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Tumor cells increase glutamate release through the cystine/
glutamate transporter cystine-glutamate exchange (xCT) to
balance oxidative homeostasis in tumor cells and promote tu-
mor progression. Although clinical studies have shown the
potential of targeting programmed cell death 1 (PD-1)/pro-
grammed death ligand 1 (PD-L1) signaling in melanoma,
response rates are low. However, it remains unclear how gluta-
mate metabolism affects anti-PD-1/PD-L1 treatment efficacy
in melanoma. Here, we demonstrated that although inhibition
of xCT either by pharmacological inhibitor (sulfasalazine
[SAS]), approved by US Food and Drug Administration
(FDA) for inflammatory diseases, or genetic knockdown
induced reactive oxygen species (ROS)-related death in
melanoma cells, inhibition of xCT significantly reduced the ef-
ficacy of anti-PD-1/PD-L1 immune checkpoint blockade
through upregulating PD-L1 expression via the transcription
factors IRF4/EGR1, as a consequence, exosomes carrying rela-
tively large amounts of PD-L1 secreted from melanoma cells re-
sulted in M2 macrophage polarization and reduced the efficacy
of anti-PD-1/PD-L1 therapy in melanoma. Taken together, our
results reveal that inhibition of xCT by SAS is a promising ther-
apeutic strategy for melanoma; on the other hand, SAS treat-
ment blunted the efficacy of anti-PD-1/PD-L1 via exosomal
PD-L1-induced macrophage M2 polarization and eventually
induced anti-PD-1/PD-L1 therapy resistance.

INTRODUCTION

The reprogramming of cellular metabolism is a hallmark of cancer
and leads to alterations in intracellular or extracellular metabolites
facilitating tumorigenesis by regulating gene expression or the tumor
microenvironment.' Cystine-glutamate transporter (xCT; encoded
by the SLC7A11 gene), a functional subunit of the xCT transporter,
plays an essential function in cellular redox homeostasis” by orches-
trating the uptake of extracellular cystine in exchange for intracellular
glutamate to maintain the intracellular redox state.” Evidence has
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shown that the xCT is overexpressed in multiple cancer types
including melanoma,”” bladder cancer,” triple-negative breast can-
cer, etc. Inhibition of extracellular glutamate release via xCT reduces
the tumor burden,’® which is a promising therapeutic strategy for can-
cer treatment.”’ Sulfasalazine (SAS) is a US Food and Drug Admin-
istration (FDA)-approved inhibitor of xCT” that exerts antitumor ef-
fects via inhibition of xCT activity through upregulation of reactive
oxygen species (ROS) production, which induces cell death by dis-
rupting redox homeostasis.»'* "> A clinical trial (ClinicalTrials.gov:
NCT04205357) on SAS is ongoing for recurrent glioblastoma treat-
ment, providing a novel therapeutic option for recurrent glioblastoma
patients.

Cutaneous melanoma, which is derived from melanocytes, is an aggres-
sive malignant tumor with increasing incidence worldwide'*'® and is
characterized by resistance to traditional chemotherapy and radio-
therapy; therefore, the treatment of advanced melanoma is a large chal-
lenge. Recently, immune checkpoint blockade (ICB) therapies, such as
anti-programmed cell death 1 (PD-1)/programmed death ligand 1
(PD-L1) antibodies, have been demonstrated to remarkably reduce
the tumor burden and improve the overall survival of advanced mela-
noma patients.'” However, the response rates for immunotherapies,
even in sensitive tumor types including melanoma, are less than
30%,” and some patients have shown complete drug resistance and
are refractory to ICB treatment.'®'” The details underlying the low
response rates and drug resistance of anti-PD-1/PD-L1 antibody treat-
ment are complicated and involve multiple cell types, including T cells,
dendritic cells (DCs), myeloid-derived suppressor cells (MDSCs),
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regulatory T cells (Tregs), and tumor-associated macrophages
(TAMs).**** Most importantly, tumor cells increase PD-L1 expression
to protect themselves and escape cytotoxic T lymphocyte (CTL) killing
by suppressing local effector T cell functions, which plays a critical role
in adaptive immune resistance.”” >

In this study, we found that plasma glutamate levels were significantly
elevated in melanoma patients and inhibition of xCT suppressed mel-
anoma progression. However, the combination of xCT inhibition and
anti-PD-1/PD-L1 monoclonal antibody (mAb) treatment impaired
the efficacy of PD-1/PD-L1 blockade. Additionally, we demonstrated
that inhibition of xCT led to increased PD-L1 expression via the tran-
scription factors IRF4/EGR1 and secretion of PD-L1 in exosomes by
melanoma cells; this led to M2 macrophage polarization, which
reduced the efficacy of anti-PD-1/anti-PD-L1 therapies in melanoma.

