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Purpose: Oxymatrine has potent anti-cancer activity, but its exact mechanism in liver cancer remains elusive. The present study was
designated to explore oxymatrine’s effect and the potential mechanism on Programmed cell death-ligand 1 (PD-L1) expression and
ferroptosis in liver cancer.

Methods: Oxymatrine’s influence on PD-L1 expression and ferroptosis-related proteins in liver cancer cells was explored in vitro and
in vivo utilizing Western blotting, qRT-PCR, immunofluorescence, ELISA, H&E staining, immunohistochemistry, as well as detection
of Fe?, ROS, and MDA.

Results: The in-vivo results showed that xenotransplanted tumor mice with drug interventions (oxymatrine, anti-PD-L1, and
combination groups) exhibited inhibited tumor growth compared to control mice. Relative to anti-PD-L1 administration alone, the
combined treatment inhibited tumor growth more significantly, along with reduced interferon-y (IFN-y) expression in peripheral blood
and remarkably increased tumor immune lymphocyte (CD4" T and CD8" T) infiltration in cancer tissues. Meanwhile, PD-L1, xCT,
and GPX4 protein levels in the combination group were significantly downregulated. According to the in vitro results, IFN-y promoted
PD-L1, xCT, and GPX4 protein levels in liver cancer cell lines. Oxymatrine reversed IFN-y-induced upregulation of PD-L1
expression; moreover, it downregulated xCT and GPX4 protein levels in liver cancer cells and promoted intracellular Fe**, ROS,
and MDA levels.

Conclusion: Oxymatrine promotes tumor immune response and ferroptosis in liver cancer by downregulating IFN-y and synergis-
tically enhances the inhibitory effect of anti-PD-L1 on liver cancer.
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Introduction

Immunotherapy holds significant promise in clinical applications for treating patients with advanced liver cancer.
Immune checkpoint inhibitors (ICIs), such as anti-PD-L1 and anti-PD-1 antibodies, can enhance anti-tumor immunity,
which restores the killing effect of tumor immune lymphocytes on tumors by blocking PD-L1 binding with PD-1, inhibit
tumor immune escape, thus achieving the anti-tumor effect. Although ICI therapy has demonstrated encouraging
outcomes in most tumors,'* only 20-40% of patients can benefit from it due to low response rate and drug resistance.’
Hence, investigating the mechanism of improving the therapeutic effect of ICIs is urgently needed.
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To sustain survival, tumor cells undergo metabolic reprogramming and alter the immunosuppressive microenviron-
ment. It’s resistance of ICIs is associated with abnormal upregulation of PD-L1.* The abnormally upregulated PD-L1I
contributes to immune escape by restraining cytotoxic T lymphocytes’ killing effects on tumors. PD-L1 regulation
involves various mechanisms, among which IFN-y induction has been shown as a major PD-L1 source in many tumors.’
IFN-y can induce PD-L1 expression in diverse tumor cells, which can bind with PD-1 to trigger CD8+ T cell senescence
and apoptosis, reduce tumor immune cell infiltration, cause adaptive resistance of tumors, and eventually result in
immunotherapy insensitivity.” This may be the reason for the unsatisfactory results of PD-1/PD-L1 therapy. Therefore,
developing drugs that can reduce IFN-y-induced PD-L1 expression is of great significance in improving the sensitivity of
liver cancer immunotherapy.

Oxymatrine is an alkaloid in the roots of the Sophora genus plants, which has been proven to suppress tumor
occurrence and development by promoting tumor cell apoptosis while repressing tumor cell proliferation, invasion, and
migration; moreover, it is crucial in oxidative stress, immune regulation, and other disease links.* ' Oxymatrine can
enhance anti-PD-L1’s therapeutic role against lung adenocarcinoma in a mouse model.'' Moreover, oxymatrine can also

reverse IFN-y-caused PD-L1 upregulation in human colorectal cancerous cells and melanoma cells'*"?

suggesting that
oxymatrine may elevate ICIs’ anti-tumor effect by regulating IFN-y-triggered PD-L1 expression and is expected to
become a drug to assist tumor immunotherapy.

