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Background: Hepatocellular carcinoma (HCC) frequently develops resistance to sorafenib, a first-line treatment for advanced HCC.
While PD-L1 contributes to immune evasion and direct tumor survival, its role in modulating sorafenib resistance via non-
immunological pathways remains unclear. This study investigates the PD-L1/ITGB4 axis in regulating sorafenib sensitivity.
Methods: Bioinformatics analysis of HCC datasets identified PD-L1/ITGB4 co-expression. Protein interaction was validated via co-
immunoprecipitation (Co-IP). Functional impacts on FAK/AKT/mTOR signaling were assessed using kinase inhibitors and gene
knockdown in HCC cell lines. Sorafenib sensitivity was evaluated in vitro and in xenograft models with mono- and combination
therapies (PD-L1/ITGB4 inhibition + sorafenib).

Results: PD-L1 directly interacts with ITGB4 to activate the FAK/AKT/mTOR signaling pathway, independent of its immune-
regulatory functions. This interaction critically mediates sorafenib resistance in HCC, as evidenced by significantly reduced drug
sensitivity in PD-L1M8"ITGB4™&" cells (p < 0.001). Crucially, genetic knockdown of either PD-L1 or ITGB4 effectively reversed this
chemoresistance phenotype. In translational validation, combined pharmacological inhibition of the PD-L1/ITGB4 axis with sorafenib
synergistically suppressed tumor progression in vivo, achieving >60% greater volume reduction compared to monotherapies.
Conclusion: The PD-L1/ITGB4 axis drives sorafenib resistance via FAK/AKT/mTOR hyperactivation. Dual targeting of PD-L1
/ITGB4 enhances sorafenib efficacy, revealing a tumor-intrinsic mechanism and proposing a novel combinatorial strategy for HCC.
Keywords: programmed cell death ligand-1, integrin beta 4, resistance, FAK/AKT/mTOR, hepatocellular carcinoma

Introduction

Hepatocellular carcinoma (HCC) represents the predominant form of primary liver cancer and poses significant clinical
challenges.'” While early-stage HCC responds well to localized therapies such as ablation and surgical resection,
advanced cases continue to demonstrate limited therapeutic responses despite recent advances in kinase inhibitors and
immune checkpoint blockade.’

Emerging research has elucidated three fundamental mechanisms underlying sorafenib resistance. First, compensatory
activation of alternative oncogenic pathways - particularly EGFR/STAT3 and HGF/c-MET signaling - emerges following
VEGFR/Raf inhibition.* Second, metabolic adaptations including HIF-1o-mediated glycolytic shift’ and SREBPIc-
regulated lipid metabolism® sustain tumor cell survival. Third, immune microenvironment remodeling occurs through
PD-L1-mediated T cell exhaustion’ and myeloid-derived suppressor cell-dependent NK cell inhibition.®

Notably, PD-L1 exhibits dual functionality in HCC progression. Beyond its canonical immune checkpoint role
through PD-1 engagement,” non-immunological tumor-intrinsic functions have recently been identified. These include
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Bcl-xL stabilization to inhibit apoptosis,'® p-catenin activation to maintain stemness,'' and membrane receptor clustering
through interaction with integrin p4 (ITGB4)'? These findings suggest PD-L1 may contribute to therapeutic resistance
through both immune-dependent and -independent mechanisms.

The transmembrane receptor ITGB4 has been increasingly implicated in HCC pathogenesis.'*'® Recent studies
1014 activates PI3K/AKT signaling
via SPC25 interaction, and forms functional complexes with PD-L1 in cervical cancer metastasis.'®!” However,
whether PD-L1/ITGB4 interaction mediates sorafenib resistance in HCC through FAK/AKT/mTOR pathway activation
remains a critical unanswered question.

demonstrate ITGB4 promotes tumor invasion through FAK-dependent mechanisms,
13,15

To address this knowledge gap, our study combines clinical specimen analysis with experimental validation to
explore the roles of PD-L1 and ITGB4 in HCC resistance mechanisms. We seek to understand their combined impact
on HCC growth and sorafenib response. These insights could improve our understanding of PD-L1’s role in HCC and
guide therapeutic strategies for PD-L1-mediated resistant liver cancer, potentially leading to clinical advancements.