RESULTS

Inhibition of xCT suppresses melanoma cell growth in vitro and
in vivo

To investigate metabolism in melanoma, nuclear magnetic resonance
(NMR) spectroscopy was performed, and we identified differential
metabolites with significantly altered levels in melanoma patient
plasma, such as glucose, lactate, and glutamate. As shown in Fig-
ure 1A, the glutamate level was significantly increased in melanoma
(Figure 1A), and then, we validated the elevation in the glutamate
level in melanoma through an additional study by enzyme-linked
immunosorbent assay (ELISA) analysis (Figure 1B), suggesting that
glutamate production is increased in melanoma. Given the key role
that xCT plays in glutamate metabolism, we targeted xCT with a
pharmacological inhibitor (SAS) or genetic knockdown. Treatment
with SAS, an inhibitor of xCT, significantly inhibited melanoma
cell proliferation (Figures SIA—S1C). Additionally, knocking down
SLC7A11 (encodes the functional subunit of the xCT transporter)
expression also suppressed melanoma growth (Figures S1D—SII).
Evidence has shown that the xCT transporter plays a key role in con-
trolling the intracellular redox state and that inhibition of xCT leads
to upregulation of ROS production; therefore, intracellular ROS
production was measured in melanoma cells. We found that SAS
treatment or SLC7AI11 knockdown led to dramatically increased
intracellular ROS levels in melanoma cells (Figures S2A and S2B).
As expected, SAS treatment induced melanoma cell G2/M arrest
and apoptosis, which is consistent with ROS-related cell cycle arrest
and apoptosis*>*’ (Figures 1C and 1D). To study the effect of xCT

inhibition on melanoma cell growth in vivo, xenograft mouse models
were generated with immunocompetent (C57BL/6) and immunode-
ficient (BALB/c nude) mice. As shown in Figure 1E, SAS treatment
significantly attenuated the melanoma cells growth in a xenografted
mouse model, and there was no significant difference in body weight
among tumor-bearing mice (Figure 1F).

Inhibition of xCT blunts the efficacy of PD-1/PD-L1 blockade

Combined therapy is a promising strategy to improve the efficacy of
immunotherapy and overcome immunotherapeutic drug resistance.
To investigate the effect of SAS treatment on immunotherapy, we
treated B16F10 tumor-bearing mice with SAS, an anti-PD-1 mAb,
SAS plus the anti-PD-1 mAb, or an immunoglobulin G (IgG) isotype
control (IgG2a) (Figure 2A). As shown in Figures 2B and 2C, treat-
ment with SAS or the anti-PD-1 mAb alone significantly suppressed
melanoma cell growth; however, the combination of SAS and the
anti-PD-1 mAb significantly reduced the therapeutic effect of the
anti-PD1 mAb, which aroused great concern. Moreover, we obtained
similar results when B16F10 tumor-bearing mice were treated with
SAS, an anti-PD-L1 mAb, SAS plus the anti-PD-L1 mAb, or an IgG
isotype control (IgG2a). We found that combination treatment with
SAS and the anti-PD-L1 mAb also dramatically reduced the thera-
peutic effect of the anti-PD-L1 mAb (Figures S3A and S3B). There
was no significant difference in body weight (Figures S3C and S4A).

To study the possible molecular mechanism, we analyzed the tumor-
infiltrating leukocytes (TILs) in mouse tumors at the end of treat-
ment. We first investigated the frequencies of tumor-infiltrating
CD4" and CD8" T cells. As shown in Figures 2D—2F and
S3D—S3F, the frequencies of CD8" T cells and total CD4" and
CD8" T cells and the ratio of CD8"/CD4" T cells were significantly
increased in the anti-PD-1/PD-L1 mAb group, indicating an
enhanced immune reaction after PD-1/PD-L1 blockade. In contrast,
treatment with SAS impeded the increase in CD8" T cell accumula-
tion caused by the anti-PD-1/PD-L1 mAb in both the SAS treatment
and SAS + anti-PD-1/PD-L1 mAb groups (Figures 2D—2F; Figures
S3D—S3F). Furthermore, we investigated the cytotoxicity of tumor-
infiltrating CD8" T cells by detecting the expression of IFN-y and
granzyme B (GZMB) by CD8" T cells. As shown in Figures 2G, 2H,
S3G, and S3H, the populations of IFN-y*CD8" T cells and GZMB"
CD8" T cells were significantly increased in the anti-PD-1/PD-L1
mAb group, and treatment with SAS impeded the cytotoxicity of
CD8" T cells caused by anti-PD-1 mAb treatment. These results

Figure 1. Significant elevation of glutamate levels in melanoma patient plasma and the effect of SAS on melanoma

(A) The ROC curve for glutamate (left panel) is shown, and glutamate levels in melanoma patient plasma (n = 20) and normal plasma (n = 20) were measured by metabolomics
(right panel). Data are presented as the mean + SD. (B) Glutamate levels in melanoma patient plasma (n = 15) and normal plasma (n = 20) were measured by ELISA. Data are
presented as the mean + SD. (C) B16F10 cells were treated with 1 mM SAS for 24—48 h, and Sk-Mel-5/Sk-Mel-28 cells were treated with 500 um SAS for 24—48 h. The cell
cycle distribution was detected by flow cytometry. Data are presented as the mean (n = 3) = SD. (D) B16F10 cells were treated with 1 mM SAS for 24—48 h, and Sk-Mel-5/Sk-
Mel-28 cells were treated with 500 pm SAS for 24—48 h. The extent of apoptosis was determined by flow cytometry. Data are presented as the mean (n = 3) = SD. (E) Tumor
growth curves for B16F10 tumors from C57BL/6 mice receiving the indicated treatments were constructed (left panel). Tumor growth curves for B16F10 tumors from BALB/c
nude mice receiving the indicated treatments were constructed (right panel). Data are presented as the mean (n = 5) + SD. (F) The body weight of C57BL/6 (left panel) and
BALB/c nude (right panel) mice receiving the indicated treatments is shown. Data are presented as the mean (n = 5) + SD. Asterisks indicate significant differences: *p < 0.05,

