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SUMMARY

Immune checkpoint inhibitors, particularly PD-1/PD-L1 blockades, have been approved for unresectable he-
patocellular carcinoma (HCC). However, high resistance rates still limit their efficacy, highlighting the urgent
need to understand the underlying mechanisms and develop strategies for overcoming the resistance. In
this study, we demonstrate that HCC with high MER proto-oncogene tyrosine kinase (MerTK) expression ex-
hibits anti-PD-1/PD-L1 resistance in two syngeneic mouse models and in patients who received anti-PD-1/PD-
L1 therapy. Mechanistically, MerTK renders HCC resistant to anti-PD-1/PD-L1 by limiting ferroptosis with the
upregulation of SLC7A11 via the ERK/SP1 pathway and facilitating the development of an immunosuppressive
tumor microenvironment (TME) with the recruitment of myeloid-derived suppressor cells (MDSCs). Sitravatinib,
an inhibitor of MerTK, sensitizes resistant HCC to anti-PD-L1 therapy by promoting tumor ferroptosis and
decreasing MDSC infiltration into the TME. In conclusion, we find that MerTK could serve as a predictive
biomarker for patient stratification and as a promising target to overcome anti-PD-1/PD-L1 resistance in HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) remains a global health chal-
lenge, with increasing incidence worldwide." Clinically, most
HCC patients are diagnosed at advanced stages with limited
treatment options. Recently, immunotherapies, such as the im-
mune checkpoint inhibitors (ICls) anti-CTLA4, anti-PD-1/PD-
L1, their combination, or combinations with other drugs have
achieved unparalleled success for patients with cancers.”®
Moreover, ICls such as nivolumab, pembrolizumab, and atezoli-
zumab, among others, are currently approved by the US Food
and Drug Administration (FDA) for the systemic treatment of
HCC.* However, because of frequent resistance to anti-PD-1/
PD-L1 therapy, response rates are still far from satisfactory, as
the overall benefit rate is observed only in approximately 15%—
20% of HCC patients at present.”*° Thus, it is urgent to identify
biomarkers for optimal patient selection and to identify effective
targets to overcome this resistance.

MER proto-oncogene tyrosine kinase (MerTK), a member of
the TAM family (TYROS, AXL, and MerTK) of receptor tyrosine
kinases, is highly expressed in a variety of malignancies,®
including HCC (The Human Protein Atlas: proteinatlas.org).
The homologous proteins growth arrest-specific protein 6

(Gas6B) and protein S (Pros1) are both natural ligands for
MerTK activation, which induce homodimerization and auto-
phosphorylation of MerTK and activate downstream path-
ways, such as MEK/ERK, PI3K/AKT, and JAK/STAT, leading
to tumor cell proliferation, anti-apoptosis, suppression of
inflammation, and tumor growth.”® Recent studies have
shown that MerTK plays a critical role in regulating HCC
growth as a metabolic modulator by integrating aerobic
glycolysis and oxidative phosphorylation.'® Furthermore, the
receptor/ligand activity of MerTK has been documented in
multiple immune cell types and potentiates antitumor immu-
nity, which has implications for cancer immunotherapy.'''®

Ferroptosis, as a form of metabolically regulated cell death,
has emerged to play an important role in cancer biology.™ "
In recent years, accumulating evidence suggests that the sup-
pression of ferroptosis has been linked to resistance to conven-
tional cancer therapies and that targeting ferroptosis might pro-
vide a therapeutic potential for cancers.'®° Recently, it has
been shown that the regulation of ferroptosis could reshape
the tumor niche, leading to T-cell-mediated tumor eradication
during immunotherapy.”’? In HCC, ferroptosis has been
demonstrated to confer drug resistance in systemic therapies
such as targeted therapy and chemotherapy.”®
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In the present study, we reveal that MerTK is a major mecha-
nism of resistance to PD-1/PD-L1 blockade, limiting tumor cell
ferroptosis and causing an immunosuppressive tumor microen-
vironment (TME) by increasing myeloid-derived suppressor cell
(MDSC) infiltration. MerTK blockade might be efficacious to
counter this resistance and sensitize HCC to anti-PD-L1 therapy.
Additionally, MerTK could serve as biomarkers for screening pa-
tients with HCC using sitravatinib plus anti-PD-L1 combination
therapy.

RESULTS

MerTK is identified to render HCC resistant to anti-PD-
L1 treatment

To investigate the potential mechanisms involved in anti-PD-
L1/PD-1 resistance in HCC, we used a syngeneic mouse tu-
mor model to generate an in vivo resistance model (Figure 1A).
Hepal-6 subcutaneous tumor mouse models were estab-
lished and treated with mouse anti-PD-L1 antibody along
with serial passage and treatment (Figure S1A). As shown in
Figure 1B, parental Hepa1-6 tumors were sensitive to anti-
PD-L1 therapy, as evidenced by the tumor growth, which
significantly decreased compared with tumors treated with
IgG. After performing cycles of anti-PD-L1 antibody treatment
along with serial passage, resistant Hepa1-6 (Res1-6) tumors
were nonresponsive to anti-PD-L1 therapy, as shown by the
similar tumor growth (Figure S1A) and survival rate (Figure 1C)
compared with tumors treated with IgG. Res1-6 tumor xeno-
grafts were isolated and implanted into the liver to establish
orthotopic implantation models and subsequently received
anti-PD-L1 treatment. In line with the subcutaneous tumor
mouse model, the Res1-6 tumors exhibited a poor response
to the anti-PD-L1 treatment and increased lung metastases
compared with the parental Hepa1-6 tumors (Figures S1B
and S1C). Similarly, we used the same method to establish
another hepatoma cell line HCA1-resistant mice model in vivo,
and we obtained resistant Res-CA1 strains (Figure S1D).
Similar to the Res1-6 tumor model, treatment with anti-PD-
L1 antibody failed to yield an antitumor effect in the Res-
CA1 groups, as indicated by the lack of difference in tumor
growth, survival rate, and lung metastases between the anti-
PD-L1 therapy and IgG control groups (Figures S1E-S1l).
Collectively, these results indicate that we successfully estab-
lished resistant mouse models to be considered as useful
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tools for elucidating the molecular mechanisms of anti-PD-1/
PD-L1 resistance in HCC.

Next, we screened for differential protein expression that may
be involved in anti-PD-1/PD-L1 resistance using proteomic
sequencing between Res1-6 and Hepail-6 tumor cells (Fig-
ure S2A). Comparing the top 30 differentially expressed proteins,
we identified that MerTK was highly overexpressed in the Res1-6
tumor cells (Figure 1D). Both western blot and immunohisto-
chemistry (IHC) staining confirmed that the expression of
p-MerTK and MerTK protein was significantly increased in the
PD-L1-resistant HCC cells and tumor tissues from resistant
mouse models (Figures 1E, 1F, and S2B). To further determine
the correlation between MerTK and the anti-PD-1/PD-L1 thera-
peutic response, we analyzed the MerTK expression in HCC pa-
tients who received anti-PD-1/PD-L1 therapy and found that the
expression level of MerTK was significantly higher in tumor tis-
sues from HCC patients with resistance than that from HCC pa-
tients with sensitivity (Figure 1G). Clinically, the mRNA levels of
MerTK in HCC tissues were highly expressed (Figure S2C) and
significantly higher than that in paraneoplastic tissues (Fig-
ure S2D). The survival curves showed that a higher MerTK level
was associated with the poor prognosis of HCC patients
(Figure S2E).

In order to further detect whether MerTK is required to mediate
anti-PD-1/PD-L1 resistance in HCC, we knocked down MerTK in
Res1-6 tumor cells (Res1-6-shMerTK) (Figure S2F) and compared
the responses to anti-PD-L1 therapy between Res1-6 and
Res1-6-shMerTK cells in a mouse model (Figure S2G, treatment
schedule). Remarkably, mice bearing Res1-6-shMerTK, but not
Res1-6, tumors were sensitive to anti-PD-L1 treatment, as evi-
denced by the significant reduction in tumor growth (Figure 1H).
Then, we generated a Hepa1-6 cell line with MerTK overexpres-
sion (Figure S2H) and compared the response to the PD-L1 anti-
body between the Hepal-6 and Hepal-6-OE-MerTK strains in a
syngeneic mouse model (Figure S2I, treatment schedule). Consis-
tently, PD-L1 therapy significantly decreased tumor growth in
mice bearing Hepal-6 tumors but not in those with Hepal-6-
OE-MerTK tumors (Figure 1l). These results indicate that MerTK
renders HCC resistant to anti-PD-L1 treatment.

MerTK induces anti-PD-L1 resistance by suppressing
ferroptosis

To further explore the potential mechanisms involved in anti-PD-
L1 resistance, Kyoto Encyclopedia of Genes and Genomes

Figure 1. MerTK mediates HCC resistant to anti-PD-L1 treatment

(A) Schematic illustrating the establishment of anti-PD-L1-resistant strains in vivo.

(B) Tumor growth curves of subcutaneous implantation models in Hepa1-6 and Res1-6 strains treated with anti-PD-L1 (aPD-L1) or IgG.

(C) Survival of orthotopic implantation models of Hepa1-6 and Res1-6 strains treated with aPD-L1 or IgG.

(D) Proteomic sequencing analysis was used to analyze the differently expressed proteins in Hepa1-6 and Res1-6. The top 20 differently expressed proteins are
presented in a heatmap, including 10 upregulated and 10 downregulated proteins.

(E) Western blot of p-MerTK, MerTK, and B-actin in Hepa1-6, Res1-6, HCA-1, and Res-CA1 strains.

(F) IHC staining of p-MerTK and MerTK in Hepa1-6 and Res1-6 subcutaneous tumor tissues.

