human myofibroblasts were isolated from tumor 
specimens of patients with HCC who underwent liver 
resection in the First Affiliated Hospital of Jinan Univer-
sity. The isolation of myofibroblasts was performed as 
previously reported. The cells were cultured in DMEM/
F12 supplemented with 10% FBS and 1% penicillin and 
streptomycin.

Animal models
4- to 6-week-old male BALB/c nude mice and C57BL/6 
mice were purchased from Zhejiang Vital River Labora-
tory Animal Technology Co. Ltd (Zhejiang, China). The 
mice were bred in a specific pathogen-free environment 
with a 12-h cycle at a temperature of 22℃−25℃. Ani-
mal studies were approved by the Animal Care and Use 
Committee at Jinan University. The detailed procedure is 
described in the Supporting Materials and Methods.

Statistical analysis
Survival curves were generated via the Kaplan–Meier 
method. Categorical data were analyzed, and compari-
sons of continuous variables were performed with the 
chi-squared/Fisher’s exact test and Student’s t-test/
Mann–Whitney U test, respectively. The data are rep-
resented as the mean ± standard deviations of at least 
three sample replicates. P-values < 0.05 indicate statisti-
cally significant differences. All analyses were performed 
with SPSS version 26.0 (IBM Corp., Armonk, NY, USA) 
and GraphPad Prism 8.4.3 (GraphPad Software Inc., San 
Diego, CA, USA).

Additional detailed materials and methods are 
described in the Supplementary Materials and Methods.
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Supplementary Material 1: Figure S1. High ITGA5 expression was cor-
related with an unfavorable prognosis in patients with HCC. A. OS curves 
for HCC patients with high and low ITGA5 expression from TCGA and GEO 
(GSE14520) databases. B. Disease-free survival curves for HCC patients 
with high and low ITGA5 expression from TCGA and GEO (GSE14520) 
databases. Figure S2. ITGA5+ myofibroblasts were enriched in fibrotic liver 
and HCC tissues. Representative immunofluorescence images of ITGA5 
and α-SMA in human and mouse liver tissues with various types of lesions. 
Scale bars: 50 μm. Figure S3. ITGA5 was stably expressed in myofibroblasts 
or activated HSCs. A. Representative bright-field and IF co-staining images 
of ITGA5 and α-SMA in primary human myofibroblasts isolated from 
adjacent non-tumor and HCC tissues. Scale bar: 100 μm for bright-field 
images; 50 μm for IF images. B. Immunoblotting of ITGA5 and α-SMA in 
primary human myofibroblasts. C. Representative bright-field and IF co-
staining Images of ITGA5 and α-SMA in primary mouse HSCs cultured for 1 
or 7 days. D. Immunoblotting of ITGA5 and α-SMA in primary mouse HSCs 
cultured for 1 or 7 days. Figure S4. ITGA5 governed the proliferation and 
activation of myofibroblasts. A. Immunoblotting of ITGA5 protein levels 
in HCC cell lines and LX-2 cells. B. Immunoblotting of ITGA5 and α-SMA in 

https://doi.org/10.1186/s12943-024-02170-0
https://doi.org/10.1186/s12943-024-02170-0