Ferroptosis is an iron-driven cell death modality characterized by intracellular lipid peroxides accumulation, mito-
chondrial reactive oxygen species (ROS) generation, the decline of cystine/glutamate antiporter xCT, and the massive
depletion of glutathione peroxidase 4 (GPX4).'*!> IFN-y suppresses ferroptosis by enhancing GPX4 expression in liver
cancer stem cells,'® which indicates that IFN-y not only upregulates PD-L1 to facilitate immune escape but also expedites
tumor development by inhibiting ferroptosis. Compelling evidence has confirmed that the combined regulation of PD-L1
and ferroptosis can synergistically enhance the anti-tumor effect.'”'® In addition, downregulated PD-L1 expression
augments CD8+ T cell viability, increases cancer cell ferroptosis, and improves anti-PD-1’s therapeutic effect.'® Targeted
induction of ferroptosis could enhance the anticancer effect of anti-PD-1 in liver cancer,” implying the crucial
functionality of ferroptosis in tumor immunity. Therefore, loosening IFN-y’s regulation in PD-L1 and ferroptosis may
improve the efficacy of anti-tumor immunotherapy. However, whether oxymatrine can mediate ferroptosis has not been
determined. Based on the above research findings, it is reasonable to speculate that oxymatrine may regulate ferroptosis
by interfering with IFN-y’s regulation in PD-L1.

Currently, little is known about the regulatory mechanism of oxymatrine on PD-L1 and ferroptosis. Therefore, exploring
the effect and underlying mechanism of oxymatrine on PD-L1 and ferroptosis in liver cancer is greatly important. This
study observes the effects of oxymatrine and its combination with ICIs on tumor growth in xenotransplanted mice and
further explores the effect of oxymatrine interfered IFN-y on PD-L1 and ferroptosis in liver cancer cells in vitro. This study
may offer a reference for studying the mechanism of improving the effect of liver cancer immunotherapy.

Materials and Methods

Reagents Preparation

IFN-y was supplied by PeproTech (300-02); oxymatrine (purity 99.52%) was procured from RHAWN (R096543);
InVivoMAD anti-mouse PD-L1 was supplied by BioXcell (BE0101). Rabbit PD-L1 Antibody was obtained from Gene
Tex (GTX635973); Rabbit Anti-PD-L1 antibody was from Bioss (bs-22022R); CD4 Polyclonal Antibody was purchased
from UpingBio (YP-Ab-13902); the following antibodies were provided by Affinity: xCT Antibody (DF12509), GPX4
Antibody (DF6701), GAPDH Antibody (AF7021), CD8 Antibody (AF5126).

Cell Culture

Human (HEPG2, MHCC97H) and mouse (H22) liver cancer cell lines (Pricella, Wuhan, China) were incubated (5%
CO,, 37°C in high-glucose DMEM and RPMI-1640 medium, respectively, containing 10% fetal bovine serum (FBS)
(Pricella, 164210-50) and 1% penicillin-streptomycin (Solarbio, SV30010). During the treatment process, cells receiving
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IFN-y exposure were induced (24 h) by IFN-y (0, 5, 10, 20, and 40ng/mL).>' Then, cells received treatment with IFN-y
and oxymatrine (1, 2, and 4mg/mL) for 24 h.'***2