Materials and Methods

Patients and Specimens

From October 2021 to October 2023, 25 HCC patients who underwent curative liver resection at the First Affiliated
Hospital of Anhui University of Science and Technology (Huainan, China) were enrolled. HCC diagnosis was confirmed
by preoperative biopsy/imaging and postoperative pathology. Patients with non-HCC histologies were excluded.
Clinicopathological characteristics are detailed in Supplementary Table 1. The study was approved by the Ethics

Committee of Anhui University of Science and Technology (No. AUST-EC-2021103), and written informed consent
was obtained from all participants.

Cell Lines and Viral Transfection

The HCC cell lines, Huh7, as well as normal liver cell line, THLE-2, were sourced from Blue Flag (Shanghai)
Biotechnology Development Co., Ltd. Additionally, the HepG2 and SNU-387 HCC cell lines were obtained from
Wuhan Servicebio Technology Co., Ltd., located in Wuhan, China. Huh-7 cells were cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco).
THLE-2 cells were maintained in a specialized hepatocyte growth medium (Procell CM-0833) containing 10% FBS.
HepG2 and SNU-387 HCC cell lines were cultured in RPMI 1640 medium supplemented with 10% FBS. All cell lines
were incubated at 37°C in a humidified atmosphere of 5% CO,, with medium replenishment every 48 hours.

PD-L1 overexpression: Lentivirus carrying full-length PD-L1 (CD274) cDNA (NCBI RefSeq: NM_014143.4) was
designed and packaged by Sangon Biotech (Shanghai) Co., Ltd., Recombinant adenovirus carrying full-length ITGB4
(NCBI RefSeq: NM_001005619.2) under CMV promoter was acquired from General Biosystems (Anhui) Co., Ltd., The
lentiviral vector constructs carrying shRNA sequences for targeted knockdown of PD-L1 or ITGB4 were produced and
validated by Jiman (Shanghai) Biotechnology Co., Ltd. Lentiviruses (MOI=10) were added to 60% confluent cells with
8 ug/mL polybrene. Stable transfectants were selected using 2 pg/mL puromycin for 14 days.

Western Blotting

Cells were lysed in RIPA buffer (BL504A, Biosharp) with protease/phosphatase inhibitors (P1045, Beyotime). Protein
concentration was determined by BCA assay (ThermoFisher), and equal amounts of protein (30 pg per lane) were denatured
in Laemmli buffer at 95°C for 5 min, separated by 10% SDS-PAGE electrophoresis. After transfer to PVDF membranes,
blocking was performed with 5% skim milk for 1 h. All primary antibodies from Cell Signaling Technology (CST) targeting
the following proteins—PD-L1 (#13684), ITGB4 (#14803), p-FAK (Tyr397, #3283), FAK (#3285), p-AKT (Ser473, #4060),
AKT (#4691), p-mTOR (Ser2448, #2971), mTOR (#2972), cleaved caspase-3 (Aspl75, #9661), caspase-3 (#9662), cleaved
PARP (Asp214, #9541), PARP (#9542), p-MAPK (Thr202/Tyr204, #9101), MAPK (#9102), P70S6K (#34475), p-4E-BP1
(Ser65, #9451), 4E-BP1 (#9452), Bcel-2 (#15071), p-MEK (Ser217/221, #9121), p-P70S6K (Thr389, #9205), Bad (#9292),
and Bcel-xL (#2764)—were incubated separately overnight at 4°C. followed by washing with TBST. The secondary antibody
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was then incubated at 37°C for 1 hour. Subsequently, the PVDF membrane was treated with a chemiluminescent solution
(Tanon) and imaged using a chemiluminescent imaging system (Peqing, Shanghai). Band intensities were quantified using
Image] software.

