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Abstract

Dysregulation of lipid metabolism affects the behavior of cancer cells, but how this happens is not 

completely understood. Neutral sphingomyelinase 2 (nSMase2), encoded by SMPD3, catalyzes 

the breakdown of sphingomyelin to produce the anti-oncometabolite ceramide. We found that 

this enzyme was often downregulated in human metastatic melanoma, likely contributing to 

immune escape. Overexpression of nSMase2 in mouse melanoma reduced tumor growth in 

syngeneic wild-type but not CD8-deficient mice. In wild-type mice, nSMase2-overexpressing 

tumors showed accumulation of both ceramide and CD8+ tumor-infiltrating lymphocytes, and this 

was associated with increased level of transcripts encoding IFNγ and CXCL9. Overexpressing 

the catalytically inactive nSMase2 failed to alter tumor growth, indicating that the deleterious 

effect nSMase2 has on melanoma growth depends on its enzymatic activity. In vitro, small 

extracellular vesicles from melanoma cells overexpressing wild-type nSMase2 augmented the 

expression of IL12, CXCL9, and CCL19 by bone marrow–derived dendritic cells, suggesting that 

melanoma nSMase2 triggers T helper 1 (Th1) polarization in the earliest stages of the immune 

response. Most importantly, overexpression of wild-type nSMase2 increased anti–PD-1 efficacy 

in murine models of melanoma and breast cancer, and this was associated with an enhanced 

Th1 response. Therefore, increasing SMPD3 expression in melanoma may serve as an original 

therapeutic strategy to potentiate Th1 polarization and CD8+ T-cell–dependent immune responses 

and overcome resistance to anti–PD-1.

Introduction

Sphingolipids (SL) are essential structural and signaling molecules able to modulate cell 

growth, differentiation, migration, and death as well as cancer progression (1). Ceramide 

is an important SL that behaves as an anti-oncometabolite (2). It can be generated 

by hydrolysis of sphingomyelin (SM) as a consequence of sphingomyelinase (SMase) 

activation (2). Several SMases have been described so far including neutral, alkaline, and 

acid SMases (3).
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Among neutral SMases, neutral SMase 2 (nSMase2), which is encoded by SMPD3 (4), is 

activated by an array of stimuli, including proinflammatory cytokines such as IL1β (5) and 

TNFα (6). Anthracyclines also increase transcription of SMPD3 in MCF-7 breast cancer 

cells, a phenomenon able to promote cell growth arrest and cell death (7). In addition, 

overexpression of nSMase2 inhibits the growth of the F4328 mouse osteosarcoma cell 

line (8). Although the role played by nSMase2 in cancer progression remains to be fully 

addressed, inactivating SMPD3 mutations are observed in some patients with acute myeloid 

or lymphoid leukemia (8), and SMPD3 expression is downregulated in some human and 

mouse mammary tumors via epigenetic mechanisms (9).

Our group reported alterations of SL metabolism in melanoma (10-17). For instance, 

downregulation of SGMS1, the gene encoding sphingomyelin synthase 1, is associated 

with SL metabolism reprogramming in melanoma cells and a worse prognosis in patients 

with advanced melanoma (14). Other researchers have shown that β-galactosylceramidase 

(GALC) plays an oncogenic role in melanoma by limiting the expression of nSMase2 and 

ceramide levels (18). Conversely, GALC downregulation induces nSMase2 upregulation, 

with a subsequent increase of intracellular ceramide, and inhibits the tumorigenic activity of 

mouse and human melanoma cells (18).

Melanoma is a highly immunogenic cancer, the progression of which is associated with 

immune escape mechanisms. MAbs inhibiting immune checkpoints such as CTLA-4 and 

PD-1 have demonstrated significant efficacy in the treatment of metastatic melanoma, 

yielding high response rate and long-lasting tumor control. Despite promising results, 

about 40% of patients do not have therapeutic responses, and a significant proportion of 

responders experience tumor relapse within 2 years following treatment induction (19). To 

the best of our knowledge, whether melanoma nSMase2 influences immune responses and 

the response of tumors to immune checkpoint inhibitors (ICI) is currently unknown.

Herein, we investigated the role of nSMase2 in melanoma progression and its influence 

on the response of tumors to anti–PD-1 therapy. We found that SMPD3 was frequently 

downregulated and mutated in patients with melanoma, likely contributing to immune 

escape mechanisms. We went on to demonstrate that correcting the expression of nSMase2 

in mouse melanoma enhanced Th1 and CD8+ T-cell–dependent immune responses and 

potentiated the efficacy of ICI therapy in vivo.

Materials and Methods

SMPD3 expression, mutations, and DNA methylation in human melanoma

SMPD3 expression in patients with primary and metastatic melanoma was evaluated using 

the Oncomine (20) and The Cancer Genome Atlas (TCGA) melanoma (21) databases; each 

dataset was evaluated separately (Fig. 1). TCGA genomic and clinical data were downloaded 

from the UCSC cancer genome browser project (http://www.genome.ucsc.edu/). Among the 

422 patients with melanoma from the TCGA dataset, the analysis population consisted in 

342 patients with distant metastasis for whom there were overlapping RNA sequencing 

and clinical data (Supplementary Data File S1). No other inclusion/exclusion criteria 

were applied for this analysis. Differentially expressed genes (DEG) in human metastatic 
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melanoma samples exhibiting high (n = 68) versus low (n = 68) SMPD3 expression were 

identified according to a fold-change (FC) threshold of 2 and a P value < 0.05 adjusted 

with the Benjamini–Hochberg procedure. Voom transformation and DEG analysis were 

performed with R packages egdeR and limma, respectively. The top 200 genes upregulated 

(FC > 7.75) in human metastatic melanoma samples exhibiting high SMPD3 expression 

level group were selected for pathway analysis. This was performed with Autocompare 

ZE based on the Zelen exact test for P value estimation (ref. 22; available at https://

sites.google.com/site/fredsoftwares/products/autocompare-ze) using C5 database from the 

Broad Institute (http://software.broadinstitute.org/gsea/msigdb/collections.jsp; ref. 23). Date 

of origin for computation of overall survival was the date of specimen procurement. Survival 

rates were estimated using the Kaplan–Meier method, and comparison between groups (low 

expression vs. high expression) was performed using the log-rank test. The strength of 

relationship between continuous covariates was assessed using Spearman rank correlation 

coefficient. DNA methylation data, obtained with the Infinium HumanMethylation450K 

BeadChip technology, were available for 233 patients out of the 342 patients with 

metastatic melanoma and downloaded from TCGA website. SMPD3 mutation analysis in 

human melanoma was assessed on cBioportal (http://www.cbioportal.org/; refs. 24,25). The 

characterization of mutations predicted to be potentially damaging for nSMase activity was 

assessed by polyphen2 (http://genetics.bwh.harvard.edu/pph2/).

