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Sphingosine kinase 1 promotes tumor immune evasion by

regulating the MTA3-PD-L1 axis
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Immune checkpoint blockade (ICB) exhibits considerable benefits in malignancies, but its overall response rate is limited. Previous
studies have shown that sphingosine kinases (SPHKs) are critical in the tumor microenvironment (TME), but their role in
immunotherapy is unclear. We performed integrative analyses including bioinformatics analysis, functional study, and clinical
validation to investigate the role of SPHK1 in tumor immunity. Functionally, we demonstrated that the inhibition of

SPHK1 significantly suppressed tumor growth by promoting antitumor immunity in immunocompetent melanoma mouse models
and tumor T-cell cocultures. A mechanistic analysis revealed that MTA3 functions as the downstream target of SPHK1 in
transcriptionally regulating tumor PD-L1. Preclinically, we found that anti-PD-1 monoclonal antibody (mAb) treatment significantly
rescued tumor SPHK1 overexpression or tumor MTA3 overexpression-mediated immune evasion. Significantly, we identified SPHK1
and MTA3 as biological markers for predicting the efficacy of anti-PD-1 mAb therapy in melanoma patients. Our findings revealed a
novel role for SPHK1 in tumor evasion mediated by regulating the MTA3-PD-L1 axis, identified SPHK1 and MTA3 as predictors for
assessing the efficacy of PD-1 mAb treatment, and provided a therapeutic possibility for the treatment of melanoma patients.
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INTRODUCTION

Malignant melanoma is a serious type of cancer originating from
melanocytes. Once melanoma metastasizes, the fatality rate is
alarmingly high [1, 2]. In the past decade, the number of advanced
melanoma cases newly diagnosed increased by 47% annually, and
this number is estimated to have increased by almost 2% in 2020
[3]. Due to research advances regarding the immunological
characteristics and immunogenicity of melanoma, a series of
immunotherapies have been widely applied in clinical practice
[4, 51.

Sphingosine kinases (SPHKs) are essential rate-limiting enzymes
with two isotypes, SPHK1 and SPHK2, that can catalyze the
phosphorylation of sphingosine (SPH) to sphingosine-1-phosphate
(STP). Although the substrates of the two isotypes are identical
and the amino acid sequences are highly similar, the differences in
expression level and subcellular localization between SPHK1 and
SPHK2 are significant [6]. SPHK1 is located in the cytoplasm in
each organ, whereas SPHK2 is mainly distributed in the nucleus
and specific organelles. The lines of evidence accumulated to date

suggests that STP generated by SPHK1 can be exported to the cell
membrane through G protein-coupled receptors and participates
in the formation of the TME. In addition, SPHK1 plays an important
role in the transport of S1P via ‘inside-out’ signaling [7].
Accumulating evidence has revealed that sphingolipids are
involved in normal biological processes and in cancer cells [8, 9].
Sphingosine kinases (SPHKs) are critical mediators of the
“sphingolipid-rheostat” [10]. Upregulation of SPHK1 expression
has been observed in many cancers, including glioma, lung, colon,
and breast cancers. In addition, increased SPHK1 expression is
associated with a poor survival outcomes in glioma, lung cancer,
and breast cancer [11-15]. Preclinical studies have found that
elevated expression of SPHK1 could result in tumor migration,
invasiveness, and angiogenesis by several mechanisms, such as
the SPHK1/miR-144-3p/FN1 and SPHK1/p-PAK axes [16, 17]. In
addition, studies on sphingolipid-related inhibitors have made
some progress. Safingol (L-threo-dihydrosphingosine), a competi-
tive inhibitor of SPHK, is the first SPHK inhibitor investigated in
clinical trials as an antitumor agent. An open-label, dose-escalating
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phase | trial has corroborated the pharmacokinetics and safety of
safingo alone or in combination with cisplatin in patients with
solid tumors [18]. Therefore, targeting SPHK1 is likely to be a key
strategy for blocking the progression of cancer. Recent studies
have revealed a role for SPHK1 in cancer progression [19, 20].
However, the detailed mechanisms of the involvement of SPHK1
in tumor immune escape remain unknown.

MTA3 is generally identified as an estrogen-inducible gene
product that is strictly regulated by estrogen receptor a (ER-a)-
positive breast cancer cell lines. Furthermore, it has been reported
that MTA3 exhibits a specific ER-dependent expression pattern in
the development and progression of primary breast cancers
[21, 22]. In nonhormone cancers, the MTA3 mRNA and protein
levels are higher in non-small-cell lung cancer tissues metastasized
to the lymph node. In addition, MTA3 overexpression is associated
with the pTNM stage, nodal metastasis, and poor prognosis in
patients with non-small-cell lung cancer [23-25]. However, the
relationship between MTA3 and PD-L1 and the role of MTA3 in the
tumor microenvironment are much less clear.

By utilizing integrative analysis, SPHK1 has been associated
with immune features across multiple cancer types and
positively correlated with programmed cell death ligand 1
(PD-L1, also known as B7-H1/B7 Homolog1 or CD274). PD-L1 is a
ligand of the B7 family. In malignant melanoma, PD-L1
expression can be induced and upregulated via innate and
adaptive mechanisms. Abnormally high expression of PD-L1 on
tumor cells is considered an important factor for immune
tolerance and escape of immune surveillance [26]. When PD-L1
on tumor cells binds to its cognate coinhibitory receptor PD-1
expressed on tumor-infiltrating lymphocytes (TILs), the PD-L1-
induced inhibitory signaling pathway can negatively regulate
the activation and proliferation of T cells and promote T-cell
exhaustion. The development of immune checkpoint inhibitors
(ICIs) has initiated a new era for cancer therapy, and PD-1
blockade therapy is a breakthrough in this era.

Currently, a large number of drugs targeting the PD-L1/PD1 axis
are approved by the Food and Drug Administration (FDA), but the
therapeutic effects against solid malignancies are not satisfactory
due to the complex TME and variation among individuals [26, 27].
Therefore, exploring the mechanisms of resistance to ICls has
become an important issue.

The goal of this study was to assess the role of SPHK1 in
antitumor immunity, reveal a novel molecular mechanism
regarding the regulation of PD-L1 via MTA3, and further
investigate the clinical significance of the SPHK1-MTA3 axis in
immunotherapy in melanoma.

MATERIALS AND METHODS

Cell culture

All cell lines identified by STR DNA profiling and tested for mycoplasma
contamination by a MycoAlert Mycoplasma Detection Kit (Lonza#LT07-118)
were proved to be negative. The human cell lines including SK-MEL-5, SK-
MEL-28, and A375 were cultured in complete DMEM/F-12 (Dulbecco'’s
Modified Eagle Medium/Nutrient Mixture F-12) medium (Biological
Industries BI#01-172-1ACS) with 10% fetal bovine serum (FBS) (Bl#04-
001-1ACS). The mouse melanoma cell line B16F10 was cultured in
complete RPMI-1640 (Roswell Park Memorial Institute) medium (BI#01-
100-1ACS) with 10% FBS. All cells were cultured in a humidified incubator
with an atmosphere of 5% CO2 at 37 °C.

Animal experiments

All animal experiments were performed following the guidelines approved
by the Ethics Committee of Xiangya Hospital (Central South University,
Changsha, Hunan, China). All experiments strictly adhere to the guidelines
for the investigation of experimental pain in conscious animals and the
minimum number of animals needed to obtain statistical significance were
conducted to minimize animal suffering.
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C57BL/6 wild-type female mice with specific-pathogen-free (SPF) grade
were purchased at 6 weeks old from SLAC, Shanghai. All mice were housed
in pathogen-free conditions at the experimental animal center, Central
South University, and kept in a 12/12h dark/light cycle with ad libitum
access to food and water.

For the mouse model, 8x 10° B16F10 cells were subcutaneously
injected into the right flank of anesthetized C57BL/6 mice. At 7 days
after tumor implantation, when tumors had developed to be palpable,
mice were randomly divided into several groups. After tumor volume
and mice weight were monitored and calculated, mice in the
intervention group were treated with PF543 (Selleck#S7177) (10 mg/kg
or 5mg/kg in solvent containing 5% DMSO, 5% Tween 80, 40%
polyethylene glycol 300, and double-distilled H,0) via intraperitoneal
(i.p.) injection every other day. For the control group, the solvent was
administered i.p. every other day. After 4 times treatments mice were
sacrificed using CO, anesthetization and subsequent cervical disloca-
tion. Tumor tissues were isolated from each mouse for further analysis.
Meanwhile, anti-mouse CTLA-4 (BioXCell#BE0164) or 1gG2b isotype
control (BioXCell#BE0086) was co-treated with PF543 (7.5 mg/kg) or
vehicle to further test whether SPHK1 inhibition by PF543 enhanced the
effect of ICl therapy.

B16F10 cells infected with lentivirus overexpressing SPHK1 and MTA3
were previously prepared and administered as previously described. Anti-
mouse PD-1 (BioXCell#BE0146) or IgG2a isotype control (BioX-
Cell#BE0089) in vivo mAb treatments were conducted via i.p. (200 pg/
mouse in 100 pl Dulbecco’s phosphate-buffered saline), every three days
for up to 4 times. The schematic legends of treatments were shown in the
main figures.

Flow cytometry analysis

For flow cytometry of murine samples, tumors and spleens were manually
dissected, dissociated, and grinded. Mashed tissues were then filtered
through 40 uM cell strainers (BD Falcon#352340). Negative compensation
controls for multicolor flow cytometric analyses were established by Anti-
Rat and Anti-Hamster Ig k/Negative Control Compensation Particles Set
(BD Biosciences#552845) and fluorochrome-conjugated antibody. Single-
cell suspensions were then washed twice with PBS buffer. After blocking Fc
receptors with TruStain FcX™ anti-mouse CD16/32 antibody (Biole-
gend#101320) and identifying dead cells with Zombie Aqua™ Fixable
Viability Kit (Biolegend#423102) according to standard protocols, cells
were stained with antibody against the following: APC-CD274 (Biole-
gend#124321), PE/ Dazzle™ 594-CD274 (Biolegend#124324), BB700-CD4
(BD#566407), PerCP/Cyanine5.5-CD4 (Biolegend#100434), PE/Cyanine7-
CD8a (Biolegend#100722), APC/Cyanine7-CD45 (Biolegend#103116), Bril-
liant Violet 421™-CD279 (Biolegend#135218), Brilliant Violet 421™-CD279
(Biolegend#109121), APC-CD3 (Biolegend#100236), APC-CD24 (Biole-
gend#102012), PE/Cyanine7-CD11b (Biolegend#101216), Brilliant Violet
421™\-1y6G/Ly6C  (Biolegend#108434), APC-F4/80 (Biolegend#123116),
PerCP/Cyanine5.5-I-A/I-E  (Biolegend#107626). For further intracellular
dyeing, cells were fixed and permeabilized by Foxp3/Transcription Factor
Staining Buffer Set (eBioscience#00-5523-00), then intracellular GZMB was
stained using PE/Dazzle™ 594-Granzyme B (Biolegend#372216), PE-FoxP3
(eBioscience™4#12-5773-82), PE-CD206 (Biolegend#141706) antibodies. To
detect surface expression of PD-L1 on human melanoma cell lines, cells
were stained by using PE-CD274 (Biolegend#329706) after blocking Fc
receptors with Human TruStain FcX™ (Biolegend#422302) and getting rid
of dead cells with Zombie Aqua™ Fixable Viabilit?\//I Kit (Biolegend#423102).
Stained cells were detected by the DxP Athena™ flow cytometry system
(Cytek, USA) and the data were processed using Flow Jo Software
(version 10.4).