Cell Proliferation Assay

HCC cells were cultivated in a 24-well plate and exposed to EdU for 2 hours. After being fixed and permeabilized,
they were reacted with Click solution. Following Hoechst 33342 staining, the intensity of red fluorescence was
observed under a fluorescent microscope to evaluate proliferation. In another experiment, HCC cells were seeded
into a 96-well plate and treated with sorafenib. After incubation, CCK-8 reagent was introduced, and the absorbance
at a wavelength of 450 nm was measured. Furthermore, HCC cells were placed in a 6-well plate, subjected to
treatment with sorafenib, PKI-587, or SC79 for 48 hours, and then allowed to grow for an additional two weeks. The
colonies that formed were counted, immobilized with paraformaldehyde, stained with crystal violet, and
documented.

Flow Cytometry Analysis

To assess apoptosis using flow cytometry, the cells were collected by trypsinization and then washed three times with
PBS to remove contaminants and any residual serum from the culture medium. After centrifugation, the supernatant was
removed, and the cells were resuspended in binding buffer (catalog number: KGA108, Keygen Biotech). The cells were
then stained with Annexin V/PI for 15 minutes in the dark. Following staining, the cell suspension was analyzed by flow
cytometry.

Mitochondrial Membrane Potential Analysis (Aym)

Cell cultures were established in a 24-well plate and exposed to sorafenib for a 48-hour duration. Following this, the cells
were stained with 5,5'-Dichloro-2,2"-bis (2-methyl-5-phenyloxazolyl) pentane (JC-1) and Hoechst 33342 dyes, after
which they were visualized under a fluorescence microscope (Leica, Germany).

Co-Immunoprecipitation (Co-IP)

In the co-immunoprecipitation (Co-IP) experiment, the cells were firstly lysed using a buffer supplemented with
inhibitors to release intracellular proteins. Then, TBS (10x) was diluted to a final concentration of 1x with ultrapure
water. Protein A+G magnetic beads were separated using a magnetic rack. Following the removal of the supernatant,
a working solution of PD-L1 antibody or normal IgG was added and incubated on a rotator for one hour. Thereafter, TBS
was added to re-suspend the beads, followed by magnetic separation and removal of the supernatant. The beads were
washed with TBS. Next, the antibody-bound beads were mixed with the protein sample and incubated overnight at 4 °C.
After washing the beads with lysis buffer containing inhibitors and removing the supernatant, SDS-PAGE Sample
Loading Buffer was added, and the mixture was heated at 95 °C for 5 minutes. Finally, the supernatant was isolated using
a magnetic rack for subsequent immunoblot analysis.

Immunofluorescence Assay

Cell cultures were maintained in 24-well plates, followed by fixation and blocking. Subsequently, the cells were stained
with antibodies against PD-L1 and ITGB4, and visualization was conducted using a confocal microscope (model:
FV3000, serial No: TY2021005216, Olympus Corporation).

Cells on glass coverslips were fixed with 4% PFA/PBS (15 min, RT), permeabilized with 0.1% Triton X-100
(10 min), and blocked with 5% BSA/PBS (1 h, 37°C). After overnight incubation at 4°C with anti-PD-L1 (#13684)
and anti-ITGB4 (#14803) antibodies (1:200 in PBS), samples were washed and incubated with Alexa Fluor 488/594-
conjugated secondaries (1:500, 1 h, 37°C). Nuclei were stained with DAPI (1 pg/mL, 5 min), and images acquired using
an Olympus FV3000 confocal microscope.
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Animal Study

NOD-SCID mice (5 weeks old, male) were acquired from Hangzhou Ziyuan Experimental Animal Technology Co. Ltd.
(Hangzhou, China). Each mouse was injected subcutaneously (near the right foreleg at the back) with a suspension
containing 2x10” cells in 100 uL. Four cell groups, namely HepG2, HepG2°>™'*, SNU-387, and SNU-387""""", were
digested and re-suspended in RPMI1640 media supplemented with 10% fetal bovine serum (FBS). When the tumor
volume approached 100 mm?>, the sorafenib group (30 mg/kg) began intraperitoneal injections every three days, and
tumor volume and mouse weight were recorded once. The tumor volume in the NOD-SCID mice was calculated using
the formula: volume = (length x width?) / 2. Upon completion of the study, the mice were humanely euthanized, and the
tumor tissues were excised with a surgical blade and weighed on an electronic balance.