“*p < 0.01, ™p < 0.001, and ****p < 0.0001.
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Figure 2. Inhibition of xCT led to anti-PD-1 therapy resistance in B16F10 tumor-bearing C57BL/6 mice

(A) Schematic of the treatment plan. (B) Photographs of tumor samples isolated from C57BL/6 mice receiving the indicated treatments. (C) Tumor growth curves for tumors
receiving the indicated treatments. (D) The proportions of CD3*CD8* T cells determined by fluorescence-activated cell sorting (FACS) after the indicated treatments. (E) The
proportions of total CD3*CD4* and CD3*CD8* T cells determined by FACS after the indicated treatments. (F) The ratio of CD3*CD8"CD3*CD4" T cells determined by FACS

(legend continued on next page)
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suggest that SAS can suppress the efficacy of anti-PD1/PD-L1 treat-
ment by inhibiting the cytotoxicity of CD8" T cells. In addition to
the changes observed in T cells, we detected the population of macro-
phages (F4/80"CD11b") and discovered dramatic changes in the M1
(F4/80"CD11b major histocompatibility complex class 1T [MHC
class II']) and M2 (F4/80"CD11b"CD206") macrophage subsets.
As shown in Figures 2I and S31I, we noticed a decline in the M1 macro-
phage population in both the SAS treatment group and the SAS +
anti-PD-1/PD-L1 mAb group. Although the population of M1 mac-
rophages was larger in the SAS + anti-PD-1/PD-L1 mAb combination
group than in the SAS treatment group, the added SAS treatment also
significantly reduced the population of M1 macrophages compared to
anti-PD-1/PD-L1 mAb treatment alone (Figures 2I; Figure S3I).
Notably, the population of M2 macrophages was reduced in the
anti-PD-1/PD-L1 mAb group and increased in the SAS treatment
group. When SAS and anti-PD-1/PD-L1 mAb treatment were com-
bined, SAS significantly blocked the decline in the M2 macrophage
population induced by anti-PD-1/PD-L1 mAb treatment (Figures
2J; Figure S3]). However, there were no significant differences de-
tected in the population of Tregs, indicating that the effect of SAS
and the anti-PD-1/PD-L1 mAb on immunity were not related to
Tregs (Figures S3K and S4B).

To validate our finding, an additional melanoma cell line (Yumm1.7)
was conducted to perform a mouse model with SAS plus anti-PD-1
treatment. Similar to the above result, SAS treatment still blunts the
therapeutic effect of PD-1 mAb through inhibition of cytotoxicity
of T cells and increases the population of M2 macrophages (Figures
S5A—S5G). Furthermore, knock down of xCT expression signifi-
cantly attenuated melanoma cells growth in vivo (Figures S6A and
S6B), which is consistent with the previous reported results in other
tumors.>**** Most importantly, although PD-1 mAbs inhibit tumor
growth in the control group (Figure S6C), inhibition of xCT expres-
sion dramatically reduced efficacy of anti-PD-1 blockade (Fig-
ure S6D). There was no significant difference in body weight (Fig-
ure S6E). Meanwhile, our finding demonstrated that the effect of
erastin (another xCT inhibitor) had been similar with SAS treatment
that remarkable blunted the efficacy of PD-1 blockade (Figures
S7A—S7G). Taken together, our results demonstrated that inhibition
of xCT led to reduced anti-PD-1/PD-L1 therapeutic efficacy.

Effects of SAS on the gene expression profile and key pathways

Accumulating evidence has shown that PD-L1 expression plays a crit-
ical role in anti-PD-1/PD-L1 antibody therapy. To investigate the de-
tails of how inhibiting xCT reduces the efficacy of anti-PD-1/PD-L1
therapy, we analyzed PD-L1 expression in melanoma cells after
SAS treatment or inhibition of xCT. The results showed that PD-L1
expression was significantly increased after SAS treatment at both
the protein and mRNA levels (Figure 3A; Figure S8A). As expected,

the inhibition of XCT also increased the expression of PD-L1 (Fig-
ure 3B; Figure S8B). Together, these findings indicated that inhibiting
xCT induced PD-L1 expression, which may be related to the suppres-
sion of xCT reducing the efficacy of anti-PD-1/anti-PD-L1 treatment.