Mouse Xenograft Experiments

All animal experimental procedures followed the animal protocols and got approval from the Ethics Committee for Laboratory
Animal Management of Youjiang Medical University For Nationalities. Immunocompetent BALB/c male mice (46 weeks;
Vital River Laboratory Animal Technology Co., Ltd., Guangdong, China) were raised in specific pathogen-free (SPF)
conditions and grouped into the normal (n = 4) and model group (n = 16) at random. For the model group of mice, H22
cell suspension (5 x 107 cells/mL) preparation was conducted using 1 x phosphate buffer saline (PBS) (Solarbio, P1020).
Next, a mouse xenograft model of liver cancer was established through subcutaneous injection of 200 pL of cell suspension in
the mouse right axilla. The xenograft tumor length reaching 0.5 cm indicated that the model was successfully established.
Further, mice in the model group were sub-grouped (n = 4) at random: control, oxymatrine, anti-PD-L1, and oxymatrine +
anti-PD-L1 groups (combination). Mice in the treatment group were injected intraperitoneally every other day with 100 mg/
mL of oxymatrine and 200 pg of anti-PD-L1, twice a week and 7 injections in total, 200 uL each time. The control mice were
intraperitoneally injected with an equal amount of 200 uL 1 x PBS. A vernier caliper: V = 1/2 x (length x width ?) was utilized
to measure xenograft tumor volume (V) every 4 days. One day after the end of administration, mouse peripheral blood samples
were collected. After mouse euthanasia through cervical dislocation, tumors were dissected, weighed, and removed.
Afterward, 10% of the tumor bodies were soaked in 4% paraformaldehyde (Solarbio, P1110) for staining with hematoxylin
and eosin and immunohistochemistry, while other tumor tissues were employed for the subsequent testing. The dosage of
oxymatrine®*?* and anti-PD-L1'" were referenced from previous studies, respectively.

Detection of IFN-y by Enzyme-Linked Immunosorbent Assay

IFN-y level in mouse peripheral blood supernatant was detected following the mouse IFN-y ELISA Kit’s instructions
(RUIXIN BIOTECH, RX203097M). The final concentration of IFN-y was calculated by equation after determination of
the optical density (OD) value using a multifunctional microplate reader (PerkinElmer; Shanghai, China).

H&E Staining

After 24-h fixing in 4% paraformaldehyde fixative, the dissected 10% xenograft tumor tissues were dehydrated, paraffin-
embedded, and cut into slices (4 um). Next, following dewaxing in an oven at 70°C for 90 min, the tissue sections were
washed and hydrated in xylene, and then washed with distilled water after gradient ethanol precipitation (100%, 95%,
85%, and 75%). Subsequently, after hematoxylin (Beyotime, ST2067) staining, the sections underwent differentiation in
1% hydrochloric acid alcohol, and then eosin (Beyotime, C0109) staining. Finally, the sample sections were immersed in
gradient ethanol and xylene, followed by neutral resin sealing (Solarbio, G8590). A microscope (400 x magnification)
was employed for observation.

Immunohistochemistry

The sectioned tissues were dewaxed, hydrated, and boiled with sodium citrate under high pressure for 10 min for antigen
retrieval. The operations were conducted following the manufacturer’s protocols of the Two-step Immunohistochemistry
Kit (Elabscience, E-IR-R217). Briefly, after treating (10 min) with 3% catalase and blocking (normal goat serum), the
sections were incubated (2 h, room temperature) with anti-CD8 and anti-CD4 antibodies. Next, the secondary antibody
was added for incubation (30 min, room temperature), followed by PBS rinsing. Following DAB staining, the sections
were counterstained and dehydrated. After the final neutral resin sealing, a microscope was utilized for cell staining
observation. Three visual fields were captured at 400 X magnification using Image J software to calculate the positive cell
numbers, and the average value was taken.

Immunofluorescence Assay
HEPG?2 cells were placed onto 6-well plates for culturing. Cells then underwent 24h treatment with IFN-y (10 ng/mL) of
different concentrations with or without oxymatrine (4mg/mL), followed by 15-min fixing with 4% paraformaldehyde.
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After reacting (30 min) with 1% bovine serum albumin (BSA), cells were incubated (4°C, overnight) with the primary
antibody, followed by PBST washing and then lh incubation with the secondary antibody (Abcam, ab150079) away from
light. DAPI (Beyotime, P0131) was utilized for nuclei counterstain (10 min). An upright fluorescence microscope
(Nikon; Japan) was employed for observation and photographing. The relative expression of the target protein was
determined by fluorescence intensity analysis was utilized to determine using ImagelJ software 3.0.