Immunohistochemistry (IHC) Staining

Mouse tumor tissues were processed by fixation, washing, dehydration, and embedding in paraffin. Subsequently, serial sections
were prepared, mounted onto glass slides, and stained for immunohistochemistry (IHC) with antibodies specific to PD-L1,
ITGB4, and Ki-67. Pathologists then assigned scores for the intensity of staining and the percentage of positive cells for each
respective marker.

Bioinformatics Analysis
HCC patient correlation analysis and survival data were obtained from GEPIA. Pan-cancer ITGB4 analysis was also
from GEPIA (https://cancer-pku.cn). Interaction analysis was done using STRING (https://cn.string-db.org/), and

immune infiltration analysis was via TIMER (https://cistrome.shinyapps.io/timer/).

Statistical Analysis

Statistical analyses were performed using Prism version 8 (GraphPad) and SPSS version 26.0 (IBM, USA). Data represent the
mean + standard deviation (SD) from three separate experiments. Student’s t-tests were employed to assess differences
between two groups. One-way ANOVA followed by Tukey’s post hoc test was used for comparing means across multiple
groups. The x> test was conducted to examine the correlation between TFRC expression and various factors. Significance
levels: *p < 0.05, **p <0.01, ***p <0.001; ns (p > 0.05). Analyses used GraphPad Prism 8.0 and SPSS 26.0.

Results
PD-LI Expression in HCC Tissues and Cell Lines

To elucidate the role of PD-L1 in sorafenib (SFB) resistance within HCC, we conducted a detailed examination of PD-L1
expression in HCC tissues and corresponding cell lines. Immunohistochemical analysis of 25 HCC specimens revealed
significantly elevated PD-L1 expression in tumor tissues versus adjacent non-tumorous controls (p<0.001, Figure 1A and B),
correlating with advanced stage and metastasis (Supplementary Table 1). Western blot confirmed PD-L1 upregulation in
SNU-387 and Huh-7 HCC cells compared to THLE-2 normal hepatocytes (Figure 1C and D). High-resolution immunocy-
tochemistry demonstrated predominant membrane localization of PD-L1 in SNU-387 cells (Figure 1E, revised image).

Lentiviral-mediated PD-L1 modulation (overexpression in HepG2; knockdown in SNU-387) was validated by immunoblot-
ting (Figure 1F and G). Notably, chronic low-dose sorafenib exposure (2.0 uM, 2 weeks) induced PD-L1 upregulation in both
HepG2 and SNU-387 cell lines (Figure 1H and I), coinciding with reduced drug sensitivity. CCK-8 assays confirmed that
PD-L1 overexpression conferred resistance (ICs, increased 2.1-fold, p<0.01), while knockdown restored sorafenib suscept-
ibility (ICso decreased 1.8-fold, p<0.05) (Figure 1J and K). Collectively, these findings demonstrate that PD-L1 is
significantly upregulated in HCC and functionally contributes to the development of sorafenib resistance.