TILs are strongly associated with PD-L1 expression on melanoma
cells, which induces adaptive resistance and immune escape.”” To
study the possible mechanism by which the suppression of xCT up-
regulates PD-L1 expression, we performed RNA sequencing (RNA-
seq) to analyze the global transcriptomic alterations in BI6F10 mel-
anoma cells after SAS treatment and identified 352 genes that were
significantly altered after SAS treatment (Figure S9A). These genes
are involved in multiple pathways, including glutathione meta-
bolism, drug metabolism, and cancer pathways (Figure S9B), which
are consistent with previous results indicating that inhibition of xCT
by SAS dominates glutathione metabolism, leading to increased
ROS production.>°™'* We further validated the key genes differen-
tially expressed (at least a 3-fold difference) in RNA-seq maps by
quantitative real-time PCR. Consistent with the RNA-seq results,
the differential genes, including IRF4, EGRI1, HMOXI1, NR4A3,
GSTA3, PAK3, IL23A, and ILI5RA, were confirmed in the
B16F10, Sk-Mel-5, and Sk-Mel-28 cell lines (Figures S9C—S9I).
All of these differentially expressed genes play crucial roles in the
intracellular redox state or immune system regulation, indicating
that xCT exerts essential functions in melanoma metabolism and
immunotherapy.

The transcription factors IRF4 and EGR1 elevate PD-L1
expression

Among the differentially expressed genes, the transcription factors
IRF4 and EGRI1 were identified as the top candidates based on
fold change and are involved in the regulation of the intracellular
redox state and immune system. Our findings showed that the pro-
tein expression of IRF4 and EGR1 in melanoma cells was dramati-
cally increased after inhibition of xCT by SAS treatment or SLC7A11
knockdown (Figures SI0A—S10F). Furthermore, we analyzed the
melanoma GEO dataset and found that IRF4/EGRI are highly ex-
pressed in patients who were resistant to anti-PD-1 treatment (Fig-
ure S11A). Moreover, EGRI was positively correlated with IRF4
expression (Figure S11B). Additionally, IRF4 expression was signif-
icantly decreased in patients (7/9) who were sensitive to anti-PD-1
treatment (Figure S11C), indicating that IRF4/EGRI may play
essential function in immune checkpoint inhibitor therapy. To vali-
date the effect of IRF4 and EGR1 on PD-L1 expression, we generated
IRF4-overexpressing (OE) and EGR1-OE melanoma cell lines, and
overexpression of IRF4 or EGR1 significantly upregulated PD-L1
expression at both the mRNA (Figures 4A—4D) and protein (Fig-
ures 4E and 4F) levels. Furthermore, SAS treatment fails to rescue

after the indicated treatments. (G) The proportions of CD3*CD8*IFN-y™ T cells determined by FACS after the indicated treatments. (H) The proportions of CD3*CD8*
granzyme B* T cells determined by FACS after the indicated treatments. (I) The proportions of F4/80"CD11B*MHC class II* macrophages determined by FACS after the
indicated treatments. (J) The proportions of F4/80"CD11B*CD206" macrophages determined by FACS after the indicated treatments. Data from multiple experiments are
expressed as the mean (n = 5) + SD. Asterisks indicate significant differences: *p < 0.05.
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expression of PD-L1 in melanoma cells
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the expression of PD-L1 in EGRI knocking down cells (Figures
S12A and S12B).

To study the possible mechanism about EGR1 and IRF4 regulation of
PD-L1 expression, we identified the potential sequences in the PD-L1
promoter region recognized by IRF4 and EGR1 (—1,200 bp~—1 bp)
through the JASPAR and PROMO databases (Figure 5A); therefore,
we proposed that the upregulation of IRF4 and EGRI expression
caused by xCT inhibition led to upregulation of PD-LI expression.
To further test whether PD-LI is a direct target gene by IRF4 and
EGR1, we constructed a PD-LI luciferase reporter construct, and
the luciferase assay results showed that overexpression of IRF4 and
EGRI significantly enhanced PD-L1 promoter activity (Figure 5B).
Moreover, chromatin immunoprecipitation (ChIP) showed that
SAS treatment enhanced the binding of IRF4 and EGRI to the PD-
LI promoter (Figures 5C and 5D). Taken together, our results indi-
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Sk-Mel-5

and enhanced M2 macrophage polarization in
mouse models. M2 macrophages demonstrate
pro-oncogenic functions leading to immunosup-
pression and tumor progression, including anti-
PD-1/PD-L1 resistance in particular. To investi-
gate the possible mechanism underlying the
xCT inhibition-mediated polarization of M2
macrophages, we treated RAW264.7 cells and
primary macrophages with conditioned medium
collected from SAS-treated melanoma cells (Fig-
ure 6A). As shown in Figures 6B, 6C, and S13A,
the conditioned medium significantly increased
the expression of M2 markers (Argl, Yml, and
Cd206), whereas the expression of M1 markers
(1118, Cd86, and Inos) was significantly blocked in macrophages.
Additionally, we cocultured SAS-treated melanoma cells with macro-
phages (Figure 6D) and detected M2 (CD206"F4/80"CD11b") mac-
rophages by flow cytometry. As shown in Figure 6E, the population
of M2 macrophages dramatically increased after coculture with
SAS-treated melanoma cells. A similar result was also shown with pri-
mary macrophages (Figure S13B), suggesting that inhibition of xCT
in melanoma cells can induce M2 macrophage polarization. Inter-
esting, we identified that the melanoma conditioned medium induced
a higher level of PD-L1 on RAW264.7 macrophages after SAS treat-
ment (Figure 6F), indicating that SAS-treated melanoma cells may
induce macrophage M2 polarization via melanoma-related PD-L1
signaling.