Cell viability assay

Tumor cells were seeded into 96-well plates at a density of 5 x 10° cells per
well with four duplications and pre-incubated at 37°C and 5% CO,
overnight. Cells were further treated with PF543 or DMSO in gradient
concentration for 24 h. The viability of tumor cells was accessed by Cell
Counting Kit-8 according to the manufacturer’s instructions.

Transfection of siRNA and lentiviral infection

Cells with the confluence of 60% were transiently transfected with
duplexed siRNAs (2.5 nmol) by Lipofectamine™ 3000 Transfection Reagent
(Thermo Fisher#L3000015) according to protocols. The sequences of
specific siRNAs were listed as follows.
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SISPHKT #1 Forward 5/-GCGUCAUGCAUCUGUUCUATT-3’
Reverse 5-UAGAACAGAUGCAUGACGCTT-3/
SISPHK1 #3 Forward 5’-GUGCACCCAAACUACUUCUTT-3’
Reverse 5’-AGAAGUAGUUUGGGUGCACTT-3’
SIMTA3 #2 Forward 5'-GUGCAACAGAAACGUCUAATT-3
Reverse 5’-UUAGACGUUUCUGUUGCACTT-3’
SIMTA3 #3 Forward 5-CCAAAUAGCCCACUUACGGTT-3’
Reverse 5'-CCGUAAGUGGGCUAUUUGGTT-3’
sic-Myc Forward 5’-GUGCAGCCGUAUUUCUACUTT-3’
Reverse 5-AGUAGAAAUACGGCUGCACTT-3’

To establish stable overexpression cell lines, HEK293FT cells were
cotransfected with packaging plasmids (pMD2G and pspAX2) and pLVX-
Puro-Flag-SPHK1, pLVX-Puro-Flag-MTA3, pLVX-Puro-EV, pCDH-CMV-MCS-EF1-
copGFP-T2A-Puro-SPHK1,  pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-MTA3, or
pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-EV  plasmids using Lipofectamine
3000 Transfection Reagent. 48 h after transfection, virus-containing super-
natants were collected separately and cells were cultured with the virus
supernatants for 48 h. Then infected cells were selected by puromycin (1 pug/
ml) for 5 days. The efficiency of transfection was then confirmed on
transcription and translation levels.

RNA oligos were synthesized and purchased from GenePharma.
Packaging plasmids (pMD2G and pspAX2) were purchased from Thermo
Scientific. Plasmids pLVX-Puro-Flag-SPHK1, pLVX-Puro-Flag-MTA3, pLVX-
Puro-EV, pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-SPHK1, pCDH-CMV-MCS-
EF1-copGFP-T2A-Puro-MTA3, and pCDH-CMV-MCS-EF1-copGFP-T2A-Puro-
EV were purchased from Vigene Biosciences.

RNA extraction and quantitative real-time PCR assa

Total RNAs were extracted from cells using MagZol™ Reagent
(Magen#R4801-01) and cDNA was synthesized using HiScript II° Q RT
SuperMix for qPCR (+gDNA wiper) (Vazyme#R223) according to manu-
facturer's protocol. qRT-PCR was performed using UltraSYBR Mixture
(CWBIO#CWO0957) on QuantStudio-3 Real-Time PCR systems (Thermo
Fisher Scientific). The data were analyzed using the fold change of gene
expression with the formula 222" method.

All sequences of PCR primers used in this study are as follows:

Human-GAPDH Forward 5-GCCCAATACGACCAAATCC-3!
Reverse 5/-CTCTGCTCCTCCTGTTCGAC-3/
Human-CD274 Forward 5'-CCAGTCTCTGAACATGAA-3’
Reverse 5-ATTGGTGGTGGTGGTCTTAC-3’
Human-SPHK1 Forward 5-TGCTGTCACCCATGAACC-3/
Reverse 5/-CCCAGACGCCGATACTTC-3/
Human-MTA3 Forward 5-AGCCCACTTACGGATCGACAGA-3’
Reverse 5/-CAAACTAGGCTGCCTCACAGAAC-3/
Human-c-Myc Forward 5/-CTACCAGCAGCAGCAGCAGAG-3’
Reverse 5-GGTGTGACCGCAACGTAGGAG-3/
Human-GATA3 Forward 5/-ACCACAACCACACTCTGGAGGA-3’
Reverse 5/-TCGGTTTCTGGTCTGGATGCCT-3'
Human-MYBL2 Forward 5-TCAGAAGTACTCCATGGACAAC-3/
Reverse 5/-GTCCTCGATGATGAGTTCGAT-3/
Human-SMAD1 Forward 5/-TTGGCACAGTCTGTGAACCATGG-3/
Reverse 5-GTAACATCCTGGCGGTGGTATTC-3/
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Human-STAT5A Forward 5/-GCTGTTGCCCACGTTTC-3’
Reverse 5/-CTGTCCACCCACCATATCC-3’
Human-NFATC1 Forward 5-GCCATCCTCTCCAACACC-3!
Reverse 5/-CCGATGTCCGTCTCTCCT-3’
Human-UBTF Forward 5-CCGAATGTGGAACGACCTGTCT-3’
Reverse 5/-GATCTCCTCAGCTCTTTTGGGG-3/
Human-TFAP4 Forward 5/-GCAGCCATTCTCCAGCA-3/
Reverse 5/-TCGTCCTCCCAGATGTCC-3’
Human-E2F1 Forward 5-GGACCTGGAAACTGACCATCAG-3’
Reverse 5-CAGTGAGGTCTCATAGCGTGAC-3/
Mouse-GAPDH Forward 5/-GGTTGTCTCCTGCGACTTCA-3/
Reverse 5-TGGTCCAGGGTTTCTTACTCC-3/
Mouse-CD274 Forward 5/-GCTCCAAAGGACTTGTACGTG-3’
Reverse 5-TGATCTGAAGGGCAGCATTTC-3’

Western blot

Cells were cultured and lysed at 4°C for 30min in RIPA buffer
(Beyotime#P0013C) supplemented with protease inhibitors (Sell-
eck#53025) and phosphatase inhibitors (Selleck#53620) after phosphate
buffer saline (PBS) washing. A Bicinchoninic Acid Protein Assay Kit
(CWBIO#CW1104S) was used to measure the protein concentration.
Equal quantities of protein were separated using SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) on a 10% gel and transferred on PVDF
membranes (Merck Millipore Ltd.). After blocking in 5% nonfat milk
dissolved by Tris Buffered saline Tween (TBST) for 1 h, immunoblotting
was performed with primary antibodies at 4°C overnight. Then
membranes were incubated with horseradish peroxidase-conjugated
secondary antibodies (ABclonal) at room temperature for 1 h after being
washed by TBST. Immunoreactions were visualized using a NcmECL Ultra
kit (NCM Biotech#P10300). Image acquisition and quantitation of
intensity were performed by Odyssey’ Fc Imaging System (LI-COR
Biosciences, Lincoln, NE, USA).

T cell culture and T cell-mediated killing assay

To obtain activated T cells, human peripheral blood mononuclear cells
(PBMC; LTS1077, Yanjin Biological) were cultured in AlIM V™ Medium
CTS™ (Gibco#A3021002) containing 10% FBS (Gibco#10099141C),
ImmunoCult™ Human CD3/CD28/CD2 T Cell Activator (STEMCELL
Technologies#10970) and Recombinant Human IL-2 Protein (R&D#202-
IL-050, 20000 IU/pg) for one week according to the manufacturer’s
instructions. The experiments were performed with CD3 Monoclonal
Antibody (eBioscience Thermo Scientific#16-0037-81, 100 ng/mL) and IL-
2 (1000 1U/mL). Tumor cells were seeded and allowed to adhere to the
96-well plates overnight and then incubated for 48 h with activated
T cells in the presence or absence of PF543. The effector-to-target (E-T)
ratio between activated cells and tumor cells was utilized in terms of
the purpose of each experiment. T cells and the debris of cells were
removed and washed by PBS, and then living tumor cells were
quantitatively analyzed by a spectrometer (Beckman Coulter DU-800)
at OD (450nm) followed by Cell Counting Kit-8 (Bimake#B34302)
staining.

ChIP-qPCR assay

The ChIP assay was conducted using SimpleChIP® Enzymatic Chromatin IP
Kit (Magnetic Beads) (Cell Signaling Technology#9003S) following the
manufacturer’s instructions. Briefly, for each immunoprecipitation, cells
were cultured to approximately 1x 10”7 and cross-linked by 1% diluted
formaldehyde (Sigma-Aldrich#252549). Cells were then harvested and
digested chromatin with micrococcal nuclease. Next, sonicate up to lysate
with several pulses to break nuclear membrane. DNA fragment was
checked to a length of approximately 100-900 bp. Chromatin was
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immunoprecipitated by negative control Normal Rabbit IgG (Cell Signaling
Technology#2729) or Flag antibody (1:100, Cell Signaling Technol-
ogy#14793) at 4 °C with rotation overnight. After eluting chromatin from
Antibody/Protein G Magnetic beads and reversing cross-links, the purified
DNAs were further quantified by PCR. The sequences of PCR primers are
listed below:

c-Myc Forward#1 5-GGAGGCTATTCTGCCCATTT-3/ 536-556 bp
Reverse#1 5-AAGTGGACTTCGGTGCTTAC-3’ 653-673 bp
Forward#2 5/-AGGGATCGCGCTGAGTATAA-3’ 216-236 bp
Reverse#2 5/-TCTGCCTCTCGCTGGAATTA-3/ 272-292 bp
Forward#3 5-AAACCAGGTAAGCACCGAAG-3’ 646-666 bp
Reverse#3 5-TGTCAATAGCGCAGGAATGG-3’ 744-764 bp

Multiplex immunohistochemical assay and analysis

Sections (4-6 um) from formalin-fixed and paraffin-embedded melanoma
samples were deparaffinized and rehydrated through a graded series of
ethanol. All slides were fixed in 10% neutral buffered formalin for 30 min.
Multiplex staining was performed by the same primary antibodies as
immunohistochemistry (IHC) analysis with subsequent antibody detections
using Opal Polymer HRP Ms -+ Rb reagents, and corresponding
fluorophores as well as spectral DAPI nuclear counterstain were applied
following the manufacturer's instructions of Opal 7-color manual IHC kit
(NEL811001KT, PerkinElmer). The slides were scanned and captured using
the Vectra” Polaris” Automated Quantitative Pathology Imaging System
(PerkinElmer) with fluorescent imaging mode. Each multispectral image
cube was then separated into individual components by the spectral
library to identify all target markers in a single image using inForm’
advanced image analysis software (version 2.5.0). All multispectral images
of tissue sections with spectral unmixing and segmentation were further
subjected to create a phenotyping algorithm based on machine active
learning. Phenotype quantifications and analyses were conducted blinded
to the samples and outcomes.