(G) Locations of sensitive and resistant tumors were exhibited by MRI, and AFP values before and after anti-PD-L1/PD-1 therapy between patient in sensitive
group and patient in resistant group. IHC staining of MerTK expression in HCC tissues from sensitive and resistant patients received anti-PD-1/PD-L1 therapy.
(H and I) Subcutaneous xenograft mouse model of Res1-6, Res1-6-sh-MerTK, Hepa1-6, and Hepa1-6-OE-MerTK strains treated with anti-PD-L1 or IgG. When
the tumor volume approximately reached 100 mm?in size, tumor volume was measured every 3 days. After 25 days of treatment, mice were sacrificed. Shown are
tumor appearance and tumor growth curves.

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; *p < 0.05, **p < 0.01, and **p < 0.001.
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(KEGG) enrichment analysis of the differential expression of pro-
teins in the proteomic sequencing results revealed that the fer-
roptosis signaling pathway was remarkably enriched between
Res1-6 and Hepail-6 cells (Figure 2A). To test this possibility,
we treated Res1-6 and Hepal-6 cells with ferroptosis inducer
erastin (5.0 uM) and ferroptosis inhibitor (Fer-1 or DFO), respec-
tively. Using the fluorescent probe C11-BODIPY, we found that
erastin treatment significantly decreased the lipid reactive oxy-
gen species (ROS) levels in the Res1-6 cells compared with
the Hepa1-6 cells and that the ferroptosis inhibitor Fer-1 or
DFO eliminated these effects (Figure 2B). Consistent with these
observations, SYTOX Green staining also demonstrated that the
Res1-6 cells, but not Hepa1-6 cells, showed significant resistant
to erastin-induced cell death. Importantly, erastin-induced cell
death could be largely suppressed by the ferroptosis inhibitor
Fer-1 or DFO (Figure 2C). Then, the Res1-6 and Hepa1-6 cells
were labeled with red fluorescent dye and green fluorescent
dye, respectively, and cocultured under erastin treatment condi-
tions. We found that the cell survival ratio of the Res1-6 cells
gradually increased and the ratio of the Hepa1-6 cells gradually
decreased in a time-dependent manner (Figure S2J; Videos S1
and S2). These results demonstrate that ferroptosis could be
involved in regulating anti-PD-L1 resistance and raises the pos-
sibility that MerTK-mediated anti-PD-L1 resistance could have
been achieved by the suppression of tumor cell ferroptosis.
We next investigated the potential function of MerTK in regu-
lating ferroptosis of HCC. The Cancer Genome Atlas (TCGA)
public database was used to determine the relationship between
MerTK and ferroptosis-related genes in the mRNA expression
levels. The results indicate that MerTK was positively correlated
with ferroptosis suppressor genes (Slc7al1, Sic3a2, Nfe2l2,
Gclc, Gelm, Gss, and Fth1) and negatively correlated with ferrop-
tosis driver gene (Acsl4) (Figure S2K). The analysis of the ferrop-
tosis sensitivity in the panel of HCC cell lines revealed that the
HCC cell lines with high MerTK expression exhibited a lower
half maximal inhibitory concentration (ICso) under erastin treat-
ment condition (Figures S2L and S2M). Then, the Hepa1-6 and
Hepa1-6-OE-MerTK cells were labeled using red and green fluo-
rescent dye markers, respectively, and cocultured under erastin
treatment conditions. We found that the cell survival ratio of the
Hepa1-6-OE-MerTK cells gradually increased and the ratio of
the Hepal-6 cells gradually decreased in a time-dependent
manner (Figures 2D and 2E; Video S3). Likewise, the Res1-6
and Res1-6-shMerTK cells were labeled with red and green
fluorescent dye marker, respectively, and cocultured under era-
stin treatment conditions. The cell survival ratio of the Res1-6
cells exhibited a time-dependent increase, and the ratio of the
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Res1-6-shMerTK cells showed the opposite effect with a
time-dependent decrease (Figures 2D and 2F; Video S4). We
observed characteristic indicators related to ferroptosis,
including lipid ROS and malonaldehyde (MDA) contents, in the
mouse tumor models. The overexpression of MerTK significantly
inhibited the lipid ROS and MDA contents in mice bearing
Hepal-6 tumors treated with PD-L1 (Figures 2G and 2H).
Conversely, knockdown of MerTK significantly induced lipid
ROS and MDA contents in the resistant tumor model with PD-
L1 treatment (Figures 21 and 2J). Taken together, our results sug-
gest that MerTK induced anti-PD-L1 resistance by protecting
HCC cells from ferroptosis.

Suppression of SLC7A11-mediated ferroptosis is
essential for anti-PD-L1 resistance by MerTK via the
ERK/SP1 pathway

To investigate the underlying mechanisms involved in ferroptosis
suppressed by MerTK in anti-PD-L1 resistance, we examined
changes in the expression of genes related to ferroptosis in the
above analysis of proteomic data. Notably, the volcano plot of
the differentially expressed proteins indicated that the ferropto-
sis suppressor cystine/glutamate transporter (SLC7A11)
was among the top genes identified in our proteomic analyses
in the proteomic-level analysis (Figure 3A). Recently, accumu-
lating studies have demonstrated that SLC7A11 is a key medi-
ator in blocking ferroptosis.'®*?® Then, we studied whether
SLC7A11-mediated suppression of ferroptosis is sufficient to
cause anti-PD-1/PD-L1 resistance induced by MerTK. To assess
this possibility, we detected the expression of SLC7A11 in resis-
tant tumor cells and tissues. Western blot analysis revealed that
the SLC7A11 levels were significantly increased in anti-PD-L1-
resistant tumor cells (Figure 3B), which was further confirmed
in tissues from resistant tumor models with IHC staining (Fig-
ure 3C). We next analyzed the SLC7A11 expression in HCC pa-
tients who received anti-PD-1/PD-L1 therapy. The HCC patients
who were resistant to anti-PD-L1/PD-1 therapy had higher levels
of SLC7A11 expression compared with those whose tumors
were controlled by anti-PD-L1/PD-1 therapy (Figure 3D). Inter-
estingly, the Pearson correlation analysis showed a positive cor-
relation between the expression of MerTK and SLC7A11 with
IHC staining in anti-PD-L1/PD-1 therapy-resistant HCC patients
(R=0.91, p = 0.013) (Figure 3E).

Then Res1-6 and Res1-6-shSLC7A11 cells were labeled with
red and green fluorescent dye marker, respectively, and cocul-
tured under erastin treatment conditions. We found that erastin
treatment showed time-dependent effects on the increased
cell survival ratio of the Hepa1-6-OE-SLC7A11 cells and the

Figure 2. MerTK promotes anti-PD-L1 resistance by suppressing ferroptosis in HCC
(A) All the differential genes between Hepa1-6 and Res1-6 cells were analyzed using KEGG pathway analysis using the functional gene sets in MSigDB (literature

vs. databases containing signaling pathways).

(B) Fluorescence detection of lipid ROS by C11-BODIPY (left) and statistical analysis of relative lipid ROS fluorescence signal (right).
(C) Fluorescence detection of dead cells by SYTOX Green (left) and statistical analysis of percentage dead cells (right).
(D-F) Cell viability of Hepa1-6, Hepa1-6-OE-MerTK, Res1-6, and Res1-6-sh-MerTK strains treated with erastin (5.0 uM) in cocultured condition (left) and sta-

tistical analysis of cell survival rate in each time point (right).

(G-J) In subcutaneous xenograft mouse model, the statistical analysis of relative lipid ROS and MDA content in Hepa1-6, Hepa1-6-OE-MerTK, Res1-6, and Res1-

6-sh-MerTK strains treated with anti-PD-L1 or IgG.

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; **p < 0.01 and ***p < 0.001.
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Figure 3. Suppression of SLC7A11 sensitizes anti-PD-L1 treatment caused by MerTK

(A) Volcano plot of differentially expressed proteins in protein mass spectrometry.

(B) Western blot of SLC7A11 expression in Hepa1-6, Res1-6, HCA-1, and Res-CA1.

(C) IHC staining of SLC7A11 in Hepa1-6, Res1-6, HCA-1, and Res-CA1 subcutaneous tumor tissues.

(D) IHC staining of SLC7A11 expression in HCC tissues from sensitive and resistant patients with anti-PD-1/PD-L1 therapy, and statistical analysis.

(E) The correlation between MerTK and SLC7A11 expression in tumor tissues from HCC patients received anti-PD-1/PD-L1 therapy, Pearson product-moment

correlation coefficients and p values are shown.

(F and G) (F) Schematic illustrating the procedure of anti-PD-L1 or IgG treatment in Res1-6 and Res1-6-shSLC7A11 subcutaneous tumor model, and (G) the

representative images of subcutaneous tumor in different groups.
(H) Statistical analysis of tumor growth curves.

(I and J) Western blot analysis of p-MerTK, MerTK, SLC7A11, and B-actin expression in Hepa1-6, Hepa1-6-OE-MerTK, Res1-6, and Res1-6-shMerTK subcu-

taneous tumor treated with anti-PD-L1 or IgG.