Previous studies have demonstrated that tumor-derived exosomes
carrying PD-L1 suppress T cell activation and reduce the effect of
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Figure 4. Overexpression of IRF4/EGR1 upregulated the expression of PD-L1 in melanoma cells
(A—F) mRNA and cell lysates were extracted from EGR1/IRF4-transfected melanoma cells as indicated, and quantitative real-time PCR (A—D) and immunoblotting (E and F)
were then performed. Data from multiple experiments are expressed as the mean (n = 3) + SD. Asterisks indicate significant differences: *p < 0.05.
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anti-PD-L1 treatment.’”*! Metastatic melanoma-derived exosomes,
which express relatively high levels of PD-L1, suppress the function
of CD8+ T cells and cause failure of anti-PD-1 therapy.32 Therefore,
we hypothesized that exosomes with high PD-L1 production secreted
by xCT inhibitor-treated melanoma cells induce M2 macrophage po-
larization. To verify our hypothesis, we purified exosomes from mel-
anoma cell conditioned medium after treatment with an xCT inhib-
itor and detected PD-L1 production in the exosomes derived from the
melanoma cells after treatment with the xCT inhibitor (Figures 7A
and 7B). As shown in Figure 7C, the level of PD-L1 was upregulated
on exosomes purified from SAS-treated melanoma cell conditioned
medium. Moreover, the exosomal PD-L1 level in mouse serum was
also significantly upregulated after SAS treatment (Figure 7D). To
further elucidate whether exosomal PD-L1 induces M2 macrophage
polarization, we treated macrophages with exosomes purified from
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Figure 5. The xCT-IRF4/EGR1 axis is required for PD-
L1 regulation

(A) IRF4 (left panel) and EGR1 (right panel) binding sites
predicted on website. (B) PD-L17 transcriptional activity in
IRF4 (left panel)- or EGR1 (right panel)-transfected 293T
cells detected by dual luciferase reporter assays. (C)
Designed primers for ChIP experiments. (D) ChIP-gPCR
assays for IRF4 (left panel) or EGR1 (right panel) binding to
the PD-L1 promoter sites in Sk-Mel-5 cells with or without
SAS treatment. Data from multiple experiments are ex-
pressed as the mean (n = 3) + SD. Asterisks indicate sig-
nificant differences: *p < 0.05, **p < 0.01, **p < 0.001, and
5 < 0.0001.
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0:2 0.2 PD-L1 level significantly elevated the gene
0.4 0:4 expression of M2 macrophage markers (Argl,
0:1 0.1 Yml, and Cd206) and decreased that of M1

macrophage markers (Il16, Cd86, and Inos) in
RAW?264.7 cells (Figures 7E and 7F). Moreover,
exosomes with a high PD-L1 level induced PD-
L1 expression in RAW264.7 macrophages (Fig-
ure 7G), which is consistent with previous results
showing that PD-L1 plays a positive feedback
role in PD-LI expression in macrophages, sup-
porting that xCT inhibitor-treated melanoma
cells secrete exosomes with high PD-L1 expres-
sion, which induces the expression of PD-L1 on
macrophages, resulting in M2 macrophage polar-
ization. To verify the effect of exosomes on anti-
PD-1 efficacy, we combined the exosomes ex-
tracted from SAS-treated BI6F10 melanoma cells
with PD-1 mAb to treat the melanoma cell xen-
ografted mouse model. The results showed that
exosomes from the SAS-treated cell medium
induced macrophage M2 polarization and
reduced the efficacy of PD-1 blockade in vivo
(Figures 7H and 7I; Figures S14A—S14D). Taken
together, our results indicated that the exosomes with high-expressed
PD-L1 lead to M2 macrophage polarization and anti-PD1 resistance.
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DISCUSSION

In this study, based on the results of a metabolomic comparison be-
tween melanoma patients and healthy controls, we found that the
level of glutamate, which is required for tumor cells to maintain redox
homeostasis through xCT, was significantly elevated in melanoma pa-
tients. Tumor cells maintain xCT to offset the redox imbalance caused
by rapid grow‘ch.28 In view of the dominant role of xCT in xCT, we
disrupted this homeostasis by inhibiting xCT and found that this
inhibition significantly increased intracellular ROS production
and inhibited melanoma cell growth in vitro and in vivo, indicating
that inhibition of xCT is a promising therapeutic strategy for mela-
noma treatment. The sulfa antibiotic SAS is widely administered in
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Figure 6. SAS treatment of melanoma leads to M2 macrophage polarization

(A) A schematic of the conditioned medium collection protocol is shown. (B and C) mRNA was extracted from conditioned medium-treated macrophages as indicated, and
quantitative real-time PCR was then performed. (D) A schematic of the coculture plan is shown. (E) SAS-treated melanoma cells were cocultured with macrophages as
indicated, and the proportions of F4/80*CD11B*CD206" macrophages were analyzed by FACS. (F) Cell lysates were extracted from conditioned medium-treated mac-
rophages as indicated, and immunoblotting was then performed. Data from multiple experiments are expressed as the mean (n = 3) = SD. Asterisks indicate significant
differences: *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001.