Antigen Primary antibody TSA dyes
Dilution Company/Catalog number

Mouse

CD8a 1:20000 Abcam/ ab209775 690
PD-L1 1:10000 Proteintech/ 622848-1-lg 620
Human

SPHK1 1:500 Abcam/ ab71700 570
MTA3 1:500 Proteintech/ 14682-1-AP 520
c-Myc 1:500 Santa Cruz/ sc-40 620
PD-L1 1:10000 CST/ 13684 690
GZMB 1:1000 Abcam/ ab4059 570
CD8 1:20000 Proteintech/ 66868-1-Ig 520
CD45 1/2000 Abcam/ ab208022 690
CD3 1/1000 Abcam/ ab16669 620

Clinical tissue samples

Metastatic melanoma tissue microarrays were purchased from Avilabio.
Paraffin sections of melanoma patients treated with PD-1 mAb (Toripali-
mab) were obtained from Xiangya Hospital, Central South University. All
tissue samples were collected in compliance with the informed consent
policy. The study protocol was approved by the respective institutions’
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institutional review boards or ethics committees. Clinical information is
summarized in Supplementary Table 9.

Bioinformatics analysis and RNA sequencing

Gene transcriptome data of 33 cancer types including 10205 carcinoma
samples and immune cell populations based on Fragments Per Kilobase
per Million (FPKM) methods were downloaded from The Cancer Genome
Atlas (TCGA) database (http://gdac.broadinstitute.org/) [28]. Differential
expression analysis for TCGA was performed by limma (v1.4.5) with |
Log,(fold change)| >0.58 and adjusted p < 0.05 based on the Benjamini-
Hochberg (BH) method. The score of immune cell types was calculated
with gene set variation analysis (GSVA). Gene list of each immune cell type
was derived from Charoentong et al. [29].

The total infiltration score of immune cells was calculated by Immune
Cell Abundance Identifier (ImmuCellAl) [30, 31]. Spearman’s rank correla-
tion coefficient (Rs) was calculated between SPHK1 expression and
immune cell profiles or inhibitory immune checkpoint expression.
Statistical significance was considered with |Rs|>0.3 and p < 0.05.

Processed data for papillary thyroid cancer cells with SHPK1 over-
expression and control were downloaded from the GEO database
(GSE87307 [17]). GO enrichment analyses were performed with signifi-
cantly upregulated genes by hypergeometric test, and KEGG enrichment
analyses were performed by the GSEA method.

For correlation analysis between SPHK1 and candidate transcription factors,
the gene expression data of 52 melanoma cells were downloaded from the
GDSC database (https://www.cancerrxgene.org/). The dataset for melanoma
patients receiving anti-PD-1 immunotherapy (GSE78220 [32]) was down-
loaded from the GEO database (https://www.ncbi.nlm.nih.gov/geoy/).

Survival analyses were performed using the survival and survminer
packages in R (http://www.r-project.org, version 4.0.3). Log-rank tests were
used to compare overall survival between patients in different groups.
Treatment data of melanoma samples receiving with or without immu-
notherapy were obtained from the TCGA database. Samples were subdivided
into two groups based on median expression or the specific quantile cutoff.

RNA-sequencing was performed by DNA nanoball-seq (DNBSEQ) genetic
sequencer to generate pair-end 150 bases reads in the way of
combinatorial Probe-Anchor Synthesis. Detailed procedures about cDNA
library establishment, library quality control, and sequencing were
implemented according to the technical instructions of BGI Life Science
Research Institution (https://www.genomics.cn/). The original sequencing
data was filtered with FastQC (version 0.11.9) to obtain clean reads. The
clean reads were then mapped to the reference genome using HISATS
(version 2.0.4). RSeQC (version 3.0.1) was applied to further align the clean
reads to the reference gene set, then the expression level of the gene was
calculated by RSEM (version 1.2.12). Differential expression analysis was
performed by DESeq2 (version 1.4.5) with a Q value less than 0.05.

Statistical analysis

For the tumor growth data analysis, no experiments displaying obvious
bias in starting tumor volume as the equality of mice randomization was
examined by the statistical analysis. The overall difference at each data
collection time point was tested by one-way ANOVA. For the comparisons
between specific groups, statistical significance was determined by one-
way fixed-effect model ANOVA followed by Tukey’s multiple comparisons
test. To evaluate the treatment efficacies, a linear mixed effect model
(SPSS, version 24) was conducted by setting the individual mouse subject
as a random effect, and treatments, day, weight as well as the interactions
of treatments and days as fixed effects. Model adequacy diagnostics were
performed to access the assumption of normality, linearity, and homo-
geneity of variances of residuals generated by the model. Model fitting
results were presented only when all assumptions are not violated.

For the association analyses between PD-L1, SPHK1, and MTA3
expression levels, Chi-square tests were used to examine the statistical
significance in the 2 x 2 tables. If all the expected numbers were greater
than 5. If an expected number was less than 5, Fisher's exact tests were
applied to assess the significance. Two-sided unpaired Student's t-tests
were used to calculate the statistical differences between the two groups.
Differences between multiple groups were determined by one-way
ANOVA and Dunnett’'s multiple comparison test. P values less than 0.05
were considered statistically significant and represented as *p < 0.05,
**p <0.01, ***p<0.001, and ****¥p<0.0001. All quantitative data were
obtained from at least three independent experiments. Experimental data
were analyzed and visualized using GraphPad Prism software (GraphPad
Software, Inc., version 8.0.1) and R (version 4.0.3).
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RESULTS

Dysregulation of SPHK1 and associations with tumor immune
characteristics

The overexpression of SPHK1 contributes to tumor progression
and development, but the role of SPHK1 in antitumor immunity is
unclear [33, 34]. We conducted gene set variation analyses to
calculate the relative expression levels of SPHKs by comparing
tumor and normal tissues across sixteen cancer types using data
from The Cancer Genome Atlas (TCGA) [35]. We observed
significant differential expression of SPHK1 in multiple cancers
compared with that of SPHK2, which suggested the global
ubiquity of SPHK1 dysregulation in cancers (Fig. 1a). Based on
these data, we found that SPHK1 was overexpressed in thirteen
cancer types, including breast invasive carcinoma (BRCA,
Log(FC) =0.52, p<0.001), head and neck squamous cell carci-
noma (HNSC; Log(FC)=1.30, p<0.001), liver hepatocellular
carcinoma (LIHC; Log(FC) =1.23, p =0.002), lung squamous cell
carcinoma (LUSC; Log(FC) =1.32, p<0.001), and thyroid carci-
noma (THCA; Log(FC) = 1.17, p < 0.001). The mRNA profiles of the
papillary thyroid cancer cell line TPC1 with SPHK1 overexpression
were further obtained by sequencing to assess the roles of SPHK1
[17]. Moreover, we analyzed the correlations between SPHK1
expression and cancer hallmarks collected from the Molecular
Signatures Database (MSigDB), which is a well-defined oncogenic
axis in multiple cancers [35]. By Gene Oncology (GO) enrichment
analysis, we found that the upregulated genes induced by SPHK1
were significantly enriched in GO terms including cell cycle and
extracellular matrix (ECM)-related pathways (Fig. 1b, c). In addition,
SPHK1 gene expression was correlated with epithelial mesench-
ymal transition, the interferon (IFN)-a/y response, and the
transforming growth factor (TGF)-a/B signaling pathway, which
indicated the potential effects of SPHK1 on the TME (Supplemen-
tary Fig. 1a-f). Furthermore, we systematically examined the
potential functions of SPHK1 in antitumor immunity and found
significant associations between SPHK1 expression levels and the
abundance of suppressive tumor-infiltrating immune cell subsets,
including regulatory T cells (Tregs; median Rs = 0.36), myeloid-
derived suppressor cells (MDSCs; median Rs =0.37), and tumor-
associated macrophages (TAMs; median Rs=0.32) across 33
cancer types (Fig. 1d). In addition, a correlation analysis was
performed between SPHK1 and immune checkpoint molecule
expression levels in 33 human cancers. Strong correlations were
detected between SPHK1 and a majority of inhibitory immune
checkpoint molecules (Fig. 1e). For example, PD-1 (encoded by
PDCD1) and PD-L1 (encoded by CD274), a well-defined immuno-
suppressive axis in the TME [36-38], were found to be correlated
with SPHK1 expression in most cancer types, including skin
cutaneous melanoma (SKCM; Fig. 1f, g). These results suggest that
SPHK1 possesses immunomodulatory potential, as reflected by
the changes in tumor-infiltrating immune cells and the generally
increased levels of inhibitory checkpoints in the TME.