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; **p < 0.01 and ***p < 0.001.

decreased ratio of Hepa1-6 cells (Figures S3A-S3C). On the
other hand, the Hepa1-6 and Hepa1-6-OE-SLC7A11 cells were
labeled with red and green fluorescent dye marker, respectively,
and cocultured under erastin treatment conditions. We found
that the cell survival ratio of the Hepa1-6-OE-SLC7A11 cells
gradually increased and the ratio of Hepal-6 cells gradually
decreased in a time-dependent manner (Figures S3A, S3B,
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and S3D). Consistent with these observations, the knockdown
of SLC7A11 in Res1-6 significantly induced lipid ROS and
MDA contents in the resistant muse model with PD-L1 treatment
(Figures S3E and S3F). To further validate the correlation be-
tween the SLC7A11-mediated ferroptosis and anti-PD-L1
response in HCC, we compared the responses to anti-PD-L1
therapy between the Res1-6 and Res1-6-shSLC7A11 tumors
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in a resistant mouse model (Figure 3F). Compared with the
Res1-6 tumors, mice bearing Res1-6-shSLC7A11 tumors
showed more sensitivity to anti-PD-L1 therapy (Figures 3G and
3H). To demonstrate whether SLC7A11 is critical for anti-PD-
L1 resistance induced by MerTK, we analyzed SLC7A11 expres-
sion in mouse tumor models bearing MerTK. Correspondingly,
dramatic increases in SLC7A11 expression were demonstrated
in subcutaneous xenografts of mouse models with MerTK over-
expression (Figure 3l). On the other hand, SLC7A11 expression
was downregulated in the tumor tissues of the resistant model
when MerTK was knocked down (Figure 3J). We then analyzed
the relationship between MerTK and SLC7A11 in the protein
expression level in human HCC tissues using IHC on the TMA
and found that MerTK expression was positively correlated
with SLC7A11 expression in HCC (R = 0.31, p = 0.0035) (Fig-
ure S3G). Consistent with this, we observed a positive correla-
tion between MerTK and SLC7A11 levels across a panel of
HCC cell lines (Figure S3H). A survival analysis showed that pa-
tients with high MerTK and SLC7A11 expression had shorter
overall survival (OS) (Figures S3I-S3K; Tables S2 and S3).
Together, our analyses suggested that MerTK inhibits ferroptosis
regulated by SLC7A11 in resistant HCC.

As previous studies have reported that there are several clas-
sical downstream signaling pathways of MerTK,”**® we ques-
tioned which downstream signaling pathway was activated
and mediated upregulation of SLC7A11 in resistant tumors.
Western blot analysis demonstrated that the ERK/SP1 pathway
was remarkably altered.?” Both MerTK knock down and ERK
inhibitor-HY-126288 treatment in the Res1-6 tumor cells signifi-
cantly decreased the expression of p-ERK, p-SP1, and SLC7A11
(Figure 4A). On the other hand, overexpression of MerTK in
Hepa1-6 cells significantly increased SLC7A11 protein expres-
sion, and ERK inhibitor-HY-126288 treatment decreased
SLC7A11 protein expression in Hepal-6-OE-MerTK cells (Fig-
ure 4B). The fluorescent probe C11-BODIPY assay revealed
that Hepa1-6-OE-MerTK cells had decreased lipid ROS levels
induced by erastin, while the ERK inhibitor treatment in Hepa1-
6-OE-MerTK cells increased lipid ROS levels (Figures 4C and
4D). Compared with Res1-6 cells, the Res1-6-sh-MerTK cells
had increased lipid ROS levels induced by erastin, and ERK in-
hibitor treatment in Res1-6 cells increased lipid ROS levels
(Figures 4C and 4E). We further found that overexpression of
MerTK in Hepal-6 cells significantly decreased cell death
induced by erastin, and ERK inhibitor treatment in Hepal-6-
OE-MerTK cells increased cell death induced by erastin
(Figures 4F and 4G). Compared with Res1-6 cells, Res1-6-sh-
MerTK cells increased cell death induced by erastin and ERK in-
hibitor treatment in Res1-6 cells also increased cell death
(Figures 4F and 4H). These observations indicated that MerTK
suppresses SLC7A11-mediated ferroptosis for anti-PD-L1 resis-
tance via the ERK/SP1 pathway.

MerTK induces anti-PD-L1 resistance by favoring a
protumor TME with recruitment of MDSCs

There is emerging evidence for the importance of the TME in the
immunotherapy response in cancer. To better understand the
mechanistic role of MerTK in anti-PD-1/PD-L1 resistance, we
looked further into the immune characterization of the resistant
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HCCs. Compared with Hepa1-6 tumors, we found a significant
reduction in CD8* T cells and IFNy*CD8* T cells in Res1-6 tu-
mors, whereas the percentage of MDSCs significantly increased
using flow cytometry (Figures S4A and S4B). To detect the spe-
cific alteration of the MDSCs in vivo, mouse MDSCs were
further classified into gMDSCs (CD45*, CD11b*, Gr1*, Ly6C™,
and Ly6G*) and mMDSCs (CD45*, CD11b*, Gr1*, Ly6C*, and
Ly6G™) (Figures S4C). Compared with Hepal-6 tumors, we
found a significant increase in the percentage of MDSCs, and
gMDSCs in Res1-6 tumors, and the mMDSCs also increased
but did not show a significant difference (Figures S4D). Then,
multiplex immunofluorescence (MmfIHC) was used to visualize
the MerTK and SLC7A11 expressions and immune subsets in
the HCC patients who received anti-PD-1/PD-L1 therapy and
found elevated expression levels of MerTK and SLC7A11, as
well as an increased infiltration of MDSCs (CD11b*CD15"/
CD11b*CD14"), gMDSCs (CD11b*CD15"CD14 "), and mMDSCs
(CD11b*CD15-CD14") in the tumor tissues of resistant HCC pa-
tients compared with that in HCC patients with sensitivity
(Figures S4E-S4G). Correspondingly, MerTK expression was
positively correlated with SLC7A11 expression in anti-PD-1/
PD-L1-resistant HCC patients (R = 0.821, p = 0.034)
(Figures S4E and S4H). In addition, the mflHC results also
showed a positive correlation between the expression level of
MerTK and the proportion of total MDSCs (R = 0.857, p =
0.024) (Figures S4E and S4l), and gMDSCs (R = 0.786, p =
0.048) (Figures S4E and S4J) in anti-PD-1/PD-L1-resistant
HCC patients. The correlation between the expression level
of MerTK and the proportion of mMDSCs did not show signifi-
cantly correlation in anti-PD-1/PD-L1-resistant HCC patients
(Figures S4E and S4K). Next, to explore the functions of MerTK
in the TME, we evaluated the correlation between MerTK expres-
sion and the antitumor activity of cytotoxic T cells in TCGA’s
database and found that cytotoxic T cells mediated prolonged
overall survival in patients with low expression of MerTK but
not in patients with high MerTK expression (Figure 5A), suggest-
ing that MerTK reduces the antitumor effects of cytotoxic T cells.
In addition, TCGA’s database also showed a negative correlation
between the expression level of MerTK and the enrichment of
cytotoxic CD8* T cells (Figure 5B). Then, mflHC was further
used to visualize the MerTK expression and immune subsets in
human HCC tissue microarray and found that patients with
high MerTK expression had significantly lower infiltration of
CD8" T cells (Figures 5C and 5D) and higher infiltration of
MDSCs (CD11b*, CD15*/CD14") (Figures 5C and 5E). Specif-
ically, the group with high MerTK expression had significantly
higher infiltration of gMDSCs (CD11b*, CD15*, and CD14")
(Figures 5C and 5F). The enrichment of mMDSCs (CD11b™,
CD157, and CD14") did not show a significantly difference in
the HCC tumor tissue between the groups with high and low
MerTK expression (Figures 5C and 5G). The correlation between
the expression level of MerTK and the proportion of MDSCs
show significantly correlation in HCC patients (Figure 5H). We
further evaluated the immunological profiles in mouse models
bearing stable expression of MerTK. Compared with Hepa1-6
tumors, overexpression of MerTK resulted in a significant reduc-
tion of CD8" T cells and IFNy*CD8* T cells and an increase in the
percentage of MDSCs (Figures 51 and S5A). On the contrary,
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Figure 4. MerTK regulates HCC tumor cell ferroptosis via the ERK/SP1 pathway
(A) Western blot analysis of p-MerTK, MerTK, p-ERK, ERK, p-SP1, SP1, SLC7A11, and B-actin expression in Res1-6, Res1-6-shMerTK, and Res1-6 treated with

ERK1/2 inhibitor (HY-126288).

(B) Western blot analysis of p-MerTK, MerTK, p-ERK, ERK, p-SP1, SP1, SLC7A11, and B-actin expression in Hepa1-6, Hepa1-6-OE-MerTK, and Hepa1-6-OE-

MerTK treated with ERK1/2 inhibitor.

(C-E) (C) Fluorescence detection of lipid ROS by C11-BODIPY and (D) statistical analysis of relative lipid ROS fluorescence signal in Hepa1-6 tumor cells and (E) in

Res1-6 tumor cells.

(F-H) (F) Fluorescence detection of dead cells by SYTOX Green, (G) statistical analysis of percentage dead cells in Hepa1-6 tumor cells and (H) in Res1-6 tumor

cells.

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; **p < 0.01 and ***p < 0.001.
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knockdown of MerTK in Res1-6 significantly increased the pop-
ulation of CD8* T cells and IFNy*CD8* T cells, and decrease the
levels of MDSCs (Figures 5J and S5B). The, we further determine
the specific MDSCs populations affected by MerTK alterations
in vivo, and found that overexpression of MerTK resulted in a sig-
nificant increase in the percentage of MDSCs and gMDSCs, and
the percentage of mMMDSCs also increase but did not show sig-
nificant difference (Figures S5C and S5D). On the other hand,
knockdown of MerTK in Res1-6 significantly decreased the per-
centage of MDSCs and gMDSCs, and the percentage of
mMDSCs also decreased (Figures S5E and S5F). To explore
the possibility of antitumor immune mediators underlying
MDSCs accumulation in anti-PD-L1 resistance induced by
MerTK, we evaluated the chemokine profiles using gRT-PCR
and found that the levels of CSF3 significantly increased in resis-
tant tumors (Figure S5G). Furthermore, overexpression of MerTK
resulted in a significant increase in CSF3 in vivo (Figure S5H).
Similar changes in CSF3 expression were observed in Hepal-
6-OE-MerTK culture medium with an ELISA assay (Figure S5I).
To further explore whether MerTK affects the chemotactic
migration of MDSCs in resistant HCC, we established an
in vitro coculture system using a Transwell migration assay of
MDSCs. Hepa1-6-OE-MerTK tumor cells significantly increased
the migration of MDSCs. Similarly, adding CSF3 chemokine to
the Hepa1-6 tumor cells’ culture medium significantly increased
MDSCs migration. Both the neutralizing antibody of CSF3 and
G-CSFR (CSF3 receptor) significantly decreased MDSCs migra-
tion induced by lower chamber Hepa1-6-OE-MerTK tumor cells
(Figures S5J and S5K). We further assessed the interplay be-
tween CSF3 and MDSCs recruitment in vivo using the anti-
CSF3 antibody. Compared with Hepal-6-OE-MerTK tumor,
anti-CSF3 antibody treatment decreased tumor weight and tu-
mor growth in vivo (Figures S6A-S6C). Flow cytometric analysis
revealed that anti-CSF3 treatment significantly reduced MDSC
infiltration (Figures S6D and S6E).