Fe?* Detection

HEPG?2 cells were cultured in fluorescent petri dish and treated (24 h) with IFN-y (10 ng/mL) with or without oxymatrine
(4mg/mL), followed by detecting Fe*" level following the FerroOrange Assay Kit’s instructions (DOJINDO, F374).
Shortly, cells underwent incubation (37°C, CO,, 30 min) with 1 mol/L FerroOrange working solution in the dark. A laser
confocal microscope (Leica; Germany) was employed for cell signal observation and photographing. The fluorescence
intensity determination was conducted utilizing ImageJ software 3.0.

Detection of Intracellular ROS

HEPG?2 cells were placed onto 6-well plates, followed by 24-h IFN-y (10 ng/mL) treatment with or without oxymatrine
(4mg/mL) and then detection of ROS level as per the ROS Detection Kit’s protocol (Beyotime, S0033M). After PBS
washing, the cells were cultured (20 min) in 10 ul DCFH-DA-contained serum-free medium away from light and
immediately observed under an upright fluorescence microscope (Nikon). The ImageJ software 3.0 was employed for
fluorescence intensity determination.

Malondialdehyde Detection (MDA)

HEPG2 cells were cultured and treated with IFN-y (10 ng/mL) with or without oxymatrine (4mg/mL) for 24 h. Then,
after cell (1 x 107) collection, intracellular MDA content was measured utilizing a corresponding kit (DOJINDO, M496).
A fluorescence microplate reader was employed for MDA fluorescence intensity detection. A standard curve of MDA
was plotted to calculate the MDA actual concentration within the sample.

Quantitative Real-Time PCR

HEPG2 cell total RNA extraction was performed utilizing TRIzol ™ reagent (Thermo/Invitroge, 15596026). After purity and
concentration determination, MonScript™ RTIII Super Mix with dsDNase (Monad, MR05101M) was applied for single-
stranded ¢cDNA synthesis. qRT-PCR was conducted utilizing the MonAmp ™SYBR Green qPCR Mix Kit (Monad,
MQ10301S) to detect the mRNA level of relative gene. Data were collected using the LightCycler96 system (Roche;
Germany). The 27**“" method was utilized for data calculation. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
served as an internal control. The primer sequences used in PCR reaction were as follows: CD274 was synthesized by Gene
Create (Wuhan, China): CD274-F: GGAGATTAGATCCTGAGGAAAACCA;CD274-R:AACGGAAGATGAATGTC
AGTGCTA; GAPDH was synthesized by Genesys (USA): GAPDH-F: CAGGAGGCATTGCTGATGAT; GAPDH-R:
GAAGGCTGGGGCTCATTT.

ITM

Western Blotting

Cells and animal tissues were collected, and the radio-immunoprecipitation assay (RIPA) lysis buffer (Solarbio, R0020)
supplemented with protease inhibitor (phenylmethylsulfonyl fluoride) (Solarbio; P1260) was employed for cell lysis. The
protein gray value (OD value) was measured using a bicinchoninic acid (BCA) kit (Beyotime, P0010S). Protein concen-
tration was calculated by plotting a protein standard curve. After lysis, 5 x sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) protein loading buffer (Solarbio, PG11X) was mixed with cells, followed by 10 min boiling
(100°C). Cells were subjected to 10% SDS-PAGE for protein separation, which was then transferred to the polyvinylidene
fluoride (PVDF) membranes. After 30-min blocking (room temperature) in protein-free rapid blocking solution (Solarbio,
PS108), the membranes underwent incubation (4°C with the primary antibody, followed by a further 1 h incubation (room
temperature) with the secondary antibody (Invitroge, C31460100). A chemiluminescence imaging system (UVItec; UK)
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and chemiluminescence reagent (Epizyme, SQ201) were applied for target protein band observation. Target protein bands’
grayscale values were measured utilizing the ImageJ software 3.0.