clinical treatment of inflammatory diseases such as rheumatoid  Recently, ICB targeting PD-1 and PD-L1 was shown to significantly
arthritis, ulcerative colitis, and Crohn’s disease;”'! meanwhile, its improve progression-free survival in melanoma patien‘ts.17 However,
anti-tumor effect had been addressed based on its inhibition of  the response rates for immunotherapies are less than 30%.”> There-
xCT.'>*>** However, the role of xCT and its inhibitor (SAS) in  fore, combination therapy has been a potent strategy to improve
immunotherapy remains elusive. the efficacy of immunotherapy. In this study, our results showed
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that the combination of xCT inhibition and anti-PD-1/PD-L1 ther-
apy reduced the efficacy of anti-PD-1/anti-PD-L1 treatment in mela-
noma. The previous study showed that a cyst(e)inase (an engineered
enzyme that degrades both cystine and cysteine) combination of
PD-L1 blockade treatment strongly inhibited ID8 ovarian epithelial
cancer growth in tumor-bearing mice.”® This difference may be due
to the heterogeneity of different tumor types. Another possible reason
is that inhibition of XCT could alter the concentration of glutamate
and cystine, which might partially influence the efficacy of ICB.
Our finding also showed that the combination reduced the efficacy
of anti-PD-1/anti-PD-L1 treatment by impairing the cytotoxicity of
CD8" T cells and inducing M2 macrophage polarization. TAMs are
separated into M1 and M2 subtypes. M1 macrophages are known
to promote the immune response, whereas M2 macrophages are
believed to have pro-oncogenic functions, including immunosup-
pressive activity.”””” Most importantly, M2 macrophages have been
associated with anti-PD-1/PD-L1 resistance mediated by inhibiting
the cytotoxicity of T cells.”>*’

As akey molecule affecting the efficacy of anti-PD-1/PD-L1 immuno-
therapy, PD-L1 has been thoroughly studied. Previous studies have
shown that tumor cells evade the antitumor effects of T cells by
elevating PD-L1 expression at the transcriptional level via several
key transcription factors, such as IRF1, TEA domain (TEAD), c-
Myec, c-Jun, HIF-1a, nuclear factor kB (NF-kB), activating transcrip-
tion factor 3 (ATF3), and STAT3.***! In this study, we found that in-
hibition of xCT upregulated PD-L1 expression in melanoma cells
through the transcription factors IRF4 and EGRI, both of which regu-
late PD-L1 by directly binding to the PD-L1 promoter.

Tumor-derived exosomes can regulate macrophage polarization by
inducing M2-type polarization, resulting in tumor progression.*>**
Evidence has demonstrated that exosomal PD-L1 has the same mem-
brane topology as cell-surface PD-L1 and that cancer cells secrete a
vast majority of their PD-L1 on exosomes, leading to anti-PD-1/
PD-L1 therapy resistance.”””* Tumor-secreted, PD-L1-containing
exosomes can efficiently transfer exosomal PD-L1 to macrophages
and attenuate antitumor immunity in the tumor microenviron-
ment.** In addition, a high level of circulating exosomal PD-L1 con-
tributes to immunosuppression and is a potent predictor of a poor
anti-PD-1 therapy response in melanoma patients.’”” However, the
mechanism of how exosomal PD-L1 induces immunosuppression is
not fully clarified. Here, we demonstrate that exosomal PD-L1
secreted by SAS-treated melanoma cells is sufficient to induce M2
macrophage polarization by increasing the expression of PD-L1,

which eventually leads to anti-PD-1/PD-L1 treatment resistance.
Our finding is consistent with results that M2 macrophages with up-
regulated PD-L1 expression facilitate tumor-immune escape and

anti-PD-L1 treatment resistance.”®*>*¢

Evidence showed that PD-L1 expression on macrophages leads to M2
polarization via the COX2/mPGES1/PGE2 pathway.”” Tumor cell-
released extracellular vesicles had been documented to convert mac-
rophages into immunosuppressive M2 macrophages through Toll-
like receptor 4 (TLR4)-mediated MyD88-p38-STAT3 signaling.*’
However, the details of exosomal PD-L1 facilitating the M2 polariza-
tion in the context of xCT inhibition are required for future study.

In summary, we found that inhibition of xCT disrupted the redox ho-
meostasis of melanoma, leading to ROS-induced cellular death;
however, blocking of XCT by SAS or knocking down could raise
expression of PD-L1 in melanoma cells through IRF4/EGR1, conse-
quently facilitating secretion of exosomal PD-L1, which led to M2
macrophage polarization and eventually induced anti-PD-1/PD-L1
treatment resistance. In addition, this finding indicates that mela-
noma patients with inflammatory diseases might not be suitable for
the combination SAS plus anti-PD-1/PD-L1 immunotherapy.

MATERIALS AND METHODS

Melanoma plasma collection

The study was approved by the Ethics Committee of Xiangya Hospital
(Central South University, China), and written, informed consent was
provided before plasma collection. The study adhered to the Declara-
tion of Helsinki principles (ethic code: 201803363). The clinical
plasma samples used were gender and age matched, and the sample
information is listed in Tables S1 and S2.