To detect whether MDSCs are the main immune mechanism in
mediating resistance, we isolated MDSCs from MerTK overex-
pression tumor and evaluated CD8" T cell killing efficiency using
aT cell/MDSC coculture assay. The results show that CD8"* T cell
cytotoxic efficiency was inhibited by MDSCs in the coculture
system (Figures S6F). With the increase in the ratio of MDSCs,
the cell viability of Hepa1-6-OE-MerTK tumor cells significantly
increased (Figure S6G). The concentration of IFN-y and gran-
zyme B secreted from CD8* T cells was effectively inhibited by
MDSCs in the coculture assay (Figures S6H and S6l). The assay
of carboxyfluorescein succinimidyl ester (CFSE)-labeled CD8*
T cells demonstrated that MDSCs, derived from tumors overex-
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pressing MerTK, could effectively inhibit the proliferation of CD8"*
T cells in vitro (Figure S6J). Then, we assessed the therapeutic
efficacy of anti-Gr-1, which could eliminate MDSCs, in combina-
tion with anti-PD-L1 in Hepa1-6-OE-MerTK cells in the mouse
model. Compared with monotherapy, the combination therapy
significantly decreased tumor weight and tumor growth in the
subcutaneous Hepal-6-OE-MerTK tumors (Figures S6K-S6M).
Collectively, these data suggest that MerTK induces anti-PD-
L1 resistance by favoring a protumor TME through the recruit-
ment of MDSCs and a significant reduction of CD8" T cells and
IFNy*CD8" T cells.

Inhibition of MerTK increases the efficacy of PD-L1
antibody

Given the ability of MerTK to manipulate ferroptosis and favor an
immunosuppressive TME, we sought to determine whether tar-
geting MerTK could increase ferroptosis and thereby enhance
HCC response to anti-PD-L1 blockade. We treated Res1-6 cells
with different kinds of MerTK inhibitors, including UNC5293,
UNC2541, UNC1267, and sitravatinib in vitro and found that
MerTK inhibitors could effectively inhibit the viability of Res1-6
cells. Among these drugs, sitravatinib displayed a much lower
IC50 in inhibiting Res1-6 cells compared with the others
including UNC5293, UNC2541, and UNC1267 (Figure 6A). PI
staining assay demonstrated that sitravatinib promoted era-
stin-induced ferroptosis of Res1-6 cells in vitro (Figure 6B). Using
the fluorescent probe C11-BODIPY, we observed that sitravati-
nib increased lipid ROS levels induced by erastin in Res1-6 cells
(Figure 6C). Compared with erastin treatment alone, we further
confirmed the significant increase in death of Res1-6 cells
when treatment with erastin and sitravatinib was combined, us-
ing SYTOX Green staining assay (Figure 6D). These results
demonstrate that targeting MerTK increases the ferroptosis of
Res1-6 cells induced by erastin.

The potential role of MerTK in triggering resistance provided
us with a strong rationale for further targeting MerTK to sensitize
resistant HCC to anti-PD-L1 therapy. To this end, we further
investigated sitravatinib therapy in the anti-PD-L1-resistant tu-
mor model and treated mice bearing Res1-6 tumors with sitrava-
tinib, anti-PD-L1 antibody, and their combination. Compared
with monotherapy or the control, the combination therapy signif-
icantly decreased the tumor weight and tumor growth in the sub-
cutaneous Res1-6 tumors (Figures 6E, S7A, and S7B). To further
validate the efficacy of the combination treatment, we estab-
lished an orthotopic Res1-6 mouse model. We observed signif-
icant tumor regression, reduced number of lung metastases
and prolonged mouse survival for the combination compared

Figure 5. MerTK induces anti-PD-L1 resistance by favoring a protumor microenvironment

(A) Relationship between overall survival and CTL levels in HCC patients with low and high MerTK gene copy numbers.

(B) The correlations between the mRNA expression levels of MerTK and cytotoxic CD8" T cells.

(C) The representative image of HCC tissue stained with MerTK (red), CD8 (gold), CD11b (purple), CD15 (green), and CD14 (pink).

(D-G) (D) The percentage statistical analysis of CD8" T cells (E) MDSCs, (F) gMDSCs, and (G) mMDSCs in tumor tissues.

(H) The correlation analysis between the expression of MerTK and the enrichment of MDSCs.

(land J) T-distributed stochastic neighbor embedding (t-SNE) plot of tumor-infiltrating leukocytes overlaid with color-coded clusters and the frequency of clusters
of the indicated immune cell subsets, including CD3* T cells, CD8* T cells, IFNy*CD8™" T cells, CD4* T cells, CD11b* cells, and MDSCs in Hepa1-6, Hepa1-6-OE-
MerTK, Res1-6, and Res1-6-shMerTK subcutaneous tumor model treated with anti-PD-L1 or IgG (left) and the statistical analysis (right).

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; *p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 6. Inhibition of MerTK promotes ferroptosis and increases the efficacy of PD-L1 antibody in resistant HCC
(A) Cell viability (percentage) analysis of Res1-6 cells following MerTK inhibitors (sitravatinib, UNC5293, UNC2541, and UNC1267) at different concentrations (0,

0.1, 0.5, 1.0, 2.0, 4.0, 8.0, 16.0, and 32.0 pM).

(B) Cell death detection by propidium iodide (PI) staining (left) and statistical analysis (right).

(C) Fluorescence detection of lipid ROS by C11-BODIPY (left) and statistical analysis of relative lipid ROS fluorescence signal (right). (D) Fluorescence detection of
dead cells by SYTOX Green (left) and statistical analysis of percentage dead cells (right).

(E) The representative images of subcutaneous tumor in Res1-6 strains were treated with IgG, sitravatinib, anti-PD-L1 or their combination (left) and the statistical

analysis of tumor growth curves (right).

(F) The representative images of orthotopic tumor in Res1-6 strains were treated with IgG, sitravatinib, anti-PD-L1 or their combination (left) and the statistical

analysis of survival curves (right).

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; *p < 0.05, **p < 0.01, and ***p < 0.001.

with that of control or single agent alone (Figures 6F and S7C).
We performed the same combinatory treatment in the subcu-
taneous Res-HCA-1 tumors and found that the combination
treatment of sitravatinib plus PD-L1 antibody inhibited
tumor growth more effectively than monotherapy or control
(Figures S7D-ST7F). Similar results were further confirmed in
the orthotopic HCA-1 mouse model, in which the combination

treatment resulted in significantly higher antitumor activity and
longer mouse survival than the control or any single agent
(Figures S7G-S7K). In addition, no significant changes in the
biochemical indicators of the liver and kidney functions were
observed (Figures S7L-S70). Collectively, these results demon-
strate that targeting MerTK in combination with anti-PD-L1 has
the potential to overcome anti-PD-1/PD-L1 resistance.
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Sitravatinib plus PD-L1 antibody activates ferroptosis
and reduces MDSC infiltration in HCC
microenvironment

To further understand the antitumor response to the combination
of sitravatinib and anti-PD-L1, we evaluated the immunological
profiles in the Res1-6 subcutaneous tumors. Compared with
control group, flow cytometric analysis of the Res1-6 tumors re-
vealed a significant reduction in MDSCs in mice treated with si-
travatinib or in combination with anti-PD-L1. Moreover, the infil-
trating of CD8* T cells, IFNYy*CD8" T cells, and the secretion of
IFN-v increased in the combination treatment group compared
with sitravatinib or anti-PD-L1 alone (Figures 7A, 7B, and S7P).
In addition, the expression of CSF3 and MDSC infiltration
decreased in sitravatinib treatment groups (Figures 7A, 7B,
S7Q, and S7R). Western blot showed that sitravatinib could
effectively inhibit MerTK activity and downregulate SLC7A11
expression, while their combination demonstrated a synergistic
effect on p-MerTK and SLC7A11 levels in Res1-6 tumors (Fig-
ure 7C). Consistent with the western blot findings, IHC scores
for p-MerTK and SLC7A11 in the combinational treatment group
were significantly lower than those of the other groups (Fig-
ure 7D). In addition, we also carried out IHC staining of Ki-67 in
the Res1-6 subcutaneous tumors. The results indicate that resis-
tant tumors treated with their combination expressed lower
Ki-67 compared with those treated with a single agent alone (Fig-
ure 7D). Then, to investigate the regulation of ferroptosis after
combined therapy, we evaluated biomarkers indicative of ferrop-
tosis, such as lipid ROS and MDA contents, in resistant tumors
with different treatments. Compared with each agent alone,
the combination of sitravatinib and anti-PD-L1 significantly
increased the levels of lipid ROS and MDA contents in both in
Res1-6 tumors (Figures 7E and 7F) and Res-HCA-1 tumors
(Figures 7G and 7H).