Cell lines

B16K1 is a genetically modified cell line kindly provided by Dr. Anne Françoise Tilkin 

Mariamé in 2010 (26, 27). To generate the B16K1 cell line, B16F10 cells were engineered to 

stably express the MHC class I molecule H-2Kb (27). B16K1 cells were cultured in DMEM 

medium (Gibco, #61965-026) containing 10% heat-inactivated FCS and were authenticated 

in February 2012 by the Leibniz Institute DSMZ GmbH. To guarantee cell line authenticity, 

the B16K1 cell line was used within 10 passages following thawing and tested for the 

expression of melanocyte-lineage proteins such as tyrosinase-related protein 2 (TRP2). 

Medium was changed every 2 to 3 days. 4T1 cells were from the ATCC (CRL-2539) and 

kindly provided by Dr. F. Cabon (CRCT) in 2015; they were not further authenticated, 

used within a maximum of 10 passages from thawing, and cultured in DMEM medium 

containing 10% FCS. Yumm 1.7 cells were kindly provided by Dr. M. Bosenberg (Yale 

University School of Medicine, New Haven, CT) in 2014. Cells were generated from tumors 

of BrafV600ECdkn2A−/−Pten−/− mice and were described elsewhere (28, 29). Yumm 1.7 cells 

were cultured in Opti-MEM (Gibco, #31985-047) supplemented with 5% FCS. Cell lines 

were tested for the absence of mycoplasma contamination by PCR using the GoTaq G2 

DNA polymerase Kit (Promega, #M7845) and the primers: GCT GTG TGC CTA ATA CAT 

GCA T; ACC ATC TGT CAC TCT GTT AAC CTC.

Cell transfection

B16K1 cells were transfected (Superfect reagent, QIAGEN, #301305) with a plasmid 

(pEF6-V5-TOPO, Invitrogen, #46-0705) containing the cDNA encoding mouse nSMase2, 

which was kindly provided by Dr. Y. Hannun and was previously described (30). These 

transfected cells produce a V5-tagged nSMase2. Transfected cells were selected for their 

resistance to blasticidin (7 μg/mL; Invivogen, #ant-bl-1). Resistant cells were cultured in 
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DMEM containing 10% FCS and 7 μg/mL blasticidin, and analyzed by Western blot for the 

detection of the V5 tag (see below for Western Blot protocol). Two cell populations were 

selected: B16K1 nSMase2high and B16K1 nSMase2low, which overexpressed or not V5-

tagged nSMase2, respectively. Mock-transfected B16K1 cells were obtained by transfecting 

a plasmid conferring resistance to blasticidin. nSMase enzyme activity was also assessed to 

determine nSMase2 overexpression (see below for protocol).

Mice

Wild-type (WT) C57BL/6 mice were from Janvier Laboratories. CD8α-deficient C57BL/6 

mice were a gift from Prof. J. van Meerwijk (INSERM U1043, Toulouse, France). For each 

experimental condition, 6- to 12-week-old female mice were used. Mice were maintained 

in specific pathogen–free conditions at the CRCT animal facility (US006 CREFRE - Inserm/

UPS), which is accredited by the French Ministry of Agriculture to perform experiments 

on live mice (accreditation number A-31 55508). All in vivo experimental protocols were 

conducted with the approved of the local ethic committee, an Institutional Animal Care and 

Use Committee, and in accordance with the French and European regulations on care and 

protection of Laboratory Animals.

In vitro bone marrow–derived dendritic cell culture

To generate mouse dendritic cell (DC) in vitro, bone marrow–derived cells (BMDC) 

from C57BL/6 mice were harvested and cultured in complete RPMI, which was RPMI 

(Gibco, #61870-010) supplemented with 10% FCS, penicillin (100 U/mL), streptomycin 

(100 μg/mL; Sigma, #P0781), 50 μmol/L β-mercaptoethanol (Gibco, #31350-010), and 20 

ng/mL GMCSF (Peprotech, #315-03-100UG) at 37°C with 5% CO2. At day 3, nonadherent 

cells were removed, and new complete RPMI was added with half of it changed every 2 to 3 

days. After at least 7 days of culture, DC differentiation was analyzed by FACS as described 

below. DCs were cultured for 24 hours in the presence or absence of 5 to 10 μg/mL small 

extracellular vesicles (sEV), purified as described below.

sEV purification

sEV purification was performed as previously described from the conditioned medium of 

B16K1 nSMase 2 WT and catalytically inactive (C.I.) cells (31). Briefly, cells were cultured 

in DMEM 10% sEV-free FCS (prepared after overnight centrifugation at 100,000 × g, 4°C). 

The medium was collected after 3 days of culture, and sEVs were isolated by differential 

ultracentrifugation. Briefly, the culture medium was centrifuged at 300 × g for 10 minutes. 

The supernatant was then sequentially centrifuged at 2,000 x g for 20 minutes, at 10,000 x g 
for 45 minutes, and at 110,000 × g for 70 minutes at 4°C to sediment sEVs. The sEV pellet 

was then washed with PBS, and further centrifuged at 110,000 × g for 70 minutes at 4°C. 

The resultant sEV pellet was resuspended in PBS for in vitro culture and FACS analysis or 

in Western blot cell lysis buffer (see protocols below).