Statistical Analysis

All data are shown in the form of mean + standard deviation. Statistical analysis and visualization were conducted
utilizing GraphPad Prism 9.0. The difference between the two groups was compared by adopting the #-test, and that
among multiple groups was compared utilizing the one-way or two-way analysis of variance (ANOVA). P < 0.05

represented a difference with statistical significance.

Results
Oxymatrine Combined with Anti-PD-L1 Inhibits Tumor Growth in vivo and
Synergistically Enhances Anti-PD-L1’s Anti-Tumor Effect

We established a xenograft model of liver cancer in mice. It was observed that tumor size and volume and tumor growth
curve in the oxymatrine, anti-PD-L1, and combination groups were decreased relative to those in the control group,
indicating that both oxymatrine and anti-PD-L1 interventions inhibited tumor growth, and the inhibition of tumor growth
was more significant in the combination group than that in the anti-PD-L1 group (P < 0.0001) (Figure 1A—C). And,
Mouse body weight exhibited no significant difference in each group (Figure 1D). As shown by H&E staining results,
mice with drug interventions (oxymatrine, anti-PD-L1, and combination groups) exhibited histological disorder and
enhanced inflammatory infiltration and cell apoptosis relative to the control mice. Moreover, the combination group was
more pronounced than the single drug groups, as shown in Figure 1E. Next, [FN-y expression in mouse peripheral blood
was detected using ELISA (Figure 1F). IFN-y expression was elevated in the model group relative to that in the normal
group, which, however, was decreased by oxymatrine, anti-PD-L1, and combination treatments, with the combination
group showing the most significant decrease in IFN-y expression. CD8" and CD4" T lymphocyte infiltration were
detected using immunohistochemistry (Figure 1G-I) for further exploring the effect of oxymatrine combined with anti-
PD-LI in tumor immune cells. According to the results, promoted CD8" T cell infiltration in tumor tissues in the
oxymatrine and anti-PD-L1 groups was observed relative to that in the control group, which was more significant in the
combination group than the anti-PD-L1 group. As for CD4" T cell infiltration, elevated CD4" T cell infiltration in tumor
tissues in the anti-PD-L1 group was observed compared with the control group; additionally, notably increased CD4" T
cell numbers in the combination group were also found relative to the anti-PD-L1 group.

In addition, we performed Western blotting to detect PD-L1, XCT, and GPX4 levels in various tumor tissues to investigate
the relevant mechanisms underlying oxymatrine’s role in vivo. As shown in Figure 1J and K, the oxymatrine, PD-L1, and
combination groups showed downregulated PD-L1 and GPX4 protein levels (P < 0.01); additionally, the combination group
exhibited a more significant downregulation of these proteins was more significant than the anti-PD-L1 group.

IFN-y Upregulates PD-L| Protein Level in Liver Cancer Cells

Thereafter, we using Western blotting to investigate the regulatory role of IFN-y in PD-L1 in liver cancer cells. It was
found that PD-L1 level in HEPG2 cells was upregulated after IFN-y intervention, especially at the concentration of
10-20 ng/mL, with significant differences (P < 0.05) (Figure 2A) and no dose dependence. Next, We obtained the similar
results in MHCC97H and H22 cells (Figure 2B and C).

IFN-y Promotes the Expressions of Ferroptosis-Related Proteins in Liver Cancer Cells
According to the results, IFN-y intervention remarkably upregulated xCT and GPX4 protein levels in HEPG2,
MHCC97H, and H22 cells, especially at concentrations of 10 and 20 ng/mL (P < 0.05) and no dose dependence
(Figure 3A—C), indicating that IFN-y upregulated ferroptosis-related protein levels in liver cancer cells.
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Oxymatrine Reverses IFN-y-Induced Upregulation of PD-LI and Ferroptosis Related
Proteins