DISCUSSION

In recent years, ICl-based therapies (PD-1/PD-L1 blockade)
have achieved unprecedented success for the treatment of
advanced HCC patients. However, only a fraction of HCC
patients derive long-term benefit, and a large number of
responders acquire resistance after initial responses,”>° high-
lighting the urgent need to understand the underlying mecha-
nisms of resistance. Our results from the resistant mouse models
demonstrate that MerTK induces anti-PD-1/PD-L1 resistance by
suppressing ferroptosis and favoring a protumor TME as a po-
tential mechanism by which HCC escapes from PD-1/PD-L1
blockade. Moreover, the analysis of clinical HCC data also sup-
ports a positive association between MerTK and SLC7A11.
Notably, our findings indicate that blocking MerTK increases fer-
roptosis and enhances the efficacy of immune-checkpoint-
based therapies in HCC, which supports that MerTK inhibitor
may be used as an adjuvant for immune-checkpoint-based
treatment of HCC.

Individual tumors induce distinct pathways of immune check-
point reprogramming to escape immune surveillance. Previous
work reported that resistance to PD-1/PD-L1 blockade therapy
can be caused by both tumor-intrinsic and tumor-extrinsic fac-
tors.?® Here, we established in vivo resistant mouse models to
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investigate the potential mechanisms involved in anti-PD-L1/
PD-1 resistance in HCC. Through an analysis of the proteomics
in models with PD-L1 resistance, our study demonstrates that
the HCC cells developed resistance to PD-L1 through the upre-
gulation of MerTK. Previous studies have found that MerTK is
required for tumor proliferation and metastasis.” In addition,
the MerTK signaling pathway plays an essential role in contrib-
uting to an immunosuppressive TME via the regulation of macro-
phage, MDSC, T cell, and natural killer (NK) cell functions.”®
Recently, Liu et al.’ found that MerTK ablation increased ROS
production and promoted a switch from a glycolytic metabolism
to oxidative phosphorylation in HCC. Our data, obtained in hu-
mans and mice, demonstrate that MerTK is critical for immuno-
therapy resistance, suggesting that MerTK could be considered
a possible predictive biomarker for patient selection and a prom-
ising therapeutic target to overcome anti-PD-1/PD-L1 resistance
in HCC.

Previous studies have shown that tumor cells that escape from
ferroptosis promote anti-PD-1/PD-L1 therapy resistance.””**
On the other hand, immune cell ferroptosis in the TME such as
neutrophil ferroptosis increases the release of oxygenated lipids
to create an immunosuppressive TME and limits the activity of
tumor-infiltrating CD8* T cells.*® In this study, we found that
MerTK induces anti-PD-L1 resistance by suppressing tumor
cell ferroptosis through the upregulation of the ferroptosis inhib-
itor SLC7A11 via the ERK/SP1 pathway. Our findings revealed a
direct link between MerTK and ferroptosis networks in resistant
HCC, and broaden our understanding of the regulatory mecha-
nism of immunotherapy resistance on the basis of PD-1/PD-L1
blockade. Because of the multiple biological functions of the
MerTK signaling pathway,’+*° the finding that MerTK is a regu-
lator of ferroptosis in HCC with acquired resistance to PD-1/
PD-L1 blockade implies that ferroptosis contributes to many
kinds of physiological and pathological states.

In the context of ICI-based therapies, a comprehensive anal-
ysis of the TME needs to be implemented. Here, we uncovered
that anti-PD-L1 therapy-resistant HCC exhibited increased
MDSC infiltration via CSF3 induced by MerTK. MDSCs are uni-
versally acknowledged as the cornerstone of an immunosup-
pressive TME.®" Our study reveals that the TME undergoes
adaptive reprogramming with the recruitment of MDSCs under
the continued pressure of PD-L1/PD-1 blockade, which provides
an insight into how MerTK regulates an immunosuppressive
TME in HCC with acquired resistance to PD-1/PD-L1 inhibitors.

There is great interest in developing rational combination ther-
apy strategies by overcoming immune resistance and further
enhancing antitumor efficacy. Combining ferroptosis induction
with MDSCs blockade renders primary tumors and metastases
in the liver sensitive to immune checkpoint blockade.®* Here,
we demonstrated that the MerTK axis affects the efficacy of
immunotherapy by regulating ferroptosis, suggesting that tar-
geting MerTK is an attractive strategy to enhance the efficacy
of anti-PD-1 antibody in HCC. Using preclinical animal models,
we found that sitravatinib, a tyrosine kinase inhibitor (TKI) that
targets MerTK, could overcome immune checkpoint blockade
resistance by inducing ferroptosis and the infiltration of CD8"
T cells and IFNy*CD8" T cells, and reducing MDSCs recruitment
in the TME. Sitravatinib, an oral TKI that potently targets the TAM
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Figure 7. Sitravatinib combined with PD-L1 antibody increases ferroptosis and reduces MDSC infiltration in HCC microenvironment

(A and B) (A) T-SNE plot of tumor-infiltrating leukocytes overlaid with color-coded clusters and the frequency of clusters of the indicated immune cell subsets,
including CD3* T cells, CD8* T cells, IFNy*CD8" T cells, CD4* T cells, CD11b™ cells, and MDSCs in Res1-6 strains treated with IgG, sitravatinib, anti-PD-L1, or
their combination and (B) the statistical analysis.

(C) Western blot analysis of p-MerTK, MerTK, SLC7A11, and B-actin expression in different groups.

(D) The representative imagines of IHC staining of p-MerTK, MerTK, and Ki-67 from subcutaneous tumors treated with IgG, sitravatinib, anti-PD-L1 or their
combination. Scale bar: 100 um.

(E-H) In subcutaneous xenograft mouse model, the statistical analysis of relative lipid ROS and MDA content in Res1-6 and Res-CA1 strains treated with IgG,
sitravatinib, anti-PD-L1, or their combination.

All results are shown as mean + SEM (n = 5). One- or two-way ANOVA was used to analyze the data; *p < 0.05, **p < 0.01, and **p < 0.001.
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(TYRO3, AXL, and MERTK) receptors, vascular endothelial
growth factor receptor (VEGFR) family, c-Kit, c-MET, FLT3,
and the platelet-derived GFR (PDGFR) family.**** Du W. et al.
found that sitravatinib could effectively inhibit MerTK activation
and possessed potent antitumor activity via targeting the TME,
resulting in innate and adaptive immune cell changes that
augment immune checkpoint blockade.® As with all preclinical
model systems and human clinical and pathological correlations,
our results suggested a potential translational strategy to over-
come ICl resistance mediated by MerTK in HCC therapy. Inter-
estingly, the combination of sitravatinib and ICls is being as-
sessed in a phase | trial in HCC (NCT03941873), which further
substantiates the hypotheses of our work. Furthermore, our
study showed that level of MerTK expression was positively
correlated with the efficacy of the anti-PD-L1 therapy in two
syngeneic mouse models and in patients who had received
anti-PD-1/PD-L1 therapy, suggesting that MerTK could be
used for clinical application as a predictor and target of the
response to cancer immunotherapy.

In conclusion, the present study demonstrated that MerTK up-
regulates SLC7A11 expression to suppress tumor cell ferropto-
sis, favors a protumor TME by recruiting MDSCs in the HCC
microenvironment, and, consequently, drives anti-PD-L1 ther-
apy resistance. Targeting MerTK is an effective strategy to in-
crease the therapeutic efficacy of PD-L1 antibody. The combina-
tion of MerTK inhibitor, sitravatinib, and ICls can efficiently
increase tumor cell ferroptosis, reduce MDSCs recruitment,
and promote CD8* T cell activation in PD-L1-resistant TME.

Limitations of the study

Our study has a clear translational outlook, and it is important to
know that sitravatinib is an inhibitor of many other receptor tyro-
sine kinases, such as Axl, KIT, FLT3, VEGFR3, VEGFR2, and
VEGFR1. Some of them are targeted by therapies, such as bev-
acizumab, which has been successfully combined with other
treatments, or other approved TKils. Nevertheless, our goal
was to discover the potential underlying mechanisms of anti-
PD-1/PD-L1 therapy resistance and find strategies for over-
coming this resistance. We believe that the combination strategy
of sitravatinib and immune checkpoint blockade to treat HCC
may demonstrate a long-term benefit and therapeutic value for
HCC patients.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse PD-L1 antibody Bio X Cell Cat#BE0361; RRID:AB_2927503

Anti-mouse SLC7A11 antibody
Anti-mouse MerTK antibody
Anti-mouse p-MerTK antibody
Anti-mouse ki67 antibody

Anti-mouse CD3 antibody
Anti-mouse CD8 antibody
Anti-mouse CD11b antibody
Anti-mouse Gr1 antibody
Anti-mouse ERK 1/2 antibody
Anti-mouse p-ERK1/2 (T202/Y204)
antibody

Anti-mouse SP1 antibody

Anti-mouse p-SP1 (T453) antibody

Anti-human CD15 antibody
Anti-human CD14 antibody

Anti-human CD11b antibody

Anti-mouse B-actin antibody

Anti-mouse IgG antibody

Anti-human HRP secondary antibody
BUV395 anti-mouse CD45 antibody

PE/cy7 anti-mouse CD3 antibody

BV/785 anti-mouse CD4 antibody
BV/510 anti-mouse CD8 antibody
Bv421 anti-mouse IFN-y antibody
PE anti-mouse CD11b antibody
FITC anti-mouse Ly6G antibody
Bv421 anti-mouse Ly6C antibody