Western blot analysis

Cells and sEVs were lysed in a buffer containing 50 mmol/L HEPES (Sigma, #H3375), 

pH 7.5, 150 mmol/L NaCl (Sigma, # S-9625), 10% glycerol (Sigma, #G-7893), 
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1% Triton X-100 (Sigma, #X100), 1 mmol/L NaVO4 (Sigma, #S-6508), 10 mmol/L 

β-glycerophosphate (Sigma, #G9891), 50 mmol/L NaF (Sigma, #S-7920), 1 mmol/

Lphenylmethylsulfonyl fluoride (Sigma, #P-3075), 10 μg/mL leupeptin (Sigma, #L2884), 

2 μg/mL pepstatin A (Sigma, #P-5318), and 10 μg/mL aprotinin (Sigma, #A6279) for 

30 minutes on ice and sonicated. Equal amounts of proteins were separated in a 7.5% 

to 10% SDS-polyacrylamide gel and blotted onto nitrocellulose membranes (Hybond-C, 

Amersham Pharmacia Biotech, GE Healthcare, #10600002). Proteins were detected using 

anti-V5 (Invitrogen, #477701A) and anti–β-actin (Cell Signaling Technology), anti-mouse 

TRP2 (Santa Cruz Biotechnology, #sc-10451), anti-mouse TSG101 (Abcam, #ab83), anti-

mouse HSP70 (Cell Signaling Technology, #4872), and anti-mouse, anti-goat, or anti-rabbit 

horseradish peroxidase–conjugated IgG (Cell Signaling Technology). Staining was revealed 

using an ECL detection system (Clarity Western ECL substrate, Bio-Rad, #170-5060) and 

visualized by film exposure (Genesee Scientific, #30-101) or Chemidoc Imaging systems 

(Bio-Rad).

In vitro PD-L1 expression

B16K1 cells (0.3 × 105) expressing high or low levels of nSMase2 were plated in 6-well 

plates and treated with vehicle [PBS (Eurobio Scientific, #CSP1PBS01-01)], 0.1% BSA 

(Euromedex, #1035-70-C), 50 ng/mL recombinant murine TNF (Peprotech,#315-01A), 

and 100 U of recombinant murine IFNγ (Peprotech, #315-05) alone or combined in 

DMEM 10% FCS for 72 hours. Cells were detached using Versene solution (Gibco, 

#15040-033), PD-L1 expression (BD Biosciences, MIH5) was assessed by flow cytometry 

on an LSRFortessa X-20 (BD Biosciences), and data were analyzed with the FlowJow10 

software.

mRNA ISH

Biopsies of melanoma tumors were performed on five patients between 2014 and 2017. All 

patients provided informed written consent. No particular inclusion/exclusion criteria were 

applied. The protocol was approved by “CPP du Sud-Ouest et Outre-Mer IV” (Limoges, 

France) committee. Patient studies were performed in accordance to the Declaration of 

Helsinki. ISH for SMPD3 mRNA was performed on formalin-fixed paraffin-embedded 

cutaneous tumor sections (and surrounding healthy tissue) using a specific probe from RNA 

ScopeVR (Advanced Cell Diagnostics, #490279) and the Ventana Discovery–automated ISH 

slide staining systems according to the manufacturer’s instructions.

Cloning WT and C.I. V5-nSMase2 in pMSCV-Puro

Retroviral expression vectors encoding WT or mutant (D428A) mouse nSMase-2 were 

obtained by cloning the product of the partial BamHI and PmeI digestion of pEF6-V5-

His (Clontech, Takara, K1062-1) donor expression vectors encoding WT and C.I. mouse 

nSMase-2 into pMSCV-Puro (Clontech, #634401; ref. 32) linearized with BglII and HpaI.

Retrovirus production and cell transduction

The generation of retroviruses has been described previously (33). Viral particles of 

WT and C.I. (D428A) nSMase-2 derived from pMSCV-Puro vectors or control vector 
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(pMSCV-Puro empty vector) were produced to transduce 1 to 3 × 106 mouse B16K1, 

Yumm1.7, and 4T1 for 16 hours in 6-well plates in the presence of Polybrene (8 μg/mL, 

Santa Cruz Biotechnology, #134220) in DMEM 10% FCS. Cells were then washed in 

PBS, harvested, plated in DMEM 10% FCS containing puromycin (2.5 μg/mL, Gibco, 

#12122530), and incubated for 3 days before amplification and subsequent analysis of 

the polyclonal populations (puromycin selection, enzyme activity assay, and Western blot 

for detection of the V5 Tag as described in the sections above and below). B16K1 and 

4T1 cells overexpressing the WT or C.I. form of nSMase2 are mentioned in the text as 

B16K1 nSMase2 WT or C.I. and 4T1 nSMase2 WT or C.I.; the Yumm1.7 transduced with 

the vector encoding WT nSMase2 or control vector are mentioned in the text as Yumm 

nSMase2 WT or control.

In vitro B16 melanoma cell proliferation and clonogenicity

To study cell proliferation, B16 cells were cultured in DMEM medium containing 0% 

or 10% FCS. Cells were counted at the indicated times using a cell counter (Beckman). 

Melanoma cells were grown on soft agar (clonogenicity assay) or as spheroids. For the 

growth on soft agar, 6-well plates were precoated with 2 mL DMEM 4.5 g/L glucose 

containing 10% FCS and 0.6% agar (Euromedex, #EU0031). DMEM (2 mL) containing 

10% FCS, 0.3% agar, and 10,000 B16K1 nSMase2high or nSMase2low cells were overlaid 

onto the precoated wells. After a 2-week incubation at 37°C in 5% CO2 atmosphere, cell 

colonies were visualized by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) staining (500 μg/mL, Euromedex, #4022-B) at 0.5 mg/mL diluted DMEM 10% 

FCS and incubated at 37°C for 1 hour before washing with PBS and imaging (phase-

contrast pictures, Olympus CKX41, Olympus Life Science). For spheroid growth, 96-well 

plates were precoated with 50 μL 1% agarose (Lonza, #50004). Three thousand B16K1 

nSMase2high or nSMase 2low cells were overlaid onto the precoated wells in DMEM 4.5 

g/L glucose (100 μL) containing 10% FCS. After a 12-day incubation at 37°C in 5% CO2 

atmosphere, spheroids were imaged using the Olympus CKX41 microscope (phase-contrast 

pictures).