The inhibition of SPHK1 suppresses tumor growth by
reversing PD-L1-mediated tumor immune escape and leads to
activation of T lymphocytes in immunocompetent mouse
models and melanoma cell lines

To investigate the potential effects of SPHK1 on malignant
melanoma, PF543, a specific SPHK1 inhibitor, was utilized in
immunocompetent melanoma mouse models. Specifically, we
inoculated wild-type (WT) B16F10 mouse melanoma cells into
C57BL/6 mice for an in vivo study (Fig. 2a). The tumor size was
significantly decreased in a dose-dependent manner in the group
administered PF543 compared with the control group (Fig. 2b-d
and Supplementary Tables 1, 2). Moreover, we found no
significant fluctuation in body weight during PF543 treatments,
which suggested that PF543 had limited dose toxicity in mice
bearing melanoma (Fig. 2e). Flow cytometric analyses showed that
PF543 treatment significantly induced tumor-infiltrating CD4"
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T cells and CD8™ T cells in the TME (Fig. 2f-i and Supplementary
Fig. 2a-c). Of note, the frequency of granzyme B (GZMB)-
producing CD8" cytotoxic T lymphocytes (CTLs) was increased
substantially in the PF543 group versus the vehicle control group
(Fig. 2j and Supplementary Fig. 2d). Because GZMB is an identified
marker with the strongest cytotoxic capacity toward target cells
[39-41], these results indicate that PF543 treatment may increase
the tumor-specific CD8" CTL population in the TME. Furthermore,
decreased tumor PD-L1 expression was observed in the PF543
group compared with the control group, and the PD-1 expression
on CD45™" cells was slightly decreased after the PF543 treatment
(Fig. 2k and Supplementary Fig. 2e-g). Similarly, multiplex
immunohistochemical (IHC) staining based on tyramide signal
amplification (TSA) and quantitative analyses showed a greater
density of CD8" T cells and a reduced number of PD-L17 cells in
the PF543 group compared with the vehicle control group
(Fig. 2I-n). Consistent with previous analyses, we found that
inhibition of SPHK1 activity significantly diminished the levels of
CD41CD25%FoxP3™ regulatory T cells (Tregs) and Gr-17CD11b™
myeloid-derived suppressor cells (MDSCs) in melanoma (Supple-
mentary Fig. 2h-k). Taken together, our results indicated that
SPHK1 might play a pivotal role in the TME and that an SPHK1
inhibitor has the potential to facilitate an antitumor response by
downregulating PD-L1 on melanoma cells and thereby reversing
the dysfunctional status of tumor-infiltrating CTLs.

To further decipher the efficacy of PF543 plus ICI, we utilized a
combination strategy involving cotreatment with PF543 and CTLA-4
mAb because the blockade of CTLA-4 is involved in promoting T-cell
activation and elevating dendritic cell (DC) activity via the Tregs
(Supplementary Fig. 3a) [42-46]. The results showed that CTLA-4
mAb treatment significantly decreased the tumor volume com-
pared with the IgG2b group (Supplementary Fig. 3b-e and
Supplementary Tables 3, 4). Notably, cotreatment with PF543 and
CTLA-4 mAb further restrained tumor growth compared with that
obtained with PF543 or CTLA-4 mAb treatment alone. Using flow
cytometry analyses, we observed that the CTLA-4 mAb led to a
marked reduction in CD47CD25"FoxP3™ Tregs in melanoma,
consistent with early studies (Supplementary Fig. 3i, m). More
importantly, the activity (GZMB™) of infiltrated CD8" T cells was
significantly restored in the combination group compared with that
in the PF543 or CTLA-4 mAb monotherapy group (Supplementary
Fig. 3f-h, m). Strikingly, compared with the vehicle control, PF543
treatment substantially reduced CD11b"F4/807CD206"MHC class
I tumor-associated macrophages (TAMs) and Gr-17CD11b™"
MDSCs, but did not contribute to the tumor infiltration of
CD11b*F4/80"MHC class II"CD206 cell subsets (Supplementary
Fig. 3j-m). Together, the results indicate that the effect of PF543 on
tumor-infiltrating CTL activation and the profound association of
PF543 and attenuated immunosuppressive cells indicate that PF543
likely contributes to augmented CTLA-4 mAb efficacy.

To validate the effects of SPHK1 on the regulation of PD-L1
expression by tumor cells, melanoma cell lines were treated
with PF543. Consistent with our hypothesis, we found that
inhibition of SPHK1 significantly suppressed both the mRNA
and protein levels of PD-L1. (Supplementary Fig. 4a-c and
Supplementary Fig. 6a—c). In addition, flow cytometric analysis
showed that IFN-y-induced surface expression of PD-L1
decreased in a dose-dependent manner following PF543
treatment in melanoma cell lines (Supplementary Fig. 6d, e).
To further assess the functional role of SPHK1-mediated
regulation of tumor PD-L1, a human peripheral blood mono-
nuclear cell (PBMC)-mediated tumor cell killing assay was
conducted. Compared with control cells, cells treated with
PF543 tended to exhibit decreased resistance to CTL-mediated
target cell killing (Supplementary Fig. 6f). Altogether, these
findings support the notion that the inhibition of SPHK1 by
PF543 suppresses tumor cell growth by decreasing PD-L1
expression and subsequently enhancing CTL activity.
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Fig. 1 Asscociations between SPHK1 and tumor-infiltrating lymphocytes and inhibitory biomarkers. a Differential expression of SPHK1 and
SPHK2 across 16 cancer types compared with normal samples (identified by limma, |Log,(fold change)| >0.58, BH-adjusted p < 0.05). Pie charts
in the right panel represent the percentage of cancer types with significant upregulation (red; UP), downregulation (blue; DN), and non-
significant alteration (gray; NS). GO (b) and KEGG (c) functional analysis of differential expressed genes between papillary thyroid cancer cells
with SHPK1 overexpression and control (GSE87307). GO enrichment was performed with upregulated genes by hypergeometric test, and
KEGG enrichment was performed by the GSEA method. d Correlation between SPHK1 and the relative abundance of suppressive immune cell
types including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs). Pie charts in
the right panel represent the percentage of cancer types with significantly positive (red; POS), negative (blue; NEG), and non-significant
correlation (gray; NS). e Correlation between SPHK1 and inhibitory checkpoint gene expression in 33 cancer types. f Correlation between
SPHK1 and CD274 across 33 cancer types from the TCGA database
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Fig. 2 Inhibition of SPHK1 suppresses tumor growth by promotion of anti-tumor immunity in melanoma immunocompetent mouse models.
a Schematics of the treatment plan using a C57BL/6 female mouse model, established by subcutaneously injecting B16F10. Mice were then
either treated with high-dose PF543 (10 mg/kg), low-dose PF543 (5 mg/kg), or solvent (vehicle). b Image of B16F10 tumors, as captured on the
ninth day. ¢ Summary tumor volume data harvested on the ninth day. Plots of mice tumor volumes (d) and body weight (e) measured every
other day. See also Supplementary Tables 1-2. Flow cytometric analyses of CD45™ cells (f), CD3™ in CD45™ cells (g), CD4" or CD8" in CD3™ cells
(h, i), GZMB*CD8™ TILs (j), and PD-L1 on CD45" subsets (k) from B16F10 tumor samples. See also Supplementary Fig. 2a—e. | Representative
images of trichrome immunohistochemical staining of DAPI, CD8«, and PD-L1 of B16F10 tumor-bearing mice treated with vehicle, PF543
(5 mg/kg or 10 mg/kg). Scale bars, 50 um. Violin plots indicating densities of CD8a™ (m) and PD-L1" (n) cells/mm? in IHC sections of B16F10
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one-way ANOVA and Tukey’s multiple comparisons test (c, f-k, m, n)

MTAS3 functions as a downstream target of SPHK1 to regulate performed with an IFN-y-stimulated SK-MEL-28 melanoma cell line

PD-L1 in melanoma treated with PF543 or dimethyl sulfoxide (DMSO). Among all the
We next sought to explore the downstream signaling pathway downregulated genes, nine candidate transcription factors (TFs)
underlying the SPHK1-induced regulation of tumor PD-L1 expres- were identified based on the fold changes in differentially expressed

sion levels in melanoma. RNA-sequencing (RNA-seq) analysis was genes (Fig. 3a and Supplementary Table 5). To further assess the
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Fig. 3 SPHK1 transcriptionally regulates MTA3 and c-Myc in melanoma cells. a Heat map of RNA-seq expression z-scores computed the
candidate genes in SK-MEL-28 melanoma cells treated with PF543 (25 pM) and IFN-y (200 ng/mL) for 24 h. See also Supplementary Table 5. b RT-
PCR of CD274 and candidate transcription factors mRNA level was performed from the same sample as RNA-seq (n =9). Data represent
mean + SEM. ns non-significant, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. P values were calculated using unpaired two-
sided Student'’s t-test. ¢ SPHK1 was positively correlated with MTA3 by using the calculation of Pearson’s correlation coefficient and subsequent
significance test in 52 melanoma cell lines from the GDSC database. d Spearman’s correlation between MTA3 expression and MSigDB hallmark
pathways across 33 cancer types. Pie charts in the left panel represent the percentage of cancer types with positive (red, Rs > 0.2, p < 0.05),
negative (blue, Rs < —0.2, p < 0.05), and non-significant correlation (gray). e Enrichment plot of MYC target gene sets based on RNA sequencing.
f Scatterplot for linear-regression of the association between c-Myc and SPHK1, as determined by Pearson’s correlation coefficient and
significance test. The solid line corresponds to the regression estimate, and the corresponding 95% Cls, indicated by grey shading. g Overlaid
images of MTA3 ChIP-seq enrichment from K562 cell line for two replicates. ChlP-seq tracks are obtained from published data. h SK-MEL-28
melanoma cells were transfected with MTA3 or negative control (CTL) vector. MTA3 expression was analyzed by western blot. i, j Locations of
ChIP-gPCR primers at the c-Myc promoter, transcription start site is designated as nucleotide +1. F/R, Forward/Reverse (i). Input % of c-Myc
DNA by IgG or Flag antibody were determined by ChIP-gPCR in melanoma cell lines (n = 3). j Data represent mean + SEM. ns non-significant,
p>0.05, *p < 0.05, **p < 0.01, ***p <0.001, and ****p < 0.0001. P values were calculated using unpaired two-sided Student’s t-test
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robustness of the bioinformatic analysis, isolated RNA samples were
utilized for gRT-PCR quantification (Fig. 3b). Correlation analyses
were performed between SPHK1 and the aforementioned TFs using
data from the Genomics of Drug Sensitivity in Cancer (GDSC)
database. The results showed a significantly positive correlation
between SPHK1 and MTA3 (Fig. 3c). Furthermore, the MTA3
expression levels were correlated with cancer hallmarks, including
the G2/M checkpoint, E2F1 targets, and MYC targets (Fig. 3d).
Among the downstream genes, genes with downregulated expres-
sion were significantly enriched in c-Myc target pathways (Fig. 3e),
and this finding was further validated by correlation analysis based
on the GDSC database (Fig. 3f). We further explored the correlation
between MTA3 and c-Myc by retrieving genome-wide chromatin
immunoprecipitation (ChIP) sequencing data from the GEO
repository [47]. We found that MTA3 peaks localize close to the
c-Myc promoter region in the K562 chronic myelogenous leukemia
cell line, implying that it might regulate c-Myc transcriptionally
(Fig. 3g). Next, we performed ChIP quantitative PCR assays of
melanoma cell lines to validate c-Myc as the target gene of MTA3,
and MTA3 was found to directly bind at the region of the c-Myc
promoter (Fig. 3h—j).