To further investigate whether oxymatrine interfered with the expressions of PD-L1 and ferroptosis-related proteins xCT
and GPX4 regulated by IFN-y, we intervened liver cancer cells with oxymatrine (1, 2, and 4 mg/mL) and IFN-y (10 ng/
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mL and 20 ng/mL) and then detected PD-L1, xCT, and GPX4 protein levels. As shown in Figure 4A—C, oxymatrine
exerted no significant impact on PD-L1, xCT, and GPX4 protein levels in HEPG2, MHCC97H, and H22 cells without
IFN-y exposure. However, oxymatrine reversed IFN-y exposure-caused elevation of PD-L1, xCT, and GPX4 levels in
liver cancer cells. Especially, an oxymatrine concentration of 4 mg/mL showing the most significant inhibitory effect at
an IFN-y concentration of 10 ng/mL (P < 0.05).
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Based on the above research results, we have chosen the HepG2 cell line for subsequent studies. And the subsequent
cell experiments were conducted using 10 ng/mL IFN-y and 4 mg/mL oxymatrine. The immunofluorescence assay
further confirmed that oxymatrine reversed IFN-y’s impact on PD-L1 protein level in HEPG2 cells. As shown in
Figure 4D and E, the IFN-y group showed an enhanced red fluorescence signal of HEPG2 cells relative to the control
group; however, oxymatrine could weaken this red fluorescence signal, consistent with the results of Western blotting.
The PD-L1 protein encodes the CD274 gene. CD274 mRNA expression in HEPG2 cells was detected using qRT-PCR.
As shown in Figure 4F, the I[FN-y group showed a remarkably higher CD274 mRNA expression in HEPG2 cells than the
control group, whereas oxymatrine could effectively decrease CD274 mRNA expression.

Oxymatrine Reverses the Inhibitory Effects of IFN-y on Fe?*, ROS, and MDA in
HEPG2 Cells and Promotes Ferroptosis Occurrence

We continued to explore oxymatrine’s effects on Fe**, ROS, and MDA in HEPG2 cells. We used the Fe*" detection kit to
measure the level of Fe*" in cells and observed the strength of the red signal in cells under a microscope. According to
the results, the red fluorescence signal was weakened in the IFN-y group, but enhanced in the oxymatrine group relative
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to the control group; oxymatrine could enhance the IFN-y-weakened red fluorescence signal (Figure SA and B). Next,
ROS expression in HEPG2 cells was detected using the ROS detection kit. A microscope was used for green fluorescence
signal observation. The IFN-y group exhibited decreased, while the oxymatrine group showed increased green fluores-
cence signal relative to the control group; oxymatrine could enhance the IFN-y decrease in green fluorescence signal
(Figure 5C and D). Similarly, the intracellular MDA content was detected using the MDA assay kit. The OD values were
obtained to calculate the concentration of MDA. As shown in Figure 5E, the intracellular MDA content was decreased in

the IFN-y group relative to the control group, but elevated in the oxymatrine group; the intracellular MDA content was
relatively elevated in the IFN-y + oxymatrine group.
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Figure 4 Oxymatrine intervenes in IFN-y’s role in PD-L| and ferroptosis-related protein levels in liver cancer cell lines. (A-C) Western blotting detection of PD-LI, xCT,
and GPX4 protein levels in HEPG2, MHCC97H, and H22 cells after 24 h of intervention with oxymatrine (0,1, 2, and 4 mg/mL) in exposure to IFN-y (10, 20 ng/mL) (upper),
and bar charts of the relative expressions of PD-LI, xCT and GPX4 proteins (lower) (n=3). (D) Immunofluorescence assay detection of PD-LI| protein in HEPG2 cells after
24 h of intervention with oxymatrine (4 mg/mL) in exposure to IFN-y (10 ng/mL); a fluorescence microscope was used for cell observation, with red indicating PD-L1
protein-positive expression and blue indicating DAPI-stained nucleus (n=3); scale bar, 50 um (left). (E) Fluorescence intensity histogram of PD-L| protein relative expression
in HEPG2 cells (right) (n=3). (F) RT-qRCR detection of CD274 mRNA relative expression in HEPG2 cells after 24 h of intervention with oxymatrine (4 mg/mL) in exposure
to IFN-y (10 ng/mL) (n=3). ns, no statistical difference; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Discussion