Neutral SMase activity measurement

Cellular and tumor nSMase activities were assayed as described previously (34) using 

[choline-methyl-14C]SM (100,000 dpm/assay) as substrate. Briefly, B16K1, Yumm1.7, and 

4T1 cells were resuspended in a buffer containing 0.1% Triton X100 (Sigma, #X100), 

20 mmol/L HEPES (pH 7.4; Sigma, #H3375), 10 mmol/L MgCl2 (Euromedex, 2189-

A), 2 mmol/L EDTA (Sigma, #E-5134), 5 mmol/L DTT (Euromedex, #EU0006-A), 0.1 

mmol/L Na3VO4 (Sigma, #S-6508), 0.1 mmol/L Na2MoO4 (Sigma, #331058), 10 mmol/L 

β-glycerophosphate (Sigma, G9891), 750 μmol/L ATP (Sigma, #FLAAS), 10 μmol/L 

leupeptine (Sigma, #L2884), and 10 μmol/L pepstatin-A (Sigma, #P-5318) and sonicated. 

For tumors, 1 mL of the above-mentioned buffer was used to homogenize 100 mg of 

tumor extract using the FastPrep 24 technology (MP Biomedical) with ceramic beads 

(MP Biomedicals, #6913100). nSMase activity assay was performed by mixing the protein 

extract with [choline-methyl-14C]SM [100,000 dpm/assay; PerkinElmer, NEC6630 (IOUC)] 

resuspended in a buffer containing 20 mmol/L HEPES (pH 7.4) and 1 mmol/L MgCl2 as 

substrate (v/v) for 2 hour at 37°C. The generated [14C] phosphorylcholine is then separated 
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by Floch technique by adding chloroform/methanol (2:1, v/v) solution and counting of the 

radioactive aqueous phase by scintillation on the Tri Carb 2910 TR (Perkin Elmer) using the 

liquid scintillation cocktail Ultima Gold (Perkin Elmer, #6013329).

SL analysis from tumors

Tumors were collected and homogenized in 20 mm Tris buffer with protease inhibitors 

(Roche, #11873580001) using glass beads (Sigma Aldrich, #G8772) in the FastPREP-24 

Classic instrument (MP Biomedicals). Lipids were initially extracted from 0.5 to 1 mg of 

tumor cell lysate by addition of 2 mL 2:3 70% isopropanol:ethyl acetate and submitted 

for analysis at Stony Brook Lipidomics core. Lipids were further extracted by addition 

of 2 mL 2:3 70% isopropanol:ethyl acetate and centrifugated for 5 minutes (1,000 x g). 

Organic phases were dried down and reconstituted in 100 μL mobile phase B (0.2% formic 

acid, 1 mmol/L ammonium formate in methanol). SL analysis was carried out by tandem 

high-performance liquid chromatography: mass spectrometry on a Thermo Finnigan TSQ 

7000 triple quadrupole mass (35). Ceramide peaks were identified by comparison with 

known standards, and the area under the curve was measured. Absolute lipid levels were 

determined using a standard curve of known lipid amounts using standards. Results from 

mass spectrometry analysis were normalized to total protein concentration as determined by 

Bradford assay (Bio-Rad, #500-0006).

RNA isolation and qRT-PCR

For RNA isolation from tumors 12 days after B16K1 cell injection, tumors were 

collected and dissociated using a tissue homogenizer (Precellys, Bertin) using at 6,500 

rpm for 2 cycles of 30 seconds in vials containing ceramic beads (MP Biomedicals, 

#6913100). RNA was purified using the RNeasy Midi Kit (QIAGEN, #75144). cDNA 

from total RNA was prepared with the Superscript II Reverse Transcriptase using 1 μg 

of RNA from each sample (Thermo Fisher Scientific, #18064022). qPCR was performed 

using the SYBR Green Master Mix (Takara, #RR420L) and primers for transcripts 

encoding murine β-actin (QT01136772), hypoxanthine-guanine phosphoribosyltransferase 

(HPRT; QT00166768), CXCL9 (QT00097062), IL12p40 (QT00153643), CCL19 

(QT02532173), CCL2 (QT00167832), CXCL11 (QT00265041), CXCL10 (QT00093436), 

CCL5 (QT01747165), TNF (QT00104006), CCL17 (QT00131572), CCL22 (QT00108031), 

and IL1β (QT01048355; QIAGEN, QuantiTech Primer Assay). Assays were run on the 

StepOne Plus instrument (Thermo Fisher Scientific), and gene expression for all cytokines 

and chemokines tested was calculated according to the formula 2−ΔCt. The mean Ct value for 

the expression level of HPRT and β-actin was used as reference.

Confocal microscopy analysis

B16K1 cells were cultured on glass coverslips for 24 hours and fixed in PBS 

paraformaldehyde. Cells were stained with anti-giantin (Invitrogen, #BS-13356R) and anti-

V5 (Invitrogen, #2F11F7) antibodies and dye-coupled secondary antibodies [goat anti-rabbit 

IgG Alexa Fluor 488 (Invitrogen, #A11008); goat anti-mouse IgG2a Alexa Fluor 568 

(Invitrogen, #A-21134)] and analyzed by confocal microscopy (Zeiss, LSM510).
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In vivo tumorigenesis of B16K1 cells

B16K1 cells (3 × 105) expressing WT or C.I. V5-tagged nSMase2 were intradermally 

injected in WT or CD8α-deficient mice. Tumor volume was calculated using a caliper at 

the indicated days with the formula: Tumor volume = 0.52 × length × width2. For some 

experiments, mice received i.p. injection of anti–PD-1 therapy (200 μg; BioXcell; clone 

RMP1-14), anti–CTLA-4 (200 μg first cycle then 100 μg; BioXcell; clone 9H10), or vehicle 

(PBS) on days 6, 10, and 13 after tumor cell injection.

Tumor immune infiltrate analysis

One million B16K1 cells overexpressing or not a WT or C.I. V5-tagged nSMase2 were 

intradermally and bilaterally injected in WT mice. Tumors were weighed and digested with 

the mouse Tumor Dissociation Kit (Miltenyi, #130-096-730) before flow cytometry analysis.