To confirm our findings in patient samples, we detected protein
expression levels in tumor tissues from a cohort of 90 melanoma
patients by multiplex IHC staining. The results showed that the
SPHK1 expression levels were positively correlated with MTA3
(p <0.0001) and c-Myc (p =0.020). In addition, the MTA3 levels
were positively correlated with the PD-L1 levels (p <0.0001)
(Fig. 4a, b and Supplementary Table 6).

Consistent with our observations, the suppression of SPHK1 in
melanoma cell lines in vitro, either by treatment with PF543
(Fig. 4c-e) or with an SPHK1-targeting short interfering RNA
(siRNA; Fig. 4f and Supplementary Fig. 7a, b), produced reductions
in the MTA3 and c-Myc expression levels. Together, these results
suggest that MTA3 is the downstream target of SPHK1 that
regulates PD-L1.

Next, we investigated the mechanism underlying the MTA3-
mediated regulation of PD-L1. Our results showed that the
knockdown of MTA3 resulted in significantly decreased levels of
IFN-y-induced PD-L1 and c-Myc in melanoma cell lines in vitro
(Supplementary Fig. 8a—c). To further confirm these mechanistic
observations, we subsequently knocked down c-Myc in MTA3-
overexpression (OE) cell lines or control (empty vector, EV) cells.
Consistently, MTA3 overexpression enhanced the inducible PD-L1
levels compared with the control expression levels (Supplemen-
tary Fig. 8d, e). Of note, there was a statistically significant
difference in the upregulation of PD-L1 was detected after the
knocking down of c-Myc in the MTA3-OE group versus the
knockdown of c-Myc in the MTA3-EV group, indicating that MTA3
positively regulates PD-L1 in a c-Myc-independent manner. Based
on the aforementioned evidence, we inferred that SPHKI1
positively regulates PD-L1 expression through MTA3. To test this
hypothesis, we established melanoma cell lines stably over-
expressing Flag-SPHK1 driven by lentiviral vectors and subse-
quently knocked down MTA3. The results showed that SPHK1-
induced PD-L1 protein expression could be rescued by
MTA3 suppression (Supplementary Fig. 8f and Supplementary
Fig. 9). Thus, we provide evidence showing that SPHK1 positively
regulates PD-L1 expression in an MTA3-dependent manner.

PD-L1 expression induced by SPHK1 and MTAS3 is related to
the efficacy of an anti-PD-1 mAb in immunocompetent mouse
models

Next, we questioned whether SPHK1- or MTA3-mediated immune
escape was reversed by ICB treatment in vivo. To this end, we first
generated poorly immunogenic B16F10 mouse melanoma cells stably
overexpressing SPHK1 or MTA3 (Fig. 53, b). Then, an anti-mouse PD-1
mAb was utilized to treat immunocompetent mice inoculated with
B16F10, B16F10°7"""CF B16F10M™3%F, or B16F10°™ cell lines (Fig. 5¢).
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The analysis of mice bearing the B16F10 or B16F10°™ melanoma
revealed that PD-1 blockade therapies did not consistently inhibit
tumor growth, which was consistent with published results [48-52].
SPHK1- or MTA3-OE cells showed significantly increased melanoma
growth compared with B16F10™ cells. Intriguingly, we observed that
SPHK1- or MTA3-induced tumor proliferation was substantially
suppressed by anti-PD-1 mAb treatment, as demonstrated by a
reduction in the tumor growth rate (Fig. 5d-g and Supplementary
Tables 7, 8). Multiplex IHC staining showed that overexpression of
SPHK1 or MTA3 significantly boosted PD-L1" cells but decreased the
density of CD8" T cells in the tumor region, indicating that SPHK1-
MTA3-PD-L1 axis-mediated immune escape contributes to melanoma
progression (Fig. 5h—j and Supplementary Fig. 10k). Flow cytometric
analyses showed that overexpression of SPHK1 or MTA3 markedly
enhanced the expression of PD-L1 on CD45 subsets (Fig. 5k and
Supplementary Fig. 10a). Moreover, the percentage of infiltrating
CD3* T lymphocytes in the CD45" population (Fig. 5l), as well as the
percentage of CD8" T cells in the CD3™ T-cell population (Fig. 5m),
was significantly repressed in tumor tissues. Furthermore, we found
that GZMB*CD8™ T cells were significantly decreased in the SPHK1-
and MTA3-OE groups compared with the control group, which was
consistent with our previous findings (Fig. 5n). Importantly, the results
showed that compared with IgG2a treatments, PD-1 blockade
therapies significantly reversed SPHK1- or MTA3-associated immune
dysfunctions and enhanced the immune response against tumor
cells, as reflected by the frequencies of CD8" and GZMB*CD8* T
lymphocytes in melanoma. We assessed the expression of PD-1 on
CD45" cell subsets and found that PD-1 blockade led to a slight
reduction in the frequencies of PD-17CD45" cells (Supplementary
Fig. 10b, e). In contrast, before treatment with PD-1 mAb, the
frequency of PD-17CD8™ T cells was increased 1- to 2-fold higher in
the B16F105" ¢ and B16F10"™* % groups versus that in the
B16F10™ group (Supplementary Fig. 10f). As PD-1 on CD8" T-cell
subsets is a novel identified marker in predicting the response to anti-
PD-1 immunotherapies, these data suggest that SPHK1 and MTA3
may serve as potential biomarkers for the prognosis of melanoma
and the efficacy of PD-1 mAb blockade therapies [53-56]. We then
detected the abundance of immunosuppressive cells in the
B16F10°""7%F and B16F10M™3%F groups. The results showed that
the percentage of MDSC subsets in the group of PD-1 blockade
treated-B16F10°"7%F or B16F10M™3%F was significantly lower than
that in the B16F10™ group (Supplementary Fig. 10g, h). Notably, the
SPHK1-MTA3  axis enhanced the tumor infiltration of
CD4*CD25*FoxP3" Tregs and F4/801CD11b*CD206"MHC class I
M2-like tumor-associated macrophages, and this effect could be
reversed by PD-1 mAb treatment (Supplementary Fig. 10b-d, i, j).
Taken together, these data reveal a novel strategy through which
SPHK1-MTA3-PD-L1 axis-mediated immune tolerance and tumor
proliferation can be rescued by anti-PD-1 immunotherapies.

The SPHK1 and MTAS3 expression levels are correlated with
the therapeutic efficacy and prognosis of anti-PD-1 mAb
treatment in melanoma patients

To further evaluate the impact of MTA3 on the therapeutic effect of
anti-PD-1 immunotherapy, we compared melanoma responders
and nonresponders undergoing PD-1 blockade therapy from the
immune checkpoint blockade datasets of the Gene Expression
Omnibus (GEO) database and calculated the expression of MTA3
within each group. The results showed that MTA3 was linked to a
positive response to anti-PD-1 immunotherapy, suggesting the
potential significance of MTA3 in the prognosis of immunotherapy
(Supplementary Fig. 11a). To assess the prognostic features of
MTA3 in melanoma patients, we extracted time-to-event data and
conducted survival analyses. We noted no significant differences in
the risk of death between patients with high or low MTA3
expression who were not treated with immunotherapies (hazard
ratio [HR] 1.20, 95% confidence interval [CI] 0.87-1.64; Supplemen-
tary Fig. 11b). Conversely, patients with high MTA3 expression who
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Fig. 4 SPHK1 and MTA3 are positively correlated with PD-L1 expression in melanoma patient samples. a Representative images of
tetrachromatic immunohistochemical staining of DAPI, SPHK1, PD-L1, and MTA3 expression in a metastatic melanoma tissue array. Scale bars,
200/50 pm in insets. b Quantification and correlation analysis of SPHK1, PD-L1, and MTA3 based on Log,-transformed fluorescent intensities of

multiplex IHC staining. See also Supplementary Table 6. MTA3 or c-Myc
quantification (d), or RT-PCR (e; n = 3) in melanoma cell lines treated with

expression was analyzed by western blot including images (c) and
PF543 or DMSO. The plot (d) was generated from three independent

experiments and showed as mean + SEM. f Melanoma cells transfected with siSPHKT or scrambled negative control siRNA were visualized by
western blot. See also Supplementary Fig. 7. Data represent mean + SEM. ns non-significant, p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and
**¥¥p < 0.0001, as determined by Dunnett’s multiple comparisons test (d, e)

received immunotherapies in the group with high MTA3 expression
had a significantly decreased risk of death (HR 0.40, 0.19-0.85;
Supplementary Fig. 11c). Furthermore, we delineated the expres-
sion of SPHK1, MTA3, c-Myc, and PD-L1 and tumor-infiltrating
immune cell profiles in melanoma biopsies from a total of nineteen
patients regularly receiving PD-1 blockade therapies (toripalimab;
Fig. 6a, b and Supplementary Fig. 11d, €). Among the recruited
patients, eight patients with disease progression were identified as
nonresponders, and the other eleven patients with a positive
response to PD-1 blockade therapies were classified as responders
(Fig. 6f and Supplementary Table 9). Correlation analyses suggested
a significant difference in PD-L1 membrane expression between the
melanoma population with high or low cytoplasmic expression of