Percp/cy5.5 anti-mouse Gr1 antibody
APC anti-mouse F480 antibody

Proteintech

SAB Signalway Antibody
SAB Signalway Antibody
Abcam

Abcam

Abcam

Abcam

Abcam

Cell Signaling Technology

Cell Signaling Technology

Proteintech

Abcam

Abcam
Abcam

Abcam

Proteintech

Bio X Cell

Yuanxibio
BD Biosciences

BioLegend

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

BioLegend
BioLegend

Cat#26864-1-AP; RRID:AB_2880661
Cat#32851
Cat#13320

Cat# ab92742;
RRID:AB_10562976

Cat#ab16669;
RRID:AB_443425

Cat#ab237709;
RRID:AB_2892677

Cat#ab52478;
RRID:AB_868788

Cat#ab25377;
RRID:AB_470492

Cat#9102;
RRID:AB_330744

Cat#4370;
RRID:AB_2315112

Cat#21962-1-AP;
RRID:AB_10898171

Cat#ab59257;
RRID:AB_946335

Cat#ab135377

Cat#ab133335;
RRID:AB_2889158

Cat#ab133357;
RRID:AB_2650514

Cat#60008-1-1g;
RRID:AB_2289225

Cat#BE0089;
RRID:AB_1107769

Cat#A10011-60

Cat#564279;
RRID:AB_2651134

Cat# 100219;
RRID:AB_1732068

Cat#100552; RRID:AB_2563053
Cat#100752; RRID:AB_2563057
Cat#505829; RRID:AB_10897937
Cat#101208; RRID:AB_312791
Cat#127606; RRID:AB_1236494

Cat# 128031,
RRID: AB_2562177

Cat#108428; RRID:AB_893558
Cat#123115; RRID:AB_893493

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli Tsingke Cat# Tsingke-001

Biological samples

Human PAAD tissue microarrays

Huashan Hospital

N/A

Chemicals, peptides, and recombinant proteins

Sitravatinib MCE Cat#HY-16961
SYBR TaKaRa Cat#RR067A
Red blood cell lysis buffer Tiangen Cat#RT122-01
CFSE Invitrogen Cat# 65-0850-84
BODIPY 581/591 C11 Invitrogen Cat# D3861
Pkh67 Green Fluorescent Cell Linker Kit Sigma-Aldrich Cat# PKH67GL
Propidium iodide Invitrogen Cat#P1304MP
SYTOX Green Invitrogen Cat#S7020
Critical commercial assays

IFN-y ELISA Kit R&D Systems Cat# MIF00
CSF3 ELISA Kit R&D Systems Cat# MCS00
Tumor Dissociation Kit Miltenyi Biotec Cat#130-096-730
Cell Counting Kit-8 Dojindo Cat#CKO04-11

MDSCs Isolation Kit

Miltenyi Biotec

Cat#130-094-538

Zombie NIRTM Fixable Viability Kit BioLegend Cat#423105
Critical commercial assays
Lipid Peroxidation MDA Assay Kit Beyotime Cat#S0131S

Deposited data

Raw and analyzed expression
profiling by array
Raw and analyzed expression
profiling by array
Proteomics data

https://www.ncbi.nIm.nih.gov/geo/

https://www.ncbi.nIm.nih.gov/geo/

This paper; iProX Data

GEO: GSE76427

GEO: GSE36376

iProX: IPX0007790000

Experimental models: Cell lines

Human: 293T

Human: HepG2

Human: Hep3B

Human: Huh7

Human: MHCC97-H

Human: HCC-LM3

Mouse: Hepa1-6

Institute of Biochemistry and Cell Biology,
Chinese Academy of Science (Shanghai
China

Institute of Biochemistry and Cell Biology,
Chinese Academy of Science (Shanghai
China

Institute of Biochemistry and Cell Biology,
Chinese Academy of Science (Shanghai
China)

Institute of Biochemistry and Cell Biology,
Chinese Academy of Science (Shanghai
China)

Liver Cancer Institute, University of Fudan
University, China

Liver Cancer Institute, University of Fudan
University, China

Institute of Biochemistry and Cell Biology,

Chinese Academy of Science (Shanghai
China

Cat# SCSP-502

Cat# SCSP-510

Cat# SCSP-5045

Cat# SCSP-526

N/A

N/A

Cat# SCSP-512

Experimental models: Organisms/strains

Mouse: C57BL/6
Mouse: C3H

Beijing Vital River Laboratory
Beijing Vital River Laboratory

Cat#219
Cat#212
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

shRNA target sequences for SLC7A11/ This paper N/A

MerTK, see Table S1

SLC7A11/MerTK cDNA clone, see Table S1 This paper N/A

PCR primers for B-actin/SLC7A11/MerTK/ This paper N/A

Csf1/Csf2/Csf3/Cxcl1/Cxcl2, see Table S1
Recombinant DNA

pCDH-CMV-MCS-EF1-puro Ke Lei Biological Technology Cat# kl-zI-0287-01

psPAX Ke Lei Biological Technology Cat#12260-20ul

pMD2.G Ke Lei Biological Technology Cat#12259-20ul

pLKO.1-Puro Ke Lei Biological Technology Catitkl-zI-0961-01

pCMV-Gag-pol Ke Lei Biological Technology Cat# kl-zI-0178-01

VSVG Ke Lei Biological Technology Cat# kl-zI-0955-01

Software and algorithms

Prism 9.0.0 GraphPad Software https://graphpad.com/scientific software/
prism/

RStudio (v1.4.1106) RStudio https://www.rstudio.com/

TIMER2.0 Dana Farber Cancer Institute http://timer.cistrome.org/

Flowdo v10.7.2 BD Biosciences https://www.flowjo.com/solutions/flowjo/
downloads

Fiji ImageJ https://imagej.net/software/fiji/

SlideViewer 3DHISTECH https://www.3dhistech.com/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Qiongzhu Dong (gzhdong@
fudan.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data needed to evaluate the conclusions in the paper are present in the paper or the supplemental information.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Datasets, patients and follow-up

The RNA-sequencing-based gene expression data and clinical data of 370 HCC tumor samples were downloaded from The Cancer
Genome Atlas (TCGA, https://portal.gdc.cancer.gov/). Data from GSE76427 and GSE36376 were retrieved from the public GEO
database (http://www.ncbi.nlm.nih.gov/geo). The “R” software was used to normalize the original RNA-sequencing data to tran-
script per million reads (TPM).

Ten patients who had curative resection for HCC at authors’ institutes from September 2019 to October 2021 were enrolled in this
study. All patients who had surgical resection were diagnosed with HCC and agreed with written informed consent in accordance
with ethical approval by the Ethics Committee of Huashan Hospital, Fudan University (Shanghai, China). All patients had complete
clinical cases and follow-up data. During the follow-up period, the routine blood tests, liver and kidney function and tumor markers
were re-examined every month. Magnetic resonance imaging (MRI) scan or computed tomography (CT) was monitored every
6 months.
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Cell cultures and animals
HEK 293T cells, human HCC cell lines (HepG2, Hep3B, and Huh7) and mouse HCC cell line (Hepa1-6) were purchased from the Insti-
tute of Biochemistry and Cell Biology, Chinese Academy of Science (Shanghai China). Human HCC cell lines (MHCC97-H, HCC-
LM3), and mouse HCC cell line (HCA-1) were obtained from the Liver Cancer Institute at Fudan University (Shanghai, China) as pre-
viously described.**° These cell lines were cultured in Dulbecco’s modified Eagle’s Medium (DMEM) (Hyclone) supplemented with
10% fetal bovine serum (FBS) (Gibco). All cell lines were routinely maintained at 37.0°C in a humidified incubator with 5% CO..
Male C57BL/6 mice (8-weeks-old, 25-27g) and C3H mice (8-weeks-old, 25-30g) were purchased from Shanghai Slac Laboratory
Animal Co. and maintained on standard rodent chow and water ad libitum. Prior to any surgical procedures, all mice were given intra-
peritoneal (i.p.) injection of Pentobarbital Sodium (40 mg/kg; Sigma Aldrich, St.Louis, MO, USA) and conducted in the SPF laboratory.
All procedures involving animals were approved by The Animal Care and Use Committee of Fudan University (Shanghai, China).

Animal studies and establishment of resistance models

To establish the subcutaneous HCC model, Hepa1-6 cells or HCA-1 cells (2 x 108 cells in 100 uL of phosphate buffer saline [PBS])
were injected into the right flanks of mice. Mice bearing tumors about 50 mm? in volume were divided in 2 groups. For treatment with
antibody, 200 pg mouse anti-PD-L1 antibody (BE0361, Bio X Cell) or IgG control (BE0089, Bio X Cell) was injected intraperitoneally
(i.p.) twice a week. For the in vivo anti-PD-L1 resistant model, Hepa1-6 cells or HCA-1 cells were inoculated into the right flanks of
mice. Anti-PD-L1 antibody was administered to the mice 6 times at 3-day intervals. Tumors were harvested and dissociated for
culturing. The treatment cycle was repeated 3 more times to obtain Hepa1-6 anti-PD-L1 antibody resistant cells (Res1-6 cells) or
HCA1 anti-PD-L1 antibody resistant cells (Res-CA1 cells). For the orthotopic implantation HCC model, subcutaneous tumors
were collected and minced into 1 mm? sections, and then inoculated into the left liver lobes of mice to establish orthotopic implan-
tation model. To evaluate tumor metastasis in vivo, lungs were collected and fixed in 4% formalin when the mice were sacrificed.
Lung metastatic nodules were calculated by hematoxylin and eosin (HE) staining on consecutive sections. Survival analysis was per-
formed using GraphPad Prism 8 (GraphPad Software).