Flow cytometry analyses

For the analysis of sEVs by flow cytometry, 4 μL of latex beads (Invitrogen, #A37304) 

diluted in 1 mL PBS were precoated with 5 μg of sEVs during 16 hours at 4°C under 

rotation. Following BSA (Euromedex, #1035-70-C) saturation and washing, beads were 

incubated with an anti-mouse CD63 (BioLegend, NVG-2).

To analyze for the in vitro maturation of DCs, cells were cultured with or without 10 

μg/mL sEVs during 24 hours and then stained with the following antibodies: anti-CD11c 

(eBioscience, N418), anti-CD80 (eBioscience, 16-10A1), anti-CD86 (BB Biosciences, 

PO3), anti–MHC-I (BD Biosciences, AF6-88.5), and anti–MHC-II (eBioscience, 

M5/114.15.2).

For the analysis of the tumor immune infiltrate, cells were stained with antibodies or 

MHC-I/TRP2 dextramers (APC-conjugated H-2Kb/SVYDFFVWL, Immudex) and live-dead 

reagents (Invitrogen, #L34TIL analysis). To assess for IFNγ and TNF production by 

tumor-infiltrating lymphocytes (TIL), cells from the dissociated tumors were incubated 

for 4 hours in the presence of 1X cell stimulation cocktail (eBioscience, #00-4970-93) 

and 1X Protein transport inhibitor (eBioscience, #00-4980-03) prior to cytometry analysis. 

Antibodies used in this study were as follows: anti-mouse CD45 (BD Biosciences, 

30-F11), anti-mouse Thy1.1 (BioLegend, H12), anti-mouse CD8 (BioLegend, 53-6.7), 

anti-mouse CD4 (BD Bioscience, GK1.5), anti-mouse FoxP3 (eBioscience, FJK-16s), 

anti-mouse CD11c (eBioscience, N418), anti–PD-L1 (BD Bioscience, MIH5), anti-IFNγ 
(BD Biosciences, XMG1.2), anti-TNF (BD Biosciences, MP6-XT22), anti-Granzyme B 

(BioLegend, GB11), anti–TIM-3 (eBioscience, J43), anti–CTLA-4 (eBioscience, UC10), 

and anti-TCRβ (BD Bioscience, H57–597). For the staining of intracellular targets, cells 

were first stained for membrane markers, then fixed and permeabilized using the “Foxp3 

fixation/permeabilization staining buffer set” (eBioscience, #00-5523-00) before staining 

for Foxp3 or TNF and IFNγ. Samples were acquired using an LSRFortessa X-20 (BD 

Biosciences), and data were analyzed with the Diva or FloJow 10 softwares. Gating 

strategies are depicted in Supplementary Data File S2.
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Statistical analysis

Each experiment was designed to use the minimum number of mice or samples required 

to obtain informative results and sufficient material for subsequent studies. No specific 

statistical tests were used to predetermine the sample size. For animal experimentation, we 

used at least 5 mice per group, and experiments were typically performed twice, unless 

otherwise stated in the figure legends. Statistical significance of difference between groups 

was evaluated using the GraphPad Prism 7 software. Briefly, we tested whether the values 

come from a Gaussian distribution using a D’Agostino–Pearson omnibus normality test. 

When passing the normality test, a Student t test was used. Otherwise, a Mann–Whitney 

U test was used. For statistical significance of animal survival, the log-rank test was used. 

Differences were considered to be statistically significant when P < 0.05 (*, P < 0.05; **, P 
< 0.01; ***, P < 0.001). In vivo and in vitro experiments were monitored in a nonblinded 

fashion, and no method of randomization was used. In tumorigenesis experiments, mice for 

which no tumor was observed during 10 days after the inoculation of cancer cells were 

excluded. For the analysis of TILs, tumors in which the number of cells was too small were 

excluded from the analysis.

Results

SMPD3 expression in human melanoma biopsies correlates with a CD8+ T-cell gene 
signature

Analysis from the Oncomine database indicated that low levels of SMPD3 transcripts are 

found in human metastatic melanoma as compared with primary tumors and normal skin 

(Fig. 1A), suggesting that nSMase2 downregulation is likely associated with melanoma 

progression. ISH experiments on skin sections from patients with advanced melanoma using 

RNAscope technology revealed robust and low SMPD3 expression in the tumor-adjacent 

stratum granulosum and cutaneous melanoma, respectively (Fig. 1B; Supplementary Fig. 

S1A-S1D). Moreover, a majority of tumor biopsies from the TCGA cohort of patients 

with advanced melanoma expressed SMPD3 at low levels (Fig. 1C). Because gene 

hypermethylation has been shown to downregulate SMPD3 expression in solid tumors (9), 

we analyzed the methylation status of SMPD3 in the TCGA melanoma cohort. This analysis 

identified one CpG island located within the promoter core (73 pb downstream of the 

transcription start site) for which the methylation level (>0.27) inversely correlated to gene 

expression (Supplementary Fig. S1E and S1F). This suggests that, at least in some patients, 

DNA methylation of the promoter region may contribute to SMPD3 downregulation in 

melanoma. The clinical outcome for patients with metastatic melanoma exhibiting high and 

low SMPD3 expression was analyzed. Low SMPD3 expression was significantly associated 

with shortened overall survival (Fig. 1D), further suggesting that SMPD3 downregulation is 

associated with a worse prognosis for patients with melanoma.

Focusing on the TCGA melanoma cohort, we examined which gene signatures were 

associated to high or low levels of SMPD3 expression in tumor samples. A high SMPD3 
expression was mostly associated with signatures related to "Immune system process" 

and "Lymphocyte activation" according to Gene ontology classification (Supplementary 

Table S1). Further analysis showed that high SMPD3 expression was associated with high 
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expression of CD3G, CD3D, and CD3E, which reflect TILs (Fig. 1E; Table 1). Among 

T-cell–associated genes, we found that CD8A, CD8B, and CD4 were enriched in melanoma 

samples expressing SMPD3 at high levels. Moreover, various Th1-related genes such as 

IL12, CXCL10, and TBX21 as well as genes related to cell-mediated cytotoxicity were 

expressed at higher levels in melanoma samples exhibiting high SMPD3 expression (Fig. 