SPRINGER NATURE

SPHK1 (p = 9.85x 10, or with high or low nuclear expression of
MTA3 (p =548 x 10~>; Supplementary Table 10). Furthermore, we
observed that melanoma patients treated with PD-1 blockade
therapies with high SPHK1 (HR 0.30, 0.13-0.72), high MTA3 (HR 0.44,
0.20-0.95), high c-Myc (HR 0.16, 0.052-0.48) or high PD-L1 (HR 0.33,
0.14-0.80) expression levels in tumors exhibited prolonged
progression-free survival (PFS; Fig. 6¢c-e and Supplementary Fig. 11f).
Together, these preclinical results demonstrated that high expres-
sion of SPHK1 has the potential to reverse resistance to anti-PD-1
mAb therapy induced by upregulated PD-L1 expression in tumors
and that the SPHK1-MTA3 axis could serve as a potential biomarker
for the prognosis of melanoma patients receiving anti-PD-1
immunotherapies.
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Fig. 5 SPHK1-MTA3-PD-L1 axis-induced immune surveillance escape could be rescued by PD-1 mAb treatments in melanoma for B16F10
allograft immunocompetent mouse models. B16F10 melanoma cells were transfected with SPHK1, MTA3, or negative control (CTL) vector.
SPHK1 and MTA3 expression was analyzed by western blot (a) and quantification (b). The plot (b) was generated from three independent
experiments and showed as mean +SEM. ¢ Schematics of the treatment plan using a C57BL/6 female mouse model, established by
subcutaneously injecting B16F10 overexpressing SPHK1, MTA3, or CTL. Mice were then either treated with PD-1 mAb (200 pg/ mouse), or
IgG2a isotype control. d Image of B16F10 tumors, as captured on the thirteenth day. e Summary tumor volume data harvested on the
thirteenth day. Plots of tumor volumes (f) and mice body weight (g) measured every two days. See also Supplementary Tables 7, 8.
h, i Trichrome immunohistochemical staining of DAPI, CD8a, and PD-L1 expression of SPHK1-OE, MTA3-OE, or CTL B16F10 allografts. Violin
plots indicating densities of PD-L17 (h) and CD8a™ (i) cells/mm? in IHC sections of B16F10 allografts. j Representative images, scale bars, 50
pm. Flow cytometric analyses were performed to measure PD-L1 on CD45" subsets (k), CD3" in CD45" cells (I), CD8" in CD3™" cells (m), and
GZMB'CD8™ TILs (n) from B16F10 tumors. See also Supplementary Fig. 10. 5 mice per cohort. Data represent mean = SEM. ns, non-significant,

p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, as determined by unpaired two-sided Student’s t-test (b), one-way ANOVA and
Tukey’s multiple comparisons test (e, h, i, k-n)

Cellular & Molecular Immunology (2022) 19:1153-1167 SPRINGER NATURE

1163



P. Lau et al.

1164

™
b=
S f
4
.
[
@
g
©
o
(-]
- B
[]
4
=
c
[
g6
©
o
(=]
X
[+]
2
-
c
[
g
©
o
109 — PD-L1 High
— PD-L1 Low

% Progression-Free Survival

Log-rank p = 0.0077

0 100 200 300

400 500 600

Time (days)

Characteristic

No. of patients (N = 19)
Sex- no. (%)

Male

Female
Age, years
Mean (SEM)
Median (range)

Survival status- no. (%)

Alive

Dead

Median PFS (range; days)

GZMB CD3

o

Patient No.1

Patient No.10

Patient No.17

MTA3 c-Myc

o 8
=3 N
8

% Progression-Free Survival

Anti-PD-1 mAb Monotherapy

Responders

1"

2(18.2)

9 (81.8)

49.2 (5.2)

56.0 (11-68)

10 (90.9)
1(9.1)

124 (93-558)

Nonresponders

2 (25.0)

6 (75.0)

61.4 (4.1)

65.0 (46-75)

4(50.0)

4(50.0)

135.6 (62-217)

Fig. 6 The expression of SPHK1 and MTAS3 is related to the prognosis of anti-PD-1 therapy in melanoma patients. a, b Six melanoma patients
including responders (No.13, No.18, No.19) and nonresponders (No.1, No.10, No.17) were visualized by multiplex IHC staining of DAPI, SPHK1,
MTA3, c-Myc, PD-L1, CD8, GZMB, CD3, and CD45. Scale bars, 50 pm. c-e Kaplan-Meier survival curves of melanoma patients’ progression-free
survival. Patients were stratified into two groups by median gene expression. Significance was determined by the Log-rank test.
f Clinicopathologic characteristics of anti-PD-1 mAb monotherapy cohorts. SEM, standard error of mean, PFS, progression-free survival. All
patients were treated with PD-1 monoclonal antibody after surgical resection of primary lesions, and those with recurrence or metastasis
<6 months were considered as nonresponders (NR), while those without recurrence or metastasis longer than 6 months were considered as

0 100 200 300 400 500 600
Time (days)

SPHK1 inhibitor

B

JRERERRARLIS

Cellular membrane

_ SPHK1 signaling >

T

- SPHK1 High _ - MTAS3 High
— SPHK1 Low S — MTA3 Low
>
£ 751
7]
8
Log-rank p = 0.0026 S Log-rank p = 0.0096
@ 251 !
o 11
g 11
a 0. ]
& 0 100 200 300 400 500 600
Time (days)
CTL
co. ,-\ PD-1

PD-L1 expression

JLSCERTaes

Melanoma cell

G i,

c-Myc promoter L
PD-L1 transcription

=0
=0
=0
=0
=0
=0
=0
=0
=0
=0

PD-L1 promoter

m@E@EE@@EEEEE@@@EEEEE@@K@E8§§E§E§§§§§E§§§ﬂ§

responders (R). See also Supplementary Table 9. g Schematic model showing the mechanism and role of SPHK1 in melanoma cells

SPRINGER NATURE

Cellular & Molecular Immunology (2022) 19:1153 - 1167



In summary, we elucidated an emerging functionality of SPHK1,
identified SPHK1-mediated immunosuppression established by
transcriptional regulation of PD-L1 in malignant melanoma and
demonstrated a novel mechanism of PD-L1 expression. Importantly,
the SPHK1-MTA3 axis holds the potential to predict melanoma
patient outcomes in response to anti-PD-1 mAb therapies.

DISCUSSION

Herein, we elucidated the molecular mechanism underlying how
SPHK1 transcriptionally regulates tumor PD-L1 expression. In
addition, MTA3 was identified as a vital target of SPHK1 and was
found to participate in the regulation of PD-L1 expression. Our
discoveries also illustrated that SPHK1-MTA3 maintains the
immunosuppressive status in the TME and promotes tumor
immune escape by positively regulating PD-L1T on melanoma
cells, decreasing the proportion of TILs, and inhibiting tumor-
specific CTL activation in an independent manner. Importantly,
melanoma cells with high SPHK1 and MTA3 expression were
found to be highly sensitive to anti-PD-1 mAb-mediated tumor
cytotoxic effects in vivo. SPHK1 and MTA3 hold the potential to
function as novel biomarkers to predict melanoma patient
outcomes upon anti-PD-1 mAb blockade therapy.

These findings are noteworthy for the following reasons. First,
we showed a new and undiscovered association between SPHK1
and PD-L1, which are crucial molecules in tumor occurrence and
development, particularly in malignant melanoma with high
immunogenicity. Furthermore, the role of SPHK1 in cancers has
gained considerable attention, and SubbaRao and colleagues have
previously showed that targeting SPHK1 decreases pAkt expres-
sion and arrests cells in the GO/G1 phase of the melanoma cell
cycle, which results in the reduction of tumor cell proliferation and
induction of apoptosis [57]. In addition, the data from Albinet and
colleagues have introduced the concept that SPHK1 could initiate
fibroblast differentiation in melanoma and lead to tumor
metastasis [58]. The data reported by Caroline Imbert and
colleagues have shown that combination strategies involving
SPHK1 inhibition enhance ICB therapy by inhibiting immunosup-
pressive cells in tumors [59]. Consistent with these studies, we
have revealed the role of SPHK1 in the oncogenesis and process of
melanoma, and further filled a knowledge gap of paramount
importance regarding SPHK1-mediated immune escape in mela-
noma. In addition, MTA3 was first found to be a potential target of
SPHK1 and to participate in the transcriptional regulation of PD-L1
in malignant melanoma.

MTA3 has been identified as a constituent of the nucleosome
remodeling and deacetylase (NuRD) complex and performs a
structural function in forming the histone deacetylase core
subcomplex (HDCC) of NuRD [60-62]. On the one hand, the
biological characteristics of MTA3 in breast cancer have been
recognized. Accumulating studies have demonstrated that estro-
gen receptor-a (ER-a) can bind to the promoter of MTA3 to
directly regulate transcription [22, 63-65]. In this study, we
observed the expression of MTA3 in melanoma cells and proved
that MTA3 boosted melanoma progression in vivo. Importantly,
the role of MTA3 in stabilizing immunosuppression in the TME
provides new insights for future investigation of and clinical
therapeutics in melanoma.

PD-L1 regulation has emerged as an important topic due to the
multiple functions of PD-L1 in the TME and cancer outcomes. To
our knowledge, melanoma is characterized by a relatively high
TMB and PD-L1 expression. Tumor PD-L1 expression is mediated
not only by endogenous oncogenes but also by the more
important mechanism of PD-L1 induction by IFN-y secreted from
immune cells [66-68]. CD8'T cells upregulate PD-1 expression
and secrete IFN-y after recognition of tumor antigens presented
by antigen-presenting cells [69]. Partially dysfunctional PD-
17CD8" T-cell subsets have been proven to be capable of
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producing IFN-y and further upregulating the expression of PD-L1,
which results in creation of a negative feedback loop that
eliminates immune surveillance and sustains immunosuppression
[53-55]. In this study, we aimed to explore the regulation of IFN-y-
induced PD-L1 expression by SPHK1 to mimic the immune
microenvironment in the vicinity of tumor cells. Moreover,
targeting SPHK1 has been demonstrated to reverse adaptive
immune resistance established by T-cell-induced persistent PD-L1
expression and further activate the T-cell-mediated antitumor
response. In the present study, we found that SPHK1-MTA3 axis-
induced PD-L1 expression in melanoma could improve anti-PD-1
therapy in vivo, which indicated that the SPHK1-MTA3 axis might
be a potential biomarker for the prediction of the prognosis of
advanced melanoma patients. Previous studies have revealed the
use of PD-L1 on tumor cells as a potential biomarker to identify
patients with non-small-cell lung cancer who are most likely to
benefit from PD-1/PD-L1 blockade therapy (i.e., pembrolizumab,
atezolizumab, and nivolumab) [70-73]. The FDA has approved PD-
L1 expression determined by immunohistochemistry as a
companion diagnostic for anti-PD-1/PD-L1 antibody treatment in
advanced non-small-cell lung cancer. The indications for the
predictive capacity of PD-L1 expression in other cancer types have
been under intensive investigation. Given the complexity of the
tumor microenvironment, other components of tumor cells might
be valuable as predictive biomarkers together with PD-L1
expression for the accurate selection of optimal treatments for
cancer patients.

Our observations are also significant due to the potential value
of the SPHK1-MTA3 axis in predicting the prognosis of melanoma
patients receiving PD-1 blockade treatments. We speculated that
the SPHK1-MTA3 axis-mediated high expression of PD-L1 in
melanoma promotes the adaptive immune resistance and that
this dysfunction can be rescued by PD-1 blockade. Previous studies
have highlighted the importance of PD-17CD8™" T cells in the TME
and revealed that high percentages of PD-17CD8" T-cell subsets
are strongly correlated with the efficacy of ICls. In addition, PD-
17CD8™ T-cell populations have been confirmed to be higher in
patients who respond to anti-PD-1 therapies than in nonrespon-
ders [53, 54, 74-76]. Based on these results, we found that the
existing immunosuppression created by the SPHK1-MTA3 axis
could be reversed by anti-PD-1 mAb treatments, as demonstrated
by the accumulation of tumor-infiltrating PD-17CD8" T cells.