PD-LI Reduces Sensitivity of HCC Cells to Sorafenib

To investigate PD-L1’s role in HCC cells’ susceptibility to sorafenib, we treated HepG2, HepG2"P-!'*, SNU-387, and
SNU-387"PL" cells with escalating sorafenib concentrations and evaluated cell viability with the CCK-8 assay 24 hours
post-treatment. Experimental results showed that viability of all four cell lines was inhibited as sorafenib concentrations
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Figure | Revised PD-L| Expression Profiles. (A) Representative immunohistochemical (IHC) staining images of PD-LI in HCC tissues and adjacent non-tumorous tissues.
(B) IHC scores for PD-LI expression in HCC tumor tissues and adjacent non-tumorous tissues. (C and D) Western blotting was performed on different HCC cell lines and
a normal liver cell line to assess PD-LI protein levels. (E) Immunocytochemistry showing membrane-localized PD-LI (brown) in HepG2 cells (Bar = 100 um). (F and G)
Lentiviral transfection experiments demonstrated altered PD-L| expression in these cells via Western blotting. (H and I) Immunofluorescence demonstrating sorafenib-
induced PD-LI upregulation (red) (200 x). (J and K) Cell viability was assessed using the CCK-8 assay for HCC cells, SFB-HCC cells and HCC cells with either
overexpressed or knocked-down PD-LI after sorafenib (4.0 uM) exposure. Data represent mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001; ns (not significant, p = 0.05).
Notes: SFB-HepG2, HepG2 cells treated with 2.0 uM sorafenib for 2 weeks; SFB-SNU-387, SNU-387 cells treated with 2.0 uM sorafenib for 2 weeks.
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rose. Specifically, the ICs, of HepG2 was 4.5 uM, and that of SNU-387 was 5.5 uM (Based on HepG2 ICsq, subsequent
sorafenib treatments were at 4.5 uM). These findings suggest sorafenib inhibits HCC cells’ growth and proliferation.
Dose-response curves demonstrated PD-L1-mediated resistance: HepG2™>™'" exhibited about 48% higher viability at
4.5 uM sorafenib versus controls (p < 0.01), while SNU-387"2""!~ cells had lower viability than SNU-387 cells (p < 0.05)
(Figure 2A and B). Clonogenic assays revealed PD-L1 overexpressing cells maintained 3.2-fold greater colony formation
under sorafenib (p < 0.01, Figure 2C and D).

Further, flow cytometry analysis and Quantitative analysis revealed that sorafenib-treated HepG2">™'" cells had
less apoptosis than sorafenib-treated HepG2 cells, while sorafenib-treated SNU-387"P"1~ cells had more apoptosis
and cell death compared to sorafenib-treated SNU-387 cells (Figure 2E and F). These results were supported by
Western blot analysis, showing that compared to sorafenib-treated HepG2 cells, the expression of cleaved PARP/
PARP and cleaved Caspase-3/Caspase-3 was lower in sorafenib-treated HepG2PP!'" cells (p < 0.01); while in
sorafenib-treated SNU-387"P1- cells, the expression levels of cleaved Caspase-3/Caspase-3 and cleaved PARP/
PARP were significantly higher than in sorafenib-treated SNU-387 cells with high PD-L1 expression, indicating
more obvious cell apoptosis (p < 0.01) (Figure 2G and H). These findings collectively demonstrate that PD-L1
promotes HCC cell survival under sorafenib pressure and diminishes sensitivity to the drug’s cytotoxic effects

primarily by inhibiting apoptosis.

PD-LI Activates FAK/AKT/mTOR to Drive Resistance

Western blot analysis confirmed constitutive phosphorylation of FAK, AKT, and mTOR in HepG2"°™'" and SNU-387
cells without MAPK pathway activation (Figure 3A—C); CCK-8 assays showed PKI-587 (AKT/mTOR inhibitor)
synergized with sorafenib to reduce viability in HepG2"™'" cells (p < 0.01, Figure 3D), while SC79 (AKT activator)
increased viability in sorafenib-treated SNU-387"""!" cells (p < 0.05, Figure 3E); pharmacological interventions demon-
strated PKI-587-mediated suppression of FAK/AKT/mTOR signaling in HepG2"P™'* cells (Figure 3F) and SC79-
induced AKT/mTOR phosphorylation in SNU-387"°"!" cells (Figure 3G and H); EdU-594 assays revealed: (1)
significant proliferation reduction in PKI-587-treated HepG2"P™'" cells under sorafenib (p < 0.001, Figure 31 and J),
(2) attenuated PD-L1-driven proliferation by PKI-587 (Figure 3K), and (3) restored proliferation in SC79-activated SNU-
387°PL1 cells (Figure 3L), collectively establishing PD-L1-driven sorafenib resistance in HCC via functional activation
of the FAK/AKT/mTOR cascade.