1E; Table 1). Accordingly, SMPD3 expression significantly correlated with the expression of 

a set of genes, which likely reflect CD8+ T-cell infiltration (Fig. 1F; Table 1). The expression 

level of genes encoding other known SMases was not associated with a gene signature of 

CD8+ TILs in patients with metastatic melanoma except for SMPD2, which poorly, yet 

significantly, correlated with CD8B (Table 1). In contrast, SMPD4 was negatively correlated 

with T-cell–related genes (Table 1).

Thus, expression of SMPD3 (but not the expression of other SMases) is associated with 

a CD8+ T-cell gene signature in human melnoma samples. We hypothesize that this may 

contribute to the improved overall survival seen for patients with high SMPD3 expression.

nSMase2 expression impairs melanoma growth by enhancing CD8+ T-cell responses

To assess the impact of SMPD3 expression on melanoma growth and CD8+ T-cell–

mediated antitumor responses, we conducted studies using the B16K1 mouse melanoma 

cell line, which exhibits low endogenous nSMase activity (Supplementary Fig. S2A) and 

overexpresses MHC class I (26, 36). We first generated B16K1 melanoma cell lines with 

or without nSMase2 overexpression (Fig. 2A; Supplementary Fig. S2B). The overexpressed 

enzyme was mainly localized at the plasma membrane (Fig. 2B), and high expression of 

nSMase2 led to robust increases in cellular nSMase activity (Supplementary Fig. S2A) 

and ceramide levels (Fig. 2C), affecting neither two- nor three-dimensional cell growth nor 

clonogenicity in vitro (Supplementary Fig. S2C and S2D).

Upon intradermal injection of B16K1 cells in C57BL/6 mice, nSMase2 overexpression, 

as evaluated by Western blot (Supplementary Fig. S2E, top plot, and S2F), triggered an 

intratumor increase in nSMase activity (Supplementary Fig. S2E, bottom plot) and elevation 

of ceramide levels (Fig. 2D). More precisely, high nSMase2 expression led to increased 

levels of the C12, C14, C16, C18:1, C22:1, and C24:1 ceramides species in tumors 

(Fig. 2D). Of note, nSMase2 overexpression was also linked to a significant increase in 

intratumor sphingosine levels, but it did not significantly affect levels of SM and sphingosine 

1-phosphate (S1P; Supplementary Fig. S2G). In addition, high nSMase2 expression was 

associated with a strong decrease in B16K1 tumor growth in WT mice, as compared with 

tumors expressing low levels of the enzyme (Fig. 2E).

Because nSMase2 overexpression did not decrease in vitro proliferation of B16K1 cells 

but impaired tumor growth in vivo, we hypothesized that high nSMase2 expression in 

melanoma cells could trigger a remodeling of the tumor microenvironment. Building upon 

the data obtained using human samples from the TCGA dataset, we analyzed the immune 

response in mice engrafted with B16K1 melanoma cells expressing nSMase2 at low or high 

levels. Leukocytes (CD45+) and T cells (Thy1+) frequencies were significantly increased in 

melanomas that expressed nSMase2 at high levels (Fig. 2F). Among T cells, the proportion 

Montfort et al. Page 11

Cancer Immunol Res. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of CD8+ TILs was 3-fold higher in tumors expressing nSMase2 at high levels than in tumors 

expressing low levels of the enzyme (Fig. 2F).

To determine whether this increase in CD8+ TILs may be important in mediating the 

deleterious impact of nSMase2 on melanoma growth, nSMase2high and nSMase2low B16K1 

cells were engrafted in CD8α-deficient mice. Importantly, high nSMase2 expression failed 

to impair B16K1 melanoma growth in CD8α-deficient mice (Fig. 2G).

Collectively, these data indicate that nSMase2 overexpression in mouse melanoma enhances 

CD8+ T-cell–dependent immunity, which consequently impairs tumor growth.

nSMase2 enzyme activity is required for enhancing T-cell–dependent anti-melanoma 
immune responses

Our analysis of the SMPD3 nucleotide sequence in human melanoma from four independent 

studies identified mutations in the coding sequence, ranging from 2.5% to 20% mutation 

frequency depending on the study (37-40). The highest mutation frequency was observed 

in desmoplastic melanoma, whereas the lowest was in uveal melanoma (Fig. 3A). Most of 

the mutations were missense mutations, and half of them affected residues in the catalytic 

domain (Fig. 3B). Moreover, 12 mutations were predicted to be potentially damaging for 

nSMase activity (HumDiv score > 0.85) according to PolyPhen-2 analysis (Fig. 3B).

We then evaluated whether a single missense mutation (D428A) in the catalytic domain 

of murine nSMase2, which potently impairs enzyme activity (41), had an impact on CD8+ 

T-cell–dependent immune responses and melanoma growth in mice. B16K1 cells were 

transduced with a retroviral vector encoding either the WT or C.I. form of the V5-tagged 

nSMase2 (Supplementary Fig. S3A). This approach resulted in a significant increase in 

nSMase activity in WT nSMase2–expressing cells compared with mock-transduced cells 

(Supplementary Fig. S3B) but not in the ones expressing C.I. nSMase2. There were 

no differences in proliferation capacity in vitro (Supplementary Fig. S3C) or subcellular 

localization (Supplementary Fig. S3D) between the cells transduced with WT nSMase2 and 

those transduced with C.I. nSMase2. However, nSMase activity in WT nSMase2–transduced 

B16K1 cells, triggered by the retroviral LTR promoter, is less than the activity observed in 

nSMase2high B16K1 cells transfected with the pEF6-V5_TOPO plasmid, which has a strong 

promoter (EF-1α; Supplementary Fig. S3E). The in vivo growth of tumors retrovirally 

transduced to express WT nSMase2 was reduced (by more than 50%) as compared with 

mock-transduced B16K1 tumors, but overexpressing the C.I. nSMase2 failed to alter tumor 

growth (Fig. 3C). This indicates that the deleterious effect nSMase2 has on melanoma 

growth depends on its enzymatic activity.