We have elucidated an emerging functionality of SPHK1,
identified SPHK1-mediated immunosuppression established by
transcriptional regulation of PD-L1 in malignant melanoma and
demonstrated a novel mechanism of PD-L1 expression. Importantly,
the SPHK1-MTA3 axis holds the potential to predict melanoma
patient outcomes in response to anti-PD-1 mAb therapies.

DATA AVAILABILITY

All data generated or analyzed during this study are included in this published article.

REFERENCES

1. Schadendorf D, van Akkooi ACJ, Berking C, Griewank KG, Gutzmer R, Hauschild A,
et al. Melanoma. Lancet. 2018;392:971-84.

2. Garbe C. Systematic review of medical treatment in melanoma: current status
and future prospects. Oncologist. 2011;16:5-24.

3. American Cancer Society. Cancer facts & figures 2020. https://www.cancer.org/
research/cancer-facts-statistics.html 2020.

4. Bruni JG. Approaches to treat immune hot, altered and cold tumours with
combination immunotherapies. Nat Rev Drug Disco. 2019;18:197-218.

5. Chen DS, Mellman I. Elements of cancer immunity and the cancer-immune set
point. Nature. 2017;541:321-30.

6. Wang P, Yuan Y, Lin W, Zhong H, Xu K, Qi X. Roles of sphingosine-1-phosphate
signaling in cancer. Cancer Cell Int. 2019;19:295.

7. Nakajima M, Nagahashi M, Rashid OM, Takabe K, Wakai T. The role of
sphingosine-1-phosphate in the tumor microenvironment and its clinical impli-
cations. Tumor Biol. 2017;39. https://doi.org/10.1177/1010428317699133.

SPRINGER NATURE


https://www.cancer.org/research/cancer-facts-statistics.html
https://www.cancer.org/research/cancer-facts-statistics.html
https://doi.org/10.1177/1010428317699133

P. Lau et al.

1166

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

. Reynolds CP, Maurer BJ, Kolesnick RN. Ceramide synthesis and metabolism as a

target for cancer therapy. Cancer Lett. 2004;206:169-80.

. Cuvillier O, Ader I, Bouquerel P, Brizuela L, Malavaud B, Mazerolles C, et al.

Activation of sphingosine kinase-1 in cancer: implications for therapeutic tar-
geting. Curr Mol Pharm. 2010;3:53-65.

. Newton J, Lima S, Maceyka M, Spiegel S. Revisiting the sphingolipid rheostat:

evolving concepts in cancer therapy. Exp Cell Res. 2015;333:195-200.

. Van Brooklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, Prior TW. Sphingo-

sine kinase-1 expression correlates with poor survival of patients with glio-
blastoma multiforme: Roles of sphingosine kinase isoforms in growth of
glioblastoma cell lines. J Neuropathol Exp Neurol. 2005;64:695-705.

. Ruckhéberle E, Rody A, Engels K, Gaetje R, Von Minckwitz G, Schiffmann S, et al.

Microarray analysis of altered sphingolipid metabolism reveals prognostic sig-
nificance of sphingosine kinase 1 in breast cancer. Breast Cancer Res Treat.
2008;112:41-52.

. Johnson KR, Johnson KY, Crellin HG, Ogretmen B, Boylan AM, Harley RA, et al.

Immunohistochemical distribution of sphinqosine kinase 1 in normal and tumor
lung tissue. J Histochem Cytochem. 2005;53:1159-66.

. Li J, Guan HY, Gong LY, Song LB, Zhang N, Wu J, et al. Clinical significance of

sphingosine kinase-1 expression in human astrocytomas progression and overall
patient survival. Clin Cancer Res. 2008;14:6996-7003.

. French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, et al. Dis-

covery and evaluation of inhibitors of human sphingosine kinase. Cancer Res.
2003;63:5962-9.

. Xu CY, Liu SQ, Qin MB, Zhuge CF, Qin L, Qin N, et al. SphK1 modulates cell

migration and EMT-related marker expression by regulating the expression of
p-FAK in colorectal cancer cells. Int J Mol Med. 2017;39:1277-84.

. Liang W, Xie Z, Cui W, Guo Y, Xu L, Wu J, et al. Comprehensive gene and

microRNA expression profiling reveals a role for miRNAs in the oncogenic roles of
SphK1 in papillary thyroid cancer. J Cancer Res Clin Oncol. 2017;143:601-11.

. Dickson MA, Carvajal RD, Jr AHM, Gonen M, Cane LM, Schwartz GK. A phase |

clinical trial of safingol in combination with cisplatin in advanced solid tumors.
Clin Cancer Res. 2011;17:2484-92.

. Hart PC, Chiyoda T, Liu X, Weigert M, Curtis M, Chiang CY, et al. SPHK1 is a novel

target of metformin in ovarian cancer. Mol Cancer Res. 2019;17:870-81.

Su L, Tian J, Sun J, Han N, Feng L, Yu B, et al. Lentivirus-mediated siRNA
knockdown of SPHK1 inhibits proliferation and tumorigenesis of neuroblastoma.
Onco Targets Ther. 2018;11:7187-96.

Zhang H, Stephens LC, Kumar R. Metastasis tumor antigen family proteins during
breast cancer progression and metastasis in a reliable mouse model for human
breast cancer. Clin Cancer Res. 2006;12:1479-86.

Fujita N, Jaye DL, Kajita M, Geigerman C, Moreno CS, Wade PA. MTA3, a Mi-2/
NuRD complex subunit, regulates an invasive growth pathway in breast cancer.
Cell. 2003;113:207-19.

Chu H, Chen X, Wang H, Du Y, Wang Y, Zang W, et al. MiR-495 regulates pro-
liferation and migration in NSCLC by targeting MTA3. Tumor Biol.
2014;35:3487-94.

Zheng S, Du Y, Chu H, Chen X, Li P, Wang Y, et al. Analysis of MAT3 gene
expression in NSCLC. Diagn Pathol. 2013;8:1.

LiH, Sun L, Xu Y, Li Z, Luo W, Tang Z, et al. Overexpression of MTA3 correlates
with tumor progression in non-small cell lung cancer. PLoS One. 2013;8. https://
doi.org/10.1371/journal.pone.0066679.

Ren D, Hua Y, Yu B, Ye X, He Z, Li C, et al. Predictive biomarkers and mechanisms
underlying resistance to PD1/PD-L1 blockade cancer immunotherapy. Mol Can-
cer. 2020;19:1-19.

Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, et al.
Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. N. Engl J
Med. 2012;366:2443-54.

Hampton T. The Cancer Genome Atlas pan-cancer analysis project. Jama.
2006;296:1958.

Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D, et al.
Pan-cancer immunogenomic analyses reveal genotype-immunophenotype rela-
tionships and predictors of response to checkpoint blockade. Cell Rep.
2017;18:248-62.

Miao YR, Zhang Q, Lei Q, Luo M, Xie GY, Wang H, et al. ImnmuCellAl: a unique
method for comprehensive T-cell subsets abundance prediction and its appli-
cation in cancer immunotherapy. Adv Sci. 2020;7. https://doi.org/10.1002/
advs.201902880.

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust enu-
meration of cell subsets from tissue expression profiles. Nat Methods.
2015;12:453-7.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et al. Genomic
and transcriptomic features of response to anti-PD-1 therapy in metastatic
melanoma. Cell. 2016;165:35-44.

SPRINGER NATURE

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Zheng X, Li W, Ren L, Liu J, Pang X, Chen X, et al. The sphingosine kinase-1/
sphingosine-1-phosphate axis in cancer: Potential target for anticancer therapy.
Pharm Ther. 2019;195:85-99.

Sukocheva OA, Furuya H, Ng ML, Friedemann M, Menschikowski M, Tarasov WV,
et al. Sphingosine kinase and sphingosine-1-phosphate receptor signaling
pathway in inflammatory gastrointestinal disease and cancers: A novel ther-
apeutic target. Pharm Ther. 2020;207:107464.

Héanzelmann S, Castelo R, Guinney J GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinformatics. 2013;14. https://doi.org/
10.1186/1471-2105-14-7.

Bardhan K, Anagnostou T, Boussiotis VA. The PD1:PD-L1/2 pathway from dis-
covery to clinical implementation. Front Immunol. 2016;7:550.

. YiM, YuS,Qin S, Liu Q, Xu H, Zhao W, et al. Gut microbiome modulates efficacy of

immune checkpoint inhibitors. J Hematol Oncol. 2018;11:1-10.

Li X, Shao C, Shi Y, Han W. Lessons learned from the blockade of immune
checkpoints in cancer immunotherapy. J Hematol Oncol. 2018;11:1-26.

Kelsey C, Martin Mhatre V, Ho J-AL. Death by a thousand cuts: granzyme path-
ways of programmed cell death. Bone. 2012;23:1-7.

Pham CTN, Ley TJ. The role of granzyme B cluster proteases in cell-mediated
cytotoxicity. Semin Immunol. 1997;9:127-33.

Shresta S, Pham CT, Thomas DA, Graubert TA, Ley TJ. How do cytotoxic lym-
phocytes kill their targets? Curr Opin Immunol. 1998;10:581-7.

Nishimura H, Honjo T. PD-1: an inhibitory immunoreceptor involved in peripheral
tolerance. Trends Immunol. 2001;22:265-8.

Tivol EA, Borriello F, Schweitzer AN, Lynch WP, Bluestone JA, Sharpe AH. Loss of
CTLA-4 leads to massive lymphoproliferation and fatal multiorgan tissue destruc-
tion, revealing a critical negative regulatory role of CTLA-4. Immunity. 1995;3:541-7.
Nishimura H, Okazaki T, Tanaka Y, Nakatani K, Hara M, Matsumori A, et al.
Autoimmune dilated cardiomyopathy in PD-1 receptor-deficient mice. Science
(80-). 2001;291:319-22.

Nishimura H, Nose M, Hiai H, Minato N, Honjo T. Development of lupus-like
autoimmune diseases by disruption of the PD-1 gene encoding an ITIM motif-
carrying immunoreceptor. Immunity. 1999;11:141-51.

Chambers CA, Sullivan TJ, Allison JP. Lymphoproliferation in CTLA-4-deficient
mice is mediated by costimulation-dependent activation of CD4+ T cells.
Immunity. 1997;7:885-95.

Carolina N, Hill C. An integrated encyclopedia of DNA elements in the human
genome. Genomics. 2012;9:1159-61.