For mouse HCC cells including Res1-6-sh-control, Res1-6-shMerTK, Hepa1-6-OE-control, and Hepa1-6-OE-MerTK cells (2 x 10°
cells in 100 uL of PBS) were injected into the right flank of C57BL/6 mice (5 mice/group). All tumors were collected, and the tumor
weight was measured. For the sitravatinib and anti-PD-L1 antibody combination treatment study, mice were treated daily with vehicle
control (90% corn oil and 10% DMSO) or sitravatinib (20 mg/kg, HY-16961, MCE) once per day for 6 days a week by oral adminis-
tration, and 200 pg mouse anti-PD-L1 antibody (BE0361, Bio X Cell) or IgG control (BE0089, Bio X Cell) (i.p.) twice a week. Tumor
volume was measured using the formula: 1/2 x (length x width?), that the length is the longest diameter of the tumor and width is
the shortest diameter.

METHOD DETAILS

Enzyme-linked Immunosorbent assays (ELISASs)

The cell culture medium or tumor tissue homogenate were obtained before operation and separated by centrifugation (10,000 g for
10 min) at 4°C. Double-blinded quantitative detection of IFN-y and CSF3 were performed using the mouse IFN-y ELISA kit (R&D Sys-
tems, USA) and CSF3 ELISA kit (R&D Systems, USA) according to the manufacturer’s instructions. ELISA plates (MaxiSorp, Nunc)
were coated over night at 4°C with 4 ng/mL goat anti-mouse IgM (KPL) in PBS pH 7.4. After washing the plates two times with Block-
ing Buffer (PBS pH 7.4, 0.25% BSA, 0.05% Tween 20), plates were blocked with Blocking Buffer for 2 h at RT. Plates were washed
two times with PBS pH 7.4, stabilized and dried using a commercial plate stabilizer (Liquid PlateSealer, Candor) according to the
manufacturer’s recommendations. The anti-IFN-y and anti-CSF3 antibodies in medium were diluted 1:100 in Dilution Buffer (PBS
pH 7.4, 0.05% Proclin 300, 0.01% phenol red). Per well, 50 pL of cell culture medium was applied and the plates were incubated
for 60 min at RT (23°C). After washing the plates three times with Wash Buffer (100 mM Tris/HCI pH 7.4, 150 mM NaCl, 0.05% Tween
20, 0.005% ProClin 300, 300 uL/well), 50 uL HRP-labeled CCHFV-NP (final dilution 1:50,000 in Conjugate Dilution Buffer (PBS pH 7.4,
1% BSA, 0.5% FCS, 1% Nonidet P40, 0.1% ProClin 300) was added and the plates were incubated for 60 min at RT (23°C). Plates
were washed again three times with Wash Buffer (300 pL/well), and 100 puL SureBlue Reserve TMB Microwell Peroxidase Substrate
(KPL) was added per well. Plates were incubated for 20 min at RT (23°C) and the reaction was stopped by the addition of 100 pL 1N
sulfuric acid (Merck) per well. The HRP reaction product was quantified by measuring optical density at 450 nm and 620 nm on a
Spectrostar Nano ELISA reader (BMG Labtech).

TMT proteomics analysis and bioinformatic analysis

Hepa1-6 and Res1-6 tumor cells were harvested and sonicated three times on ice using a high intensity ultrasonic processor (Scientz)
in lysis buffer (8 M urea, 5 uM TSA and 10 mM NAM, and 1% Protease Inhibitor Cocktail). Then, 1:50 trypsin-to-protein mass ratio
trypsin digestion was performed overnight with the protein solution, 1:100 trypsin-to-protein mass ratio digestion was performed for 4
h. Tryptic peptides were firstly dissolved in 0.5 M TEAB. Each peptide channel was labeled with its respective TMT reagent (based on
manufacturer’s protocol, Thermo Fisher Scientific, #90068). Measurement conditions of liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis was performed on a Q Exactive mass spectrometer (Thermo Scientific) that was coupled to Easy nLC
(Proxeon Biosystems, now Thermo Fisher Scientific) for 90 min. The mass spectrometer was operated in positive ion mode. MS data
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was acquired using a data-dependent top10 method dynamically choosing the most abundant precursor ions from the survey scan
(300-1800 m/z) for HCD fragmentation. Automatic gain control (AGC) target was set to 3e6, and maximum inject time to 10 ms. Dy-
namic exclusion duration was 40.0 s. Survey scans were acquired at a resolution of 70,000 at m/z 200 and resolution for HCD spectra
was set to 17,500 at m/z 200, and isolation width was 2 m/z. Normalized collision energy (NCE) was 30 and the underfill ratio, which
specifies the minimum percentage of the target value likely to be reached at maximum fill time, was defined as 0.1%. The instrument
was run with peptide recognition mode enabled. The MS raw data for each sample were searched using the MASCOT engine (Matrix
Science, London, UK; version 2.2) embedded into Proteome Discoverer (PD) 1.4 software (Thermo Scientific) for identification and
quantitation analysis.

Functional analysis was performed with Encyclopedia of Genes and Genomes (KEGG) database (http://kobas.cbi.pku.edu.cn/),
and Gene Ontology (GO) annotation (UniProt-GOA database: http://www.ebi.ac.uk/GOA/). Fisher’s exact test was used to test differ-
entially modified proteins with a p value less than 0.05. The significance of pathway enrichment was calculated by Fisher exact test
and corrected by BH algorithm, multiple tests with a corrected p value <0.05 are considered significant.

Migration and invasion assays

The migration and invasion ability of HCC cells were determined by using 24-well transwell chambers, with upper and lower culture
compartments separated by polycarbonate membranes with 8 um pores (Costar) coated with or without Matrigel (Corning). The bot-
tom chamber was filled with DMEM containing 20% FBS as a chemoattractant. The upper chamber, 5 x 10* cells, for migration/in-
vasion, were seeded into and maintained at 37°C in a humidified incubator containing 5% CO, with serum-free medium. Cells that
migrated to the underside of the membrane were stained with crystal violet, imaged, and counted with light microscope (x100, Le-
ica). All the in vitro assays were conducted three times with three repetitions.

Plasmid and cell transfections

To establish stable MerTK or SLC7A11 overexpression cell lines, MerTK cDNA (Mouse: NP_032613.1) or SLC7A11 cDNA (Mouse:
NP_036120.1) was cloned into pCDH-CMV-MCS-EF1-puro vector. The recombinant vector was co-transfected into HEK293T cells
with two other packaging plasmids psPAX2 and pMD2.G using Lipofectamine 3000 (Invitrogen, MA, USA). For the stable MerTK or
SLC7A11 knockdown cell lines, short hairpin RNA (shRNA) sequences against the MerTK (mouse) sequence or SLC7A11 (mouse)
sequence were cloned into the pLKO.1 puro retroviral vector. The recombinant vectors were co-transfected into HEK293T cells
with GAG-POL and VSVG plasmid using Lipofectamine 3000. All the primers are listed in Table S1.

RNA isolation and real-time quantitative reverse transcription PCR (qRT-PCR)
RNA isolation and cDNA obtaining were performed as described previously.*>*” For qRT-PCR analysis, cDNA was amplified using
SYBR Green Real-time PCR Master Mix (Takara, Japan). gRT-PCR reactions were performed in triplicates as the following condi-
tions: 95°C/20s, 40 cycles of 95°C/60s and 60°C/20s using the ABI PRISM 7900 Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) and repeated at least three times. Relative mRNA levels were analyzed by the -AACt method using B-actin as
the endogenous control and presented as 2 2CY- All the primers are listed in Table S1.

Flow cytometry

The single cells were isolated from mouse subcutaneous xenograft tumor by a semi-automated combined mechanical/enzymatic
process using the gentleMACS Dissociator and the Tumor Dissociation Kit (mouse, Miltenyi Biotec, Germany). Red blood cells
were lysed using red blood cell lysis buffer (Tiangen, China). Cell suspensions were blocked with mouse FcR blocking reagent (Mil-
tenyi Biotec, USA) and then stained with antibodies against mouse CD45 (BD Biosciences, #564279), CD3 (BioLegend, #100219),
CD4 (BioLegend, #100552), CD8 (BioLegend, #100752), IFN-y (BioLegend, #505829), CD11b (BioLegend, #101208), Gr-1
(BioLegend, #108428), F480 (BioLegend, #123115) and matched isotype controls, depending on the experiment. For IFN-y staining,
single cells were restimulated with 1 ulL/mL Cell Activation Cocktail (with Brefeldin) in 5% CO, before intracellular staining at 37°C for
5h. These antibodies were detected by: BUV395 anti-mouse CD45 antibody, PE/cy7 anti-mouse CD3 antibody, BV/785 anti-mouse
CD4 antibody, BV/510 anti-mouse CD8 antibody, Bv421 anti-mouse IFN-y antibody, PE anti-mouse CD11b antibody, Percp/cy5.5
anti-mouse Gr1 antibody, APC anti-mouse F480 antibody. Samples were run on a BD FACSVerse (BD Biosciences, USA) and
analyzed using FlowJo software (BD Biosciences, USA).

Immunohistochemistry (IHC) and tissue microarrays (TMA) of HCC tissues

IHC staining was performed as described previously.®” Briefly, following deparaffinization, rehydrating and antigen retrieval, primary
antibodies were applied to slides, incubated at 4°C overnight, followed by incubation with secondary antibody (Dako Denmark A/S,
Glostrup, Denmark) at 37°C for 30 min. SLC7A11 antibody (Proteintech, #26864-1-AP), MerTK antibody (SAB Signalway Antibody,
#32851), p-MerTK antibody (SAB Signalway Antibody, #13320), Ki67 antibody (Abcam, #ab92742), CD3 antibody (Abcam,
#ab16669), CD8 antibody (Abcam, #ab237709), CD11b antibody (Abcam, #ab52478), Gr1 antibody (Abcam, #ab25377) were
used as primary antibodies. Staining was carried out with DAB (3,3'-diaminobenzidine) and counterstaining was performed with
hematoxylin.
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We applied IHC staining analysis on a cohort of 98 HCC patients. Clinical samples from patients were obtained after acquiring their
consent in accordance with the protocol approved by the Ethics Boards of Huashan Hospital, Fudan University (Shanghai, China).
Formalin-fixed and paraffin-embedded tissues were used to construct TMA as previously described.®” Briefly, two four-micron core
biopsies from the donor blocks were taken and transferred to the recipient paraffin block at predefined array positions and con-
structed 98 cases of TMA blocks in this study. Scoring for MerTK and SLC7A11 staining was conducted using percentage score x
staining intensity score. The percentage of positive-staining cells: 0%-5% scored 0, 6-25% scored 1, 26-50% scored 2, 51-75%
scored 3 and more than 75% scored 4; staining intensity: no staining scored 0, weakly staining scored 1, moderately staining scored
2 and strongly staining scored 3.