Next, the immune response was analyzed at day 12 post-B16K1 cell injection, at the 

inflection point of growth curves. At this time point, WT nSMase2 tumor weight was 

already significantly reduced compared with C.I. nSMase2 tumor weight (Fig. 3D). In 

accordance with results displayed in Fig. 2, tumors expressing WT nSMase2 had higher 

levels of total CD4+ and CD8+ T cells in both tumor-draining lymph nodes and tumors 

compared with tumors expressing C.I. nSMase2 (Fig. 3E). We next analyzed the infiltration 

of tumors by CD8+ T cells specific for TRP2, a differentiation antigen of melanocytic cells. 
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We observed higher proportions of TRP2-specific CD8+ T cells in tumors expressing WT 

nSMase2 than in those expressing the C.I. enzyme (Fig. 3F).

Together, these data indicate that the catalytic activity of nSMase2 is required for enhancing 

T-cell–dependent immune responses toward melanoma cells.

nSMase2 enhances the expression of Th1-related cytokines

To get insights into the molecular mechanisms by which melanoma nSMase2 enhances 

CD8+ T-cell–dependent immune responses, we first evaluated the impact nSMase2 has on 

the expression of Th1-related cytokines in tumors. We observed that the levels of mRNA 

encoding CXCL9 and IFNγ were significantly increased upon WT nSMase2 expression in 

melanoma tumors as compared with the ones expressing C.I. nSMase2 (Fig. 4A). Consistent 

with this, SMPD3 expression was significantly correlated with the expression of IFNG and 

CXCL9 genes in human melanoma biopsies (Fig. 4B).

nSMase2 facilitates the budding of exosomes, a subset of sEVs (42), and this likely 

contributes to the modulation of the anti-melanoma immune response (43-45). Accordingly, 

we purified and analyzed the molecular composition of sEVs secreted by B16K1 cell 

expressing WT and C.I. nSMase2 (Supplementary Fig. S4). The total amount of secreted 

sEVs (Supplementary Fig. S4A), the ultrastructural morphology of sEVs (Supplementary 

Fig. S4B), and the expression of in sEV markers (CD63, TSG101, and HSP70) and 

melanoma antigens (MC1R and TRP2; Supplementary Fig. S4C-S4E) were similar for 

both cell types. Considering that DCs efficiently take up sEVs, a phenomenon that can 

influence their phenotype (43), the ability of the sEVs to facilitate DC maturation in vitro 
was examined. The DC surface maturation markers CD80, CD86, MHC-I, and MHC-II 

were similarly upregulated upon incubation with sEVs from B16K1 expressing either WT 

or C.I. nSMase2 (Supplementary Fig. S4F). However, sEVs from B16K1-expressingWT 

nSMase2 greatly enhanced BMDC intracellular levels of mRNA encoding some Th1-related 

cytokines, namely IL12, CXCL9, and CCL19 (Fig. 4C and D). No significant changes were 

observed in the induction of other Th1-related cytokines such as CCL5, CXCL11, CXCL10, 

or TNF in BMDCs in response to sEVs from B16K1 nSMase2 WT or C.I. (Fig. 4E, top 

plots). Finally, we did not observe differences in the expression of transcripts encoding the 

myeloid chemoattractant CCL2, the regulatory T cell (Treg) chemoattractants CCL17 and 

CCL22, or the proinflammatory cytokine IL1β (Fig. 4E, bottom plots).

Collectively, the data indicate that melanoma nSMase2 enhances the expression of a set of 

Th1-related cytokines and chemokines in murine and human tumors, which likely facilitates 

the establishment of a CD8+ T-cell–dependent immune response against melanoma.

nSMase2 expression in cancer cells enhances the efficacy of anti–PD-1 therapy in mice

nSMase2 overexpression significantly reduced B16K1 tumor growth in a CD8+ T-cell–

dependent manner but failed to trigger complete tumor rejection. Thus, we evaluated the 

impact of melanoma nSMase2 on the response to anti–PD-1 therapy, which is a gold 

standard in melanoma immunotherapy (19). We first evaluated the therapeutic activity of 

anti–PD-1 toward melanoma tumors expressing nSMase2 at low and high levels (Fig. 5A). 

Although anti–PD-1 therapy significantly delayed the growth of nSMase2low melanoma 
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(Fig. 5B and C), all tumors relapsed, presumably due to immune escape mechanisms 

and, consequently, all mice died within 40 days post-B16K1 injection (Fig. 5D). nSMase2 

overexpression alone delayed melanoma growth (Fig. 5B and C) and significantly increased 

the overall survival (Fig. 5D). Strikingly, the therapeutic efficacy of anti–PD-1 therapy 

was dramatically enhanced by nSMase2 overexpression (Fig. 5B and C). In the group of 

mice injected with B16K1 nSMase2high cells and anti–PD-1, all mice survived (Fig. 5D). 

Two months after the first tumor challenge, parental B16K1 melanoma cell reinjection 

in the surviving mice did not lead to tumor development and, as a consequence, did not 

compromise overall survival. This demonstrates that animals were totally vaccinated toward 

B16K1 melanoma cells (Fig. 5D).

We obtained similar results using the B16K1 tumor model comparing cells expressing 

WT or C.I nSMase2. WT nSMase2 significantly promoted the therapeutic efficacy of not 

only anti–PD-1 therapy but also anti–CTLA-4 therapy, whereas C.I. nSMase2 failed to 

do so (Supplementary Fig. S5A-S5C). Therefore, nSMase2 enzyme activity was required 

for enhancing ICI therapeutic efficacy. In this model, the effect obtained upon anti–PD-1 

treatment was weaker than the one observed in Fig. 5. This difference might be related to the 

fact that B16K1 cells retrovirally transduced with WT nSMase2 exhibited significantly less 

nSMase activity than the B16K1-transfected cells (nSMase2high; Supplementary Fig. S3E).

We confirmed the deleterious impact nSMase2 has on melanoma growth using another 

model, the Yumm 1.7 melanoma cells transduced with a control retroviral vector or a 

vector encoding for WT nSMase2 (Supplementary Fig. S6A). Overexpression of nSMase2 

did not impair the in vitro proliferation of Yumm 1.7 cells despite increased nSMase 

activity, as compared with mock-infected cells (Supplementary Fig. S6A). However, 

nSMase2 overexpression not only dramatically impaired the growth of Yumm 1.7 tumors in 

immunocompetent mice, but also significantly reduced their resistance to anti–PD-1 therapy 

(Supplementary Fig. S6B).