The application of ICIs has markedly enhanced cancer treatment in the last decade. However, only a few patients with
advanced liver cancer respond. To evade immune attacks, tumors upregulate PD-L1 expression within the tumor
microenvironment via IFN-y, which can bind to PD-1 on the T lymphocyte surface, thus weakening T cells’ killing
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Figure 5 Oxymatrine intervenes in IFN-y’s role in ferroptosis in HEPG2 cells. HEPG2 cells underwent treatment with oxymatrine (4 mg/mL) with or without IFN-y (10ng/
mL) for 24 h. (A) Detection of Fe?* expression using intracellular Fe*" fluorescent probe (FerroOrange method); cells were observed under a laser confocal microscope
(scale bar, 25 um), with red light indicating Fe“-positive cells (n=3). (B) Quantitative plot of relative fluorescence intensity of intracellular Fe?* expression (n=3). (C)
Detection of intracellular ROS level using fluorescent probe DCFH-DA staining; cells were observed under a fluorescence microscope (scale bar, 50 um), with green light
indicating intracellular ROS-positive expression (n=3). (D) Quantitative bar chart of relative fluorescence intensity of intracellular ROS (n=3). (E) Detection of the
intracellular MDA content using the MDA Assay Kit (n=3). **P < 0.01; **P < 0.001; ****P < 0.0001.

effects.”® It is suggested that IFN-y has an inhibitory effect on the established anti-tumor immune response of tumors,
making them insensitive to ICI therapy. Therefore, effective treatment of liver cancer remains a major challenge.
Oxymatrine has been demonstrated to possess significant anti-tumor activity, but its mechanism of action on liver
cancer is unclear yet. As observed in this study, oxymatrine suppressed liver cancer tissue growth and IFN-y secretion in
liver cancer-bearing mice. Oxymatrine combined with anti-PD-L1 could further slow tumor tissue growth and reduce
IFN-y secretion, indicating that oxymatrine inhibited liver cancer growth and enhanced anti-PD-L1’s anticancer. In
addition, combination therapy significantly downregulated PD-L1 protein level in tumor tissues, indicating that oxyma-
trine exerted anticancer effects by inhibiting IFN-y expression in mouse peripheral blood and PD-L1 protein in tumor
tissues. IFN-y’s effect on tumor microenvironment is quite complex. Under normal conditions, IFN-y initially exhibits
anti-tumor activity and increases antigen presentation. However, sustained IFN-y can cause immune reprogramming in
tumor cells already under tumor immune activation, and induce PD-L1 expression in tumor cells, thus facilitating tumor
progression.”” The abnormally upregulated PD-L1 within the tumor microenvironment is crucial for the resistance to
anti-PD-1/PD-L1 therapy and an important cause of immune escape. Through in vitro simulation of IFN-y exposure in
liver cancer cells, IFN-y intervention was found to upregulate PD-L1 expression in different liver cancer cells, and the

results were consistent with expectations,'®°

indicating that IFN-y may participate in regulating PD-L1 in liver cancer.
Further, oxymatrine downregulated PD-L1 expression in cells with IFN-y exposure. The in vivo experiment results are

consistent with those of in vitro experiments. Moreover, we found that oxymatrine inhibited IFN-y-caused upregulation
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of CD274 mRNA and regulated CD274 expression at the transcriptional level. The PD-L1 protein is encoded by the
CD274 gene. IFN-y elevates PDLI expression through binding to the CD274 gene promoter.”® Collectively, according to
the in vitro and in vivo results, oxymatrine can inhibit PD-L1 expression by reducing IFN-y.