Page 16 of 17Xiao et al. Molecular Cancer          (2024) 23:262 

LX-2 cells with or without ITGA5 knockdown. C. CCK-8 assays of LX-2 
cells with or without ITGA5 knockdown. D. RT-qPCR analysis of ITGA5 
and HSC activation-related markers in LX-2 cells with or without ITGA5 
knockdown. *P< 0.05; **P < 0.01; ***P < 0.001. All data were obtained 
from three independent experiments per group. Figure S5. Accumula-
tion of ITGA5+ myofibroblasts was associated with an unfavorable 
prognosis in HCC patients with poor tumor differentiation. A. Repre-
sentative immunofluorescence images of ITGA5 and α-SMA in tissues 
obtained from HCC patients with good or poor tumor differentiation. 
Scale bar: 20 μm. B. OS curve of HCC patients with good or poor tumor 
differentiation based on the infiltration of ITGA5+ myofibroblasts. Fig-
ure S6. Myofibroblasts transfer ITGA5 to tumor cells via EVs. A. ITGA5 
protein levels in LX-2 cells (Vector or ITGA5 OE). B. ITGA5 protein levels 
in Huh7 cells treated with or without EVs from LX-2 cells (Vector or Flag-
ITGA5). Figure S7. Endogenous overexpression of ITGA5 enhanced the 
stemness of HCC cells. A. Sphere formation of Huh7 cells transfected 
with ITGA5 overexpression plasmids and the vector control. Scale bar: 
100 μm. B. Immunoblotting of ITGA5 and CSC markers in the indicated 
cells.***P< 0.001. All data were obtained from three independent 
experiments per group. Figure S8. Depletion of ITGA5 in myofibroblasts 
abolished the enhancement induced by myofibroblast-derived EVs 
on the proliferation of HCC cells. A. Colony formation assays of Huh7 
cells cultured alone or co-cultured with CM from myofibroblasts (Ctrl, 
si-Ctrl, or si-ITGA5). B. Colony formation assay of Huh7 cells treated with 
or without EVs from myofibroblasts (Vector or ITGA5-KO). *P < 0.05; **P 
< 0.01; ***P< 0.001. All data were obtained from three independent 
experiments per group. Figure S9. Depletion of ITGA5 in myofibro-
blasts abolished the enhancement induced by myofibroblast-derived 
EVs on HCC aggressiveness. A. Migration and invasion assays of Huh7 
cells cultured with or without CM from myofibroblasts (Ctrl, si-Ctrl, or 
si-ITGA5). B. Migration and invasion assays of Huh7 cells treated with or 
without EVs from myofibroblasts (vector or ITGA5-KO). C. Schematic of 
the lung metastasis mouse model. The mice were injected with HCC 
cells alone or co-injected with EVs derived from myofibroblasts (Vector 
or ITGA5-KO). D. Representative images of lungs and H&E staining of 
the indicated groups (n = 6 per group). *P < 0.05; **P < 0.01; ***P < 
0.001. All data were obtained from three independent experiments per 
group. Figure S10. ITGA5 blockade alleviated the CSC-like property of 
HCC cells induced by myofibroblast-derived EVs. A. Structure of AV3 
(ITGA5 inhibitor). B. IF staining showed a significant AV3-FAM/ITGA5 
binding in HCC cells treated with EVs from LX-2 cells. Scale bar: 25 μm. 
C. Colony formation of HCC cells subjected to the indicated treatment. 
D. Sphere formation assays of the indicated groups. E. Immunoblotting 
of CSC markers in Huh7 or PLC/PRF/5 cells subjected to the indicated 
treatments. *P < 0.05; **P < 0.01; ***P < 0.001. All data were obtained 
from three independent experiments per group. Figure S11. ITGA5 
expression was associated with immune cell infiltration and ICI-related 
gene expression in HCC. A. Correlation between ITGA5 expression and 
immune cell infiltration. B. Correlation between ITGA5 and immune 
checkpoint-related gene expression. C. Stroma scores of the HCC tissue 
in the high and low ITGA5 expression groups. *P < 0.05; **P< 0.01; 
***P < 0.001. Data were obtained from the TCGA database. Figure S12. 
ITGA5-targeting therapy decreased MDSCs in HCC tissue. Representa-
tive images of dual immunofluorescence staining for CD11b (green) 
and Gr1 (red) in orthotopic HCC tissues extracted from the indicated 
groups. Scale bar: 50 μm. *P < 0.05; **P < 0.01; ***P < 0.001. Figure S13. 
ITGA5 blockade altered the immune microenvironment of orthotopic 
HCC tissues. A, B. PD-L1, CD11b, CD206, CD4, and CD8 expression in 
orthotopic HCC tissues from the indicated groups were detected by 
IHC staining (n = 4 for each group). Scale bar, 50 μm. *, P < 0.05; **, P< 
0.01; ***P < 0.001. Figure S14. Inhibition of ITGA5 did not significantly 
affect the infiltration of M1 macrophages in the HCC mouse model. 
Representative IHC of CD86 in HCC tissues extracted from the indicated 
groups. Scale bar: 50 μm. Figure S15. ITGB1 participated in ITGA5-
induced stemness of HCC cells. A. Immunoblotting of Huh7 cells with 
indicated treatment. B. Sphere formation of Huh7 cells with indicated 
treatment. *, P < 0.05; **, P < 0.01.
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