NMR spectroscopy analysis

Plasma samples were centrifuged at 13,000 rpm for 2 min; aqueous
layer was transferred to 0.5 mL 3 kDa ultrafiltration filter (Millipore,
USA). Filtrate was collected by centrifuging the sample at 13,000 rpm
for 45 min. 300 pL aqueous layer was transferred to a 2-mL centrifuge
tube. 150 uL D,O and 50 pL 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS) standard solution (Anarcho, AB, Canada) were added.
Samples were mixed well before transfer to a 5-mm NMR tube (Nor-
ell, USA). Spectra were collected using a Bruker AV III 600 MHz spec-
trometer equipped with an inverse cryoprobe. The first increment of a
2D 1H-1H nuclear overhauser effect spectroscopy (NOESY) pulse
sequence was utilized for the acquisition of 1H-NMR data and for
suppressing the solvent signal. Experiments used a 100-ms mixing

Figure 7. Exosomal PD-L1 secreted by SAS-treated melanoma cells leads to M2 macrophage polarization

(A) Schematic of exosome isolation and transmission electron microscopy (TEM)/ELISA analysis. (B) A representative TEM image of purified exosomes from SAS-treated
melanoma cell conditioned medium. (C) PD-L1 concentration on the surface of exosomes in SAS-treated melanoma cell conditioned medium measured by ELISA. Data are
presented as the mean (n = 3) £ SD. (D) PD-L1 concentration on the surface of exosomes in SAS-treated mouse serum measured by ELISA. Data are presented as the mean
(n=3) £ SD. (E and F) mRNA was extracted from exosome-treated macrophages as indicated, and quantitative real-time PCR was then performed. Data are presented as the
mean (n = 3) + SD. (G) Cell lysates were extracted from exosome-treated macrophages as indicated, and immunoblotting was then performed. (H) Tumor growth curves of
mice receiving the indicated treatments. Data are presented as the mean (n = 5) + SD. () The proportions of F4/80*CD11B*CD206" macrophages determined by FACS after
the indicated treatments. Data are presented as the mean (n = 5) + SD. Asterisks indicate significant differences: *p < 0.05, **p < 0.01, **p < 0.001, and ***p < 0.0001.
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time along with a 990-ms pre-saturation (~80 Hz gammaB1). Spectra
were collected at 25°C, with a total of 128 scans over a period of
15 min. The collected free induction decay (FID) signal was automat-
ically zero filled and Fourier transform in processing module in Che-
nomx NMR Suite 8.1 (Chenomx, Edmonton, AB, Canada). The data
were then carefully phased and baseline corrected by an experienced
technician in a Chenomx processor. All of the spectra were referenced
to the internal standard, DSS, and analyzed by experienced analysts
against a Chenomx compound library. Metabolites were identified
and quantified. The concentration information of metabolites was
normalized by weight across all parallel samples before used in the
later analysis.

Construction of plasmids

The recombinant plasmids CMV-MCS-3FLAG-SV40-neomycin,
CMV-MCS-3FLAGIRF4-SV40-neomycin, and CMV-MCS-3FLAG-
EGR1-SV40-neomycin were constructed by Shanghai GeneChem
(China). Lentivirus plasmids containing short hairpin (sh)-mock or
sh-slc7all (mouse/human) were purchased from Shanghai GeneChem
(China). Recombinant PSPAX2 and PMD2-G plasmids were con-
structed in our laboratory previously.**

Cell culture, transfection, and lentiviral infection

The human malignant melanoma cell lines Sk-Mel-28 and Sk-Mel-5,
mouse malignant melanoma cell line B16F10, and macrophage cell
line RAW264.7 were purchased from American Type Culture Collec-
tion (ATCC; USA). The 293T cell line was purchased from Clontech
(USA). The human malignant melanoma and Sk-Mel-28, Sk-Mel-5,
and 293T cell lines were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) (BI, Israel), and the B16F10 cell line was cultured in
Roswell Park Memorial Institute (RPMI)-1640 medium (BI, Israel)
supplemented with 10% fetal bovine serum (FBS; Gibco, USA) or
10% exosome-free FBS at 37°C and 5% CQO,. For transfection and len-
tiviral infection, melanoma cells were first transfected with TurboFect
transfection reagent (Thermo Scientific, USA) for 18 h. To generate
stable ShRNA-expressing cell lines, lentiviruses were used to infect
melanoma cells with polybrene supplementation (10 pg/mL). Next,
puromycin (2 pg/mL) in complete medium was used for selection.

Cell cytotoxicity assay

Melanoma cells (2 x 10%) were seeded in 96-well plates and incubated
overnight at 37°C in complete medium to allow attachment. Next, the
melanoma cells were incubated with various concentrations of SAS
(MCE, USA) or a vehicle control (DMSO < 0.01%) for 24, 48, or 72
h. Cell viability (percent) was determined with a cell proliferation
and cytotoxicity assay kit (Cell Counting Kit 8 [CCK-8]; Selleck,
USA) according to the manufacturer’s instructions. Fluorescence
was detected by using a spectrophotometer with an emission wave-
length of 450 nm (Beckman Coulter, USA).