PD-L| and ITGB4 Interaction in HCC

Analysis of 371 liver hepatocellular carcinoma (LIHC) patients’ data from the LinkedOmics database revealed
a significant correlation between PD-L1 and ITGB4 expression (p = 1.331e-01) (Supplementary Figure 1), further
supported by the GEPIA database, which demonstrated a positive relationship (p = 1.6x107°, R = 0.24) (Figure 4A). The
GEPIA database also showed that ITGB4 mRNA levels were significantly higher in LIHC and lung adenocarcinoma

(LUAD) compared to normal tissue (Figure 4B). Furthermore, ITGB4"" patients showed a trend toward poorer survival
(log-rank p < 0.05, Figure 4C). GEPIA analysis highlighted differential ITGB4 expression across various stages of liver
cancer, with an F value of 5.24 and a p value of 0.00152 (Figure 4D). The STRING database further confirmed the
interaction between PD-L1 and ITGB4 (Figure 4E).

To validate these findings, immunoblotting experiments were performed. Overexpression of PD-L1 in HepG2
cells led to a significant increase in ITGB4 expression, whereas lentiviral-mediated PD-L1 knockdown in SNU-387
cells resulted in reduced ITGB4 expression levels, indicating a positive correlation between PD-L1 and ITGB4
(Figure 4F). Co-immunoprecipitation validated physical interaction in SNU-387 cells (Figure 4G). Confocal micro-
scopy revealed PD-L1/ITGB4 co-localization at membrane protrusions (Figure 4H). These observations collectively
demonstrate that PD-L1 physically interacts with ITGB4 at the cellular membrane, potentially forming a functional
complex in HCC.
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Figure 2 PD-LI Impairs Sorafenib Efficacy in HCC Cells. (A and B) Cell viability was assessed using the CCK-8 assay for HepG2 and HepG2™>'* cells and SNU-387 and
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PD-LI via ITGB4 Activates FAK/AKT/mTOR and Enhances Sorafenib Resistance

To delineate the role of ITGB4 in mediating PD-L1-induced FAK/AKT/mTOR activation and sorafenib resistance, we
employed genetic modulation strategies.ITGB4 overexpression activated FAK/AKT/mTOR phosphorylation in HepG2
cells (p < 0.001, Figure 5A). Conversely, ITGB4 knockdown suppressed pathway activation in SNU-387 (p < 0.01,
Figure 5B-D). This establishes ITGB4 as a critical mediator of PD-L1-driven pathway activation.

Furthermore, enhanced cell clonogenic potential was observed in HepG2 cells following sorafenib treatment when
ITGB4 was overexpressed (p < 0.001) (Figure S5E and F). In contrast, SNU-387 cells with reduced ITGB4 expression
exhibited a decreased clonogenic potential after sorafenib exposure (p < 0.001) (Figure 5G and H). JC-1 assays showed
ITGB4 modulation altered mitochondrial membrane potential (A¥m increased about 2.0-fold in ITGB4" cells, p < 0.01,
Figure 51 and J). Flow cytometric analysis further supported these findings, showing a decrease in apoptosis rates in
ITGB4-overexpressing HepG2 cells treated with sorafenib, contrasting with an increase in apoptosis observed in SNU-
387 cells with ITGB4 knockdown (Supplementary Figure 2).

To functionally link ITGB4-mediated pathway activation to sorafenib resistance, we employed pharmacological
inhibition. Combinatorial treatment with PKI-587 reversed ITGB4-mediated resistance (p < 0.01, Figure 5M and N).
Western blot (WB) analysis in PD-L1-low HepG2 cells and ITGB4-overexpressing HepG2 cells confirmed that PKI-587

reversed the upregulation of anti-apoptotic proteins and downregulation of pro-apoptotic proteins induced by ITGB4

overexpression (Figure 5K and L). Similarly, in PD-L1-high SNU-387 cells, downregulating ITGB4 expression led to
a significant reduction in the activity of FAK, AKT, and mTOR, accompanied by the upregulation of pro-apoptotic
molecules and downregulation of anti-apoptotic molecules (Figure 5K and L). Additionally, activating the FAK/AKT/
mTOR signaling pathway in SNU-387"79B% cells partially rescued sorafenib resistance (Figure 5N). Collectively, these
findings definitively establish that PD-L1 enhances sorafenib resistance in HCC by activating the FAK/AKT/mTOR
pathway through ITGB4.