The extensive research on ferroptosis has boosted a perspective for its application in cancer therapeutics. We found
in vivo experiments that oxymatrine downregulated IFN-y, PD-L1, xCT, and GPX4 expressions simultaneously, but the
specific regulatory relationship remained unknown. Exposure to IFN-y enhances GPX4 expression in liver cancer stem
cells and inhibits ferroptosis occurrence.'® In vitro, IFN-y upregulated PD-L1 expression in liver cancer cells, while
upregulating ferroptosis-related protein (xCT and GPX4) levels, indicating that IFN-y could regulate ferroptosis-related
proteins in liver cancer. We further observed that oxymatrine reversed the upregulation of xCT and GPX4 in liver
cancer cells induced by IFN-y exposure, while offsetting IFN-y’s inhibition on Fe?", lipid ROS, and MDA generation
in HEPG?2 cells, indicating that oxymatrine promoted ferroptosis by downregulating IFN-y. However, a previous study
has reported that knocking down the PD-L1 gene in liver cancer cells enhances the effect of ferroptosis.'® PD-L1 is an
upstream regulatory factor of GPX4. Moreover, Blocking PD-L1 expression in cancer cells helps to inhibit IFN-y-
mediated tumor-promoting effect.”” Taken together, IFN-y may inhibit ferroptosis occurrence via upregulating PD-L1
and GPX4 expressions. Therefore, oxymatrine downregulated IFN-y and PD-L1, thereby suppressing the expressions
of xCT and GPX4 and ultimately facilitating ferroptosis in liver cancer.

Additionally, tumor resistance to ICIs is tightly associated with the abnormal number and function of T cells. The
blocking impact of PD-1/PD-L1 depends on T cell function.* CD4+ T cells can assist in promoting CD8+ T cells’ killing
effects on tumors. Patients with low response or resistance to ICI therapy often exhibit functional impairment or failure
of CD4+ T and CD8+ T cells. GPX4 deficiency in the liver contributes to the increased CD8+ T cells within the immune
microenvironment.”® Subsequently, activated CD8+ T lymphocytes accelerate ferroptosis occurrence in tumors.'”*® We
found that oxymatrine combined with anti-PD-L1 significantly promoted CD8+ and CD4+ T lymphocyte infiltration in
tumor tissues while downregulating ferroptosis proteins (xCT and GPX4), which indicated that the combination therapy
enhanced liver cancer immune activity and ferroptosis occurrence. Mechanistically, the stronger the activity of T
lymphocytes in the body, the more IFN-y is released. Interestingly, on the contrary, we observed in vivo that oxymatrine
increased tumor immune cell infiltration, while the level of IFN-y in tumor-bearing mouse peripheral blood was
decreased. This is potentially associated with the complex role of IFN-y in tumors. Chenmin et al*' found in the study
of gastric cancer that the traditional Chinese medicine asiaticoside improved CD8+ T cell percentage and IFN-y
concentration in vitro while reducing GPX4, SLC7A11, PD-L1, and IFN-y expressions in vivo, thereby promoting
ferroptosis and inhibiting immune escape, which were consistent with our in vivo experimental results. Therefore,
oxymatrine can promote tumor immune activity by downregulating IFN-y, thereby promoting ferroptosis and ultimately
contributing to anti-PD-L1’s anticancer effect. However, there are still some limitations in this study. This study did not
further explore the regulatory effect of oxymatrine on IFN-y, nor did it set up a positive control group for a more
comprehensive drug efficacy evaluation. Furthermore, this study did not further demonstrate the impact of oxymatrine on
the regulatory relationship between liver cancer immune function and ferroptosis through bidirectional validation. We
will further conduct and supplement relevant experiments in future.

All in all, the present study pioneers the idea that oxymatrine can suppress PD-L1 expression via downregulating
IFN-y, thereby restoring or promoting tumor immune cell activity, facilitating ferroptosis, and synergistically contributing
to anti-PD-L1’s inhibitory impact on liver cancer. Oxymatrine combined with anti-PD-L1 is a promising method of liver
cancer immunotherapy with lower toxicity and higher effectiveness.
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