Multiplex immunofluorescence (mflHC)

The steps of multiplex immunofluorescence staining are as follows. Briefly, immunofluorescence (IF) staining was performed on
4 pm-thick formalin-fixed, paraffin-embedded whole-tissue sections using standard primary antibodies, followed by the TSA
7-color kit (WiSee Bio, #D110071-50T) and subsequent DAPI staining. For example, the deparaffinized slides were incubated with
the primary antibody for 30 min, followed by a 10-min treatment with an anti-rabbit/mouse horseradish peroxidase (HRP) secondary
antibody (Yuanxibio, #A10011-60). The procedure for immunofluorescence labeling was executed meticulously, employing TSA 620
and adhering strictly to the manufacturer’s guidelines. Slides were washed in TBST buffer and then transferred to a pre-warmed cit-
rate solution (98°C) for 15 min. The slides were then allowed to cool to room temperature in the same solution. The slides were rinsed
with Tris buffer in between each stage. This procedure was replicated for each antibody/fluorescent dye. Thereafter, two drops of
DAPI were applied to each slide, followed by a rinse in distilled water and manual cover-slipping. The slides were dried in the air,
mounted with anti-fade mounting media, and photographed using the Aperio Versa 8 tissue imaging equipment (Leica). Indica
Halo software was used to analyze the images. The antibodies used in this study were MerTK (Preoteintech, #27900-1-AP),
SLC7A11 (Preoteintech, #26864-1-AP), CD8 (Abcam, #ab237709), CD15 (Abcam, #ab135377), CD14 (Abcam, #ab133335), and
CD11b (Abcam, # ab133357).

Cell proliferation assays

The cell proliferation assay was carried out by using Cell Counting Kit-8 (Dojindo, Kumamoto, Japan). Cancer cells were seeded into
96-well plates at a density of 3 x 10%/100uL cells per well (n = 5 for each time point) and incubated for 12, 24, 36, 48, 60 and 72 h. Then
the medium was replaced with 10 uL CCK-8 solution and 90 uL complete medium. The absorbance at 450 nm was measured after
incubation for 1 h at 37°C in 5% CO..

MDSCs isolation and coculture assays

MDSCs were isolated from tumor tissue collected from tumor-bearing mice using a mouse MDSCs Isolation Kit (Miltenyi Biotec,
America) according to the manufacturer’s instruction. For coculture assays, prior to the experiment, the plates (6-well) were pre-
coated with TmL of PBS containing 5 ug/mL anti-CD3 antibody and incubated overnight at 4°C. The extracted CD8* T lymphocytes
were counted, centrifuged, and the supernatant was discarded. The T lymphocytes were then resuspended in 2 mL of RPIM 1640
complete culture medium containing 5 ng/mL CFSE and incubated for 20 min at 37°C. The incubation was terminated with 10 mL of
complete culture medium, followed by centrifugation and discarding of the supernatant. Each well was then seeded with 1 x 108
CFSE-labeled CD8" T lymphocytes. In the wells containing T lymphocytes with activators, 0.5 x 10° MDSCs, 2 x 10° MDSCs,
and 5 x 10° MDSCs were added respectively. The culture medium was adjusted to 2.5 mL, and 5 pg/mL anti-CD28 was added.
The plates were then incubated at 37°C with 5% CO2 for four days. After four days, the cells in the culture plate were collected
and analyzed for CFSE level.

MDSCs chemotaxis assay

HCC cells were firstly added to the bottom layer of a 12-well 5 um transwell chamber at the concentration of 10* cells/well, cultured in
DMEM containing 10% fetal bovine serum (FBS) at 37.0°C in a humidified incubator with 5% CO, for 6 h. The MDSCs were pre-
labeled with CSFE fluorescence and added to the upper layer of transwell chamber at the concentration of 10° cells/well, cultured
at 37.0°C in a humidified incubator with 5% CO, for another 3 h. The fluorescence positive MDSCs were photographed with a fluo-
rescence microscope and analyzed with Imaged software. The experiment was repeated 5 times independently.

Western blot

Western blot was carried out as described before.*° Total protein was extracted by RIPA buffer containing protease cocktail inhibitor.
Protein samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred
onto polyvinylidene fluoride (PVDF) membranes. After blocking with 5% skim milk in TBST (BD Pharmingen), PVDF membranes
were incubated with the primary antibody overnight at 4°C and then with the secondary antibody for 1 h at room temperature.
The following antibodies were used: MerTK antibody, p-MerTK antibody, ERK antibody, p-ERK antibody, SP1 antibody, p-SP1 anti-
body, SLC7A11 antibody, and B-actin antibody. Protein bands were detected by image acquisition using ImageQuantTM LAS 4000
(GE Healthcare Life Sciences).
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BODIPY-C11 staining

Hepa1-6 and Res1-6 cells (1 x 10° cells/well) were seeded in 6-well plates and treated with erastin, and the cells were then stained
with DMEM culture containing 5 uM BODIPY 581/591 C11 and incubated for 30 min at 37°C in a cell culture incubator. Cells were
washed twice using PBS and photographed with a fluorescence microscope and analyzed with Imaged software. For tumor cells
in vivo, the single cells were isolated from mouse subcutaneous xenograft tumor by a semi-automated combined mechanical/enzy-
matic process using the gentleMACS Dissociator and the Tumor Dissociation Kit (mouse, Miltenyi Biotec, Germany), and the cells
were then stained with 5 uM BODIPY 581/591 C11. Cells were washed twice using PBS and analyzed immediately by flow cytometer,
and the signals from both nonoxidized C11 (phycoerythrin [PE] channel) and oxidized C11 (FITC channel) were monitored. The exper-
iment was repeated 5 times independently and shown as relative lipid ROS.

Cell survival ability and cell death assays

To examine cell viability of Hepa1-6 and Res1-6 strains under erastin treatment coculture condition, Hepa1-6 cells were labeled with
the green fluorescent dye PKH67 (Sigma-Aldrich, St. Louis, MO) and Res1-6 cells were labeled with the red fluorescent dye PKH26
(Sigma-Aldrich, St. Louis, MO), respectively. The fluorescence positive cells were photographed with a fluorescence microscope and
analyzed with Imaged software (the National Institutes of Health, Bethesda, MD, USA). Cell death was detected by staining for SYTOX
Green (Invitrogen) or propidium iodide (Invitrogen) followed by fluorescence microscope or flow cytometry. All experiments were
repeated 5 times independently.

Malonaldehyde (MDA) assay

MDA content in tumor cells was measured using the Lipid Peroxidation MDA Assay Kit (S0131S, beyotime). The single cells were
isolated from mouse subcutaneous xenograft tumor by a semi-automated combined mechanical/enzymatic process using the gen-
tleMACS Dissociator and the Tumor Dissociation Kit (mouse, Miltenyi Biotec, Germany) and homogenized in MDA lysis buffer, and
the cell lysate was sonicated and centrifuged to remove insoluble material. The supernatant (200 uL) was mixed with 600 uL TBA
solution and incubated at 95°C for 1 h. The MDA-TBA complex concentration was measured on a microplate reader with relative
fluorescence units at Ex’Em = 532/553 nm or OD = 532 nm and was normalized to the protein concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analyses were performed using the Statistical Package for GraphPad Prism 8.0 software. The Student’s t test and one- or

two-way ANOVA analysis were used for comparison between groups. For all tests, significance was determined with a 95% confi-
dence interval (ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001).

Cell Reports Medicine 5, 101415, February 20, 2024 e7




	Disruption of MerTK increases the efficacy of checkpoint inhibitor by enhancing ferroptosis and immune response in hepatoce ...
	Introduction
	Results
	MerTK is identified to render HCC resistant to anti-PD-L1 treatment
	MerTK induces anti-PD-L1 resistance by suppressing ferroptosis
	Suppression of SLC7A11-mediated ferroptosis is essential for anti-PD-L1 resistance by MerTK via the ERK/SP1 pathway
	MerTK induces anti-PD-L1 resistance by favoring a protumor TME with recruitment of MDSCs
	Inhibition of MerTK increases the efficacy of PD-L1 antibody
	Sitravatinib plus PD-L1 antibody activates ferroptosis and reduces MDSC infiltration in HCC microenvironment

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Datasets, patients and follow-up
	Cell cultures and animals
	Animal studies and establishment of resistance models

	Method details
	Enzyme-linked Immunosorbent assays (ELISAs)
	TMT proteomics analysis and bioinformatic analysis
	Migration and invasion assays
	Plasmid and cell transfections
	RNA isolation and real-time quantitative reverse transcription PCR (qRT-PCR)
	Flow cytometry
	Immunohistochemistry (IHC) and tissue microarrays (TMA) of HCC tissues
	Multiplex immunofluorescence (mfIHC)
	Cell proliferation assays
	MDSCs isolation and coculture assays
	MDSCs chemotaxis assay
	Western blot
	BODIPY-C11 staining
	Cell survival ability and cell death assays
	Malonaldehyde (MDA) assay

	Quantification and statistical analysis