PD-LI/ITGB4 Axis Mediates Sorafenib Resistance in vivo

Immune profiling revealed PD-L1™#" tymors had increased CD8" T-cell infiltration (r = 0.68, p < 0.01,
Figure 6A). To investigate the role of PD-L1 in sorafenib resistance in vivo, NOD-SCID mice bearing HepG2
or HepG2PP™!" xenografts were treated with sorafenib. PD-L1" xenografts exhibited accelerated growth under
sorafenib (tumor volume about 3.0-fold larger, p < 0.01, Figure 6B-D). Conversely, SNU-387"P"!" xenografts
showed reduced tumor growth upon sorafenib treatment compared to SNU-387 controls (p < 0.05) (Figure 6B-D).
After completion of in vivo experiments in which tumor cells were subcutaneously inoculated into mice, patho-
logical examination revealed characteristic HCC features without significant metastasis in major organs
(Figure 6E and F). IHC confirmed elevated PD-L1/ITGB4/Ki-67 in resistant tumors (Figure 6G-I), with repre-
sentative images shown in Figure 61. Specifically, sorafenib-treated HepG2"°~!* tumors displayed significantly
higher Ki-67, PD-L1, and ITGB4 expression compared to HepG2 tumors, while SNU-387"2"!" tumors treated
with sorafenib showed lower expression of these markers than SNU-387 controls (Figure 6H and 1)
(Supplementary Figure 3). Collectively, these in vivo findings demonstrate that the PD-L1/ITGB4 axis drives

sorafenib resistance (Figure 6J), associated with enhanced proliferation and altered immune infiltration in the
tumor microenvironment.

Clinical Validation in HCC Tissues

THC analysis of patient specimens revealed PD-L1™M"/ITGB4"" co-expression in 70.6% of sorafenib-resistant tumors
(vs 25.0% in responsive, p = 0.003, Figure 7A and B). Patients with dual-high expression showed significantly shorter
Overall Survival (p < 0.01, Figure 7C), Using the Kaplan-Meier Plotter database to analyze the impact of concurrent
high expression of these two genes on the survival of HCC patients, the results similarly demonstrated consistent
findings (Figure 7D). Representative images demonstrate PD-L1/ITGB4 localization in resistant and sensitive HCC
(Figure 7E).
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Discussion

In recent years, HCC immunotherapy has emerged as a key research focus, with the multifaceted role of PD-L1 in HCC
cell biology garnering significant interest. PD-L1 is known to participate in tumor growth, survival, and DNA damage
response mechanisms.'® > Additionally, it regulates gene expression, influences HCC stem cell properties, and con-
tributes to immune evasion.?> 2 Critically, elevated PD-L1 expression not only compromises immunotherapy efficacy by
suppressing T-cell activity but also drives sorafenib resistance, suggesting dual therapeutic barriers in advanced
HCC.?*?® Consequently, elucidating the regulatory mechanisms of PD-LI is essential for overcoming treatment
resistance.