Immunoblotting

Melanoma cells were lysed with radioimmunoprecipitation assay
(RIPA) buffer (Beyotime, China) that contained 1 X protease inhib-
itor (Selleck, USA). The protein concentration was determined by us-
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ing a bicinchoninic acid (BCA) assay kit (Beyotime, China). Proteins
were loaded on 10% SDS-polyacrylamide gel electrophoresis (PAGE)
gels, transferred to polyvinylidene fluoride membranes (Millipore,
USA), and visualized by western blotting using specific antibodies:
anti-PD-L1 (1:1,000; Cell Signaling Technology [CST]), anti-IRF4
(1:1,000; CST), anti-EGR1 (1:1,000; CST), anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH; 1:5,000; Proteintech), and
anti-a-tubulin (1:5,000; Proteintech). The blots were imaged using
a gel image analysis system (Bio-Rad, USA) according to the manu-
facturer’s instructions.

Quantitative real-time PCR analysis

Total RNA was isolated from melanoma cells by using TRIpure Re-
agent (Bio Teke, China) and synthesized into cDNA with HiScript
Q RT SuperMix for reverse transcription PCR (Vazyme, China).
The PCR primers used in this study are listed in Table S3. Quantita-
tive real-time PCR was performed on a QuantStudio 3 Real-Time
PCR system (Applied Biosystems, USA).

Luciferase reporter gene assays

Melanoma cells were transfected with PD-L1-Luc and SV-40Renilla-
Luc (Promega, W1, USA) for 18—24 h. Then, cell lysates were har-
vested and analyzed for firefly and Renilla luciferase activities with
a dual luciferase assay kit (Promega, WI, USA) according to the man-
ufacturer’s instructions.

ChIP assay

The ChIP assay was performed using EZ-ChIP (Merck Millipore,
USA) following the manufacturer’s protocol. The quantitative real-
time PCR primers used in the ChIP assay are listed in Table S3.

Isolation of primary peritoneal macrophages

For the extraction of peritoneal macrophages, the peritoneum of mice
was rinsed with 5—10 mL of phosphate-buffered saline (PBS) under
sterile conditions, and peritoneal macrophages were collected. After
lysing red blood cells, the peritoneal macrophages were cultured in
DMEM containing 10% FBS (Gibco, USA) overnight. The next day,
nonmacrophage cells were removed by washing with PBS, and the re-
maining macrophages were cultured in DMEM containing 10% FBS
(Gibco, USA) for experiments.

Purification of exosomes

For purification of exosomes from cell culture supernatants, mela-
noma cells were treated with SAS at various doses for 24 h, and
then the medium was replaced with fresh medium supplemented
with 10% exosome-depleted FBS for 24 h. Next, culture superna-
tants were collected and centrifuged at 3,000 rpm for 20 min to re-
move cell debris and dead cells. The conditioned medium was
concentrated with 100-kDa ultrafiltration tubes (Millipore, USA),
and exosomes were extracted with ExoQuick-TC (SBI, Japan)
following the manufacturer’s protocol. Purified exosomes were veri-
fied by using electron microscopy according to the manufacturer’s
instructions. The exosomes used in animal experiments were
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extracted with ExoQuick-CG (SBI, Japan) following the manufac-
turer’s protocol.

ELISA

For the detection of glutamate in plasma, blood was collected from 15
melanoma patients and healthy subjects, and the plasma was isolated.
An Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit (Invi-
trogen, USA) was used to detect glutamate following the manufac-
turer’s protocol.

For detection of PD-L1 on exosomes, exosomes were isolated from
SAS-treated melanoma cell culture supernatants, and a PD-L1 ELISA
kit (Jianglai, China) was used to detect PD-L1 on exosomes following
the manufacturer’s protocol.

Xenograft tumor model

The animal study was approved by the Ethics Committee of Xian-
gya Hospital (Central South University, China), strictly adhering to
the “3R” principle of experimental animals (ethic code: 201803362).
B16F10 or Yumm1.7 cells were collected, washed with a PBS buffer,
and resuspended in cold serum-free medium. B16F10 melanoma
cells (5 x 10° cells in 100 pL RPMI-1640 medium) were injected
into the right flank of 6- to 8-week-old female C57BL/6 mice
(Shanghai SLAC Laboratory Animal, China). When the tumors
were visible, the tumor-bearing mice were randomly grouped for
intraperitoneal injection of SAS (MCE, USA), an anti-PD-1 mAb
(Bio X Cell, USA; BE0146), an anti-PD-L1 mAb (Bio X Cell,
USA; BE0101), an IgG isotype control (IgG2a) (Bio X Cell, USA;
BE0089), or corn oil (vehicle control) for 9—11 days. Tumor diam-
eters were measured using a digital caliper every other day, and tu-
mor volume was calculated with the formula V = (length x width?)/
2. When the tumors reached approximately 1 cm’, the tumor-
bearing mice were sacrificed. The tumors were immediately
collected for flow cytometry analysis, blood samples were harvested,
and exosomes were isolated from the blood samples for ELISA
analysis.

Statistical analysis

Unpaired Student’s t tests and one-way or two-way ANOVA tests
were conducted to analyze the data by using GraphPad Prism soft-
ware (version 6.01). Data are presented as the mean =+ standard devi-
ation (SD). Differences were considered to be significant when p
<0.05. Asterisks indicate significant differences (*p < 0.05, **p <
0.01, **p < 0.001, and ***p < 0.0001).
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