Woo SR, Turnis ME, Goldberg MV, Bankoti J, Selby M, Nirschl CJ, et al. Immune
inhibitory molecules LAG-3 and PD-1 synergistically regulate T-cell function to
promote tumoral immune escape. Cancer Res. 2012;72:917-27.

Escuin-Ordinas H, Elliott MW, Atefi M, Lee M, Ng C, Wei L, et al. PET imaging to
non-invasively study immune activation leading to antitumor responses with a
4-1BB agonistic antibody. J Immunother Cancer. 2013;1:1-11.

Chen S, Lee LF, Fisher TS, Jessen B, Elliott M, Evering W, et al. Combination of 4-1BB
agonist and PD-1 antagonist promotes antitumor effector/memory CD8 T cells in a
poorly immunogenic tumor model. Cancer Immunol Res. 2015;3:149-60.

Hurwitz AA, Ji Q. Autoimmune depigmentation following sensitization to mela-
noma antigens. Methods Mol Med. 2004;102:421-7.

Yuan X, Duan Y, Xiao Y, Sun K, Qi Y, Zhang Y, et al. Vitamin E enhances cancer
immunotherapy by reinvigorating dendritic cells via targeting checkpoint SHP1.
Cancer Discov. 2022;12:1742-59.

Daud Al, Loo K, Pauli ML, Sanchez-Rodriguez R, Sandoval PM, Taravati K, et al.
Tumor immune profiling predicts response to anti-PD-1 therapy in human mel-
anoma. J Clin Invest. 2016;126:3447-52.

Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al. A tran-
scriptionally and functionally distinct PD-1+CD8+ T cell pool with predictive
potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med.
2018;24:994-1004.

Chen Y, Xu J, Wu X, Yao H, Yan Z, Guo T, et al. CD147 regulates antitumor CD8-+
T-cell responses to facilitate tumor-immune escape. Cell Mol Immunol.
2020;18:1995-2009.

Kumagai S, Togashi Y, Kamada T, Sugiyama E, Nishinakamura H, Takeuchi Y, et al.
The PD-1 expression balance between effector and regulatory T cells predicts the
clinical efficacy of PD-1 blockade therapies. Nat Immunol. 2020;21:1346-58.
Madhunapantula SV, Hengst J, Gowda R, Fox TE, Yun JK, Robertson GP. Targeting
sphingosine kinase-1 to inhibit melanoma. Pigment Cell Melanoma Res.
2012;25:259-74.

Albinet V, Bats ML, Huwiler A, Rochaix P, Chevreau C, Ségui B, et al. Dual role of
sphingosine kinase-1 in promoting the differentiation of dermal fibroblasts and
the dissemination of melanoma cells. Br Dent J. 2014;217:3364-73.

Imbert C, Montfort A, Fraisse M, Marcheteau E, Gilhodes J, Martin E, et al.
Resistance of melanoma to immune checkpoint inhibitors is overcome by tar-
geting the sphingosine kinase-1. Nat Commun. 2020;11:1-14.

Cellular & Molecular Immunology (2022) 19:1153 - 1167


https://doi.org/10.1371/journal.pone.0066679
https://doi.org/10.1371/journal.pone.0066679
https://doi.org/10.1002/advs.201902880
https://doi.org/10.1002/advs.201902880
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1186/1471-2105-14-7

60. Kwintkiewicz J, Padilla-Banks E, Jefferson WN, Jacobs IM, Wade PA, Williams CJ.
Metastasis-associated protein 3 (MTA3) regulates G2/M progression in pro-
liferating mouse granulosa cells. Biol Reprod. 2012;86:1-8.

61. Fujita N, Jaye DL, Geigerman C, Akyildiz A, Mooney MR, Boss JM, et al. MTA3 and
the Mi-2/NuRD complex regulate cell fate during B lymphocyte differentiation.
Cell. 2004;119:75-86.

62. Li X, Jia S, Wang S, Wang Y, Meng A. Mta3-NuRD complex is a master regulator for
initiation of primitive hematopoiesis in vertebrate embryos. Blood.
2009;114:5464-72.

63. Kumar R. Another tie that binds the MTA family to breast cancer. Cell.
2003;113:142-3.

64. Fujita N, Kajita M, Taysavang P, Wade PA. Hormonal regulation of metastasis-
associated protein 3 transcription in breast cancer cells. Mol Endocrinol.
2004;18:2937-49.

65. Fearon ER. Connecting estrogen receptor function, transcriptional repression, and
E-cadherin expression in breast cancer. Cancer Cell. 2003;3:307-10.

66. Topalian SL, Taube JM, Anders RA, Pardoll DM. Mechanism-driven biomarkers to
guide immune checkpoint blockade in cancer therapy. Nat Rev Cancer.
2016;16:275-87.

67. Jiang X, Wang J, Deng X, Xiong F, Ge J, Xiang B, et al. Role of the tumor
microenvironment in PD-L1/PD-1-mediated tumor immune escape. Mol Cancer.
2019;18:10.

68. Gruosso T, Gigoux M, Manem VSK, Bertos N, Zuo D, Perlitch |, et al. Spatially
distinct tumor immune microenvironments stratify triple-negative breast cancers.
J Clin Invest. 2019;129:1785-1800.

69. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization
of inflammatory response with B7-H1 expression in human melanocytic lesions
supports an adaptive resistance mechanism of immune escape. Sci Transl Med.
2012;4. https://doi.org/10.1126/scitranslmed.3003689.

70. Jotte R, Cappuzzo F, Vynnychenko |, Stroyakovskiy D, Rodriguez-Abreu D, Hussein
M, et al. Atezolizumab in combination with carboplatin and nab-paclitaxel in
advanced squamous NSCLC (IMpower131): results from a randomized phase Ill
trial. J Thorac Oncol. 2020;15:1351-60.

71. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fllop A, et al. Updated
analysis of KEYNOTE-024: Pembrolizumab versus platinum-based chemotherapy
for advanced non-small-cell lung cancer with PD-L1 tumor proportion score of
50% or greater. J Clin Oncol. 2019;37:537-46.

72. Gandhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al.
Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. N.
Engl J Med. 2018;378:2078-92.

73. Herbst RS, Baas P, Kim DW, Felip E, Pérez-Gracia JL, Han JY, et al. Pembrolizumab
versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell
lung cancer (KEYNOTE-010): a randomised controlled trial. Lancet.
2016;387:1540-50.

74. Li J, Byrne KT, Yan F, Yamazoe T, Chen Z, Baslan T, et al. Tumor cell-intrinsic
factors underlie heterogeneity of immune cell infiltration and response to
immunotherapy. Immunity. 2018;49:178-93.e7.

75. Wei SC, Levine JH, Cogdill AP, Zhao Y, Anang NAAS, Andrews MC, et al. Distinct
cellular mechanisms underlie anti-CTLA-4 and anti-PD-1 checkpoint blockade.
Cell. 2017;170:1120-33.e17.

76. Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibitory pathway. Nat
Rev Immunol. 2018;18:153-67.

ACKNOWLEDGEMENTS

The authors would like to thank TCGA (https:/portal.gdc.cancer.gov/), GEO (https://
www.ncbi.nlm.nih.gov/geo/), and GESA (http://www.gsea-msigdb.org/gsea/index.jsp)
for data collection and the provision of customizable functions. Especially, the author
PL would like to express gratitude to all members of department of dermatology and

Cellular & Molecular Immunology (2022) 19:1153-1167

P. Lau et al.

venereology at Central South University and all the patients involved in this study.
This work was supported by the National Key Research and Development Program of
China (No.2019YFA0111600, No.2019YFE0120800), the Natural Science Foundation of
China for Outstanding Young Scholars (N0.82022060), the National Natural Science
Foundation of China (N0.81874242, No.31800979, N0.62102455), the Natural Science
Foundation of Hunan Province for Outstanding Young Scholars (No.2019JJ30040),
China Postdoctoral Science Foundation (N0.2020M682587), Hunan Outstanding
Postdoctoral Innovative Talents Program (No.2021RC2035).

AUTHOR CONTRIBUTIONS

HL, XC and MCH conceived and supervised the project. PL, HL, GXZ and LL designed
the research. GXZ, HLZ and GWZ performed the data analysis. PL and GWZ
developed mouse models and related experiments. PL, HL, LL, GXZ, HLZ and GWZ
collected the data and interpreted the results. PL, SZ and HL collected the human
melanoma tissues and analyzed the related information. HL, PL, and GXZ wrote and
revised the final manuscript. HL, XC, and GXZ assisted in experiments and manuscript
writing. The authors read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ETHICAL APPROVAL

All of the animal researches were conducted complying with the Guidance for the
Care and Use of Laboratory Animals of Xiangya Hospital, Central South University.
Paraffin sections of melanoma patients receiving toripalimab treatment were
collected from Xiangya Hospital, Central South University. The study protocol was
approved by the respective institutions’ institutional review boards or ethics
committees.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41423-022-00911-z.

Correspondence and requests for materials should be addressed to Xiang Chen or
Hong Liu.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons

5Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/

© The Author(s) 2022

SPRINGER NATURE


https://doi.org/10.1126/scitranslmed.3003689
https://portal.gdc.cancer.gov/
http://www.gsea-msigdb.org/gsea/index.jsp
https://doi.org/10.1038/s41423-022-00911-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sphingosine kinase 1 promotes tumor immune evasion by regulating the MTA3-PD-L1 axis
	Introduction
	Materials and methods
	Cell culture
	Animal experiments
	Flow cytometry analysis
	Cell viability assay
	Transfection of siRNA and lentiviral infection
	RNA extraction and quantitative real-time PCR assay
	Western blot
	T cell culture and T cell-mediated killing assay
	ChIP-qPCR assay
	Multiplex immunohistochemical assay and analysis
	Clinical tissue samples
	Bioinformatics analysis and RNA sequencing
	Statistical analysis

	Results
	Dysregulation of SPHK1 and associations with tumor immune characteristics
	The inhibition of SPHK1�suppresses tumor growth by reversing PD-L1-mediated tumor immune escape and leads to activation of T lymphocytes in immunocompetent mouse models and melanoma cell lines
	MTA3 functions as a downstream target of SPHK1 to regulate PD-L1 in melanoma
	PD-L1 expression induced by SPHK1 and MTA3 is related to the efficacy of an anti-PD-1 mAb in immunocompetent mouse models
	The SPHK1 and MTA3 expression levels are correlated with the therapeutic efficacy and prognosis of anti-PD-1 mAb treatment in melanoma patients

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethical approval
	ADDITIONAL INFORMATION