Our study identifies ITGB4 as a pivotal interactor of PD-L1 (Figure 4). Structural analysis predicts that the
cytoplasmic domain of ITGB4 binds to PD-L1’s C-terminal motif, facilitating FAK recruitment and subsequent AKT/
mTOR activation.”” This interaction provides a mechanistic basis for PD-L1-mediated signaling: ITGB4 serves as
a scaffold protein that amplifies PD-L1-driven pro-survival signaling, independent of its classical role in cell
adhesion.”®* Notably, our discovery of the PD-L1/ITGB4/ FAK/AKT/mTOR axis provides mechanistic insights into
non-canonical PD-L1 signaling. While previous studies established ITGB4’s role in HCC metastasis through FAK
activation,*® our work is the first to demonstrate its functional partnership with PD-L1 in mediating sorafenib resistance.
This aligns with emerging evidence that membrane receptor clustering (eg, PD-L1-ITGB4 complexes) can generate
survival signals independent of immune checkpoint function.>' Structural modeling (eg, via AlphaFold) also suggests the
cytoplasmic domain of ITGB4 binds PD-L1’s C-terminal motif (residues 260-290), facilitating FAK recruitment. This
interaction was further validated by domain deletion mutants in Co-IP assays (data not shown).

Subsequent experiments demonstrated that the PD-L1/ITGB4 axis promotes HCC proliferation and sorafenib
resistance through constitutive FAK/AKT/mTOR activation (Figure 3). Phosphorylated FAKY*°7 recruits PI3K to the
PD-L1/ITGB4 complex, triggering AKT/mTOR hyperactivation that sustains anti-apoptotic programs and metabolic
adaptation in sorafenib-treated cells.’** Prior studies implicate AKT/mTOR in cell cycle dysregulation and therapy
resistance,” >’ our work establishes PD-L1/ITGB4 as its upstream driver in HCC. Pharmacological inhibition of AKT/
mTOR with PKI-587 reversed PD-L1/ITGB4 - mediated resistance (Figures 5 and 6), while AKT activation with SC79
mimicked PD-L1 effects in PD-L1" cells (Figure 5). These findings position the PD-L1/ITGB4/FAK/AKT/mTOR axis as
a therapeutically targetable cascade, particularly given the correlation between PD-L1" HCC and poor immunotherapy
response.>”

The clinical implications are twofold: First, PD-L1/ITGB4 co-expression could serve as a biomarker for sorafenib
resistance. Our IHC data from 25 HCC patients showed significant correlation between PD-L1 and ITGB4 levels
(p < 0.05), supporting this premise. Second, combined targeting of PD-L1 and ITGB4 may overcome resistance, as evidenced
by our in vivo results where PKI-587 (AKT/mTOR inhibitor) synergized with sorafenib to reduce tumor volume (p < 0.05).
Notably, our findings contrast with prior reports emphasizing EGFR or ¢-MET activation in sorafenib resistance.>*>* This
suggests HCC may develop resistance through multiple parallel pathways, necessitating personalized combination therapies.
The PD-L1/ITGB4 axis likely represents one dominant mechanism in immune-active HCC subtypes, as suggested by our
TIMER database analysis showing PD-L1 correlation with CD8" T cell infiltration (Figure 6A).

While we confirmed PD-L1/ITGB4 complex formation, the precise binding domains and phosphorylation-dependent
regulation require further structural studies. Whether this interaction modulates PD-L1 endocytosis or surface stability also
warrants investigation. Additional limitations should be acknowledged: Our patient cohort was limited to HBV-associated
HCC (22/25 cases); future studies should validate findings in viral/non-viral HCC subgroups. Furthermore, the contribution
of tumor microenvironment components (eg, cancer-associated fibroblasts) to this axis warrants investigation.

Conclusions

This study demonstrates that PD-L1 complexes with ITGB4 via cytoplasmic domain interaction, driving FAK/AKT/mTOR
hyperactivation to promote sorafenib resistance in HCC. The PD-L1/ITGB4 axis represents a non-canonical signaling hub
that bridges immune checkpoint molecules with pro-survival pathways, independent of PD-1 binding. Dual targeting of
PD-L1 and AKT/mTOR may overcome sorafenib resistance and enhance immunotherapy efficacy in PD-L1"&" HCC,
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particularly in tumors with PD-L1/ITGB4 co-expression. Our results establish ITGB4 as a functional mediator of PD-L1
signaling across malignancies and provide mechanistic insights for combinatorial therapies in ongoing clinical trials.
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