To extend our observations to another cancer model and in a different mouse strain 

(BALB/c), we performed similar experiments using 4T1 breast cancer cells. Overexpressing 

WT nSMase2 in 4T1 cells significantly increased nSMase activity but did not compromise 

in vitro cell proliferation as compared with 4T1 cells overexpressing the C.I. nSMase2 

(Supplementary Fig. S6C). However, WT nSMase2 slightly reduced the growth of 4T1 

tumors in immunocompetent mice (Supplementary Fig. S6D). Anti–PD-1 therapy further 

reduced tumor growth in 4T1 tumors that overexpressed WT nSMase2, whereas C.I. 

nSMase2–overexpressing 4T1 tumors were totally resistant to anti–PD-1 therapy under our 

experimental conditions (Supplementary Fig. S6D).

Taken together, these data indicate that expression of WT nSMase2 in cancer cells enhances 

the efficacy of ICI in preclinical models.

nSMase2 expression enhances Th1 responses after anti–PD-1 therapy in vivo

To understand how melanoma nSMase2 enhanced the response to anti–PD-1 therapy, we 

monitored the immune response upon nSMase2 expression with or without anti–PD-1 

therapy. nSMase2 overexpression increased the proportion of CD8+ T cells in tumors (Fig. 

Montfort et al. Page 14

Cancer Immunol Res. Author manuscript; available in PMC 2022 November 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6A) and decreased the proportion of CD4+Foxp3+ cells (i.e., Tregs) among Thy1+ TILs 

(Fig. 6B and C), irrespective of anti–PD-1 therapy. In addition, nSMase2 overexpression 

increased the proportion of CD4+ and CD8+ TILs producing IFNγ and TNF, and this was 

further enhanced upon anti–PD-1 therapy (Fig. 6D and E). Of note, the proportion of CD8+ 

TILs expressing granzyme B was significantly increased in B16K1 nSMase2high tumors 

under anti–PD-1 therapy (Fig. 6E). Considering the key role of IFNγ and TNF on PD-L1 

expression (36,46,47), which can be a predictive marker of response to anti–PD-1 therapy, 

we next analyzed the expression of PD-L1 on macrophages (CD11b+F4/80+ cells), CD45− 

cells, and CD11c+ DCs in tumors. We found that both nSMase2 overexpression and anti–

PD-1 therapy increased PD-L1 expression on macrophages and CD45− cells. Combining 

nSMase2 expression and anti–PD-1 therapy further increased the expression of PD-L1, 

especially on CD45− cells (Supplementary Fig. S7A). The expression of PD-L1 on DCs 

was however increased only upon anti–PD-1 therapy in tumors expressing high levels of 

nSMase2 (Supplementary Fig. S7A). Of note, the upregulation of PD-L1 was unlikely 

a direct consequence of nSMase2 overexpression in melanoma cells because PD-L1 was 

not upregulated in nSMase2-overexpressing cells as compared with control cells in vitro 
(Supplementary Fig. S7B). Moreover, PD-L1 was equally upregulated on B16K1 cells 

expressing high or low levels of nSMase2 when treated with IFNγ alone or in combination 

with TNF in vitro (Supplementary Fig. S7B).

Finally, we observed no major impact of nSMase2 overexpression and/or anti–PD-1 

treatment on the expression of TIM-3 and PD-1 on CD4+ and CD8+ TILs. We only observed 

a slight decrease in the percentage of PD-1+ and PD-1+TIM-3+ CD4+ TILs in nSMase2high 

tumors (Supplementary Fig S7C). We also observed a significant increase in CTLA-4 

expression on CD8+ TILs from nSMase2high tumors as compared with nSMase2low tumors, 

a phenomenon that was abrogated upon anti–PD-1 treatment (Supplementary Fig S7C).

Collectively, the data indicate that melanoma nSMase2 enhances Th1 responses upon anti–

PD-1 therapy, thus facilitating tumor rejection.

Discussion

The present study provides the evidence that (i) SMPD3 is expressed at low levels in 

most human metastatic melanoma samples and (ii) low SMPD3 expression is associated 

with shortened overall survival in patients. High SMPD3 expression was associated with 

"Immune system process" and "Lymphocyte activation" gene signatures, and melanoma 

samples expressing SMPD3 at high levels exhibited a gene signature of TILs. In agreement 

with the data obtained from human melanoma databases, high nSMase2 expression 

increased CD8+ TIL frequency and the CD8+ T-cell–dependent immune response to 

decrease melanoma growth in WT mice but not in mice lacking CD8+ T cells. This 

demonstrates that nSMase2 antitumorigenic properties are fully dependent on its ability 

to stimulate adaptive immunity. Collectively, our data reveal that SMPD3 downregulation or 

mutation facilitates melanoma progression by contributing to melanoma immune escape.

The expression of genes encoding other SMase isoforms did not correlate with immune-

related gene signatures in human melanoma. Thus, the distinctive biological properties of 
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nSMase2 in melanoma do not extend to the other SMases, presumably due to different 

subcellular localization and/or biochemical properties as well as different roles in cell 

signaling (48). One should note however that acid SMase likely modulates melanoma 

progression. Indeed, the growth of B16F1 melanoma cells is potentiated in acid SMase–

deficient mice, indicating that the acid SMase–dependent pathway plays some critical role 

in the melanoma microenvironment (49), possibly by modulating tumor angiogenesis rather 

than the anti-melanoma immune response (50). In contrast, acid SMase deficiency in the 

host impaired melanoma cell metastasis. Mechanistically, acid SMase secretion by platelets 

has been proposed to trigger the activation of α5β1 integrins on B16F10 melanoma cells, 

thereby promoting melanoma cell extravasation to the lungs (51). Furthermore, acid SMase 

expression in human and mouse melanoma cells enhanced the proteasomal degradation 

of the microphthalmia-associated transcription factor (MITF; ref. 52). Consequently, acid 

SMase may limit the expression of key proteins involved in melanoma progression, which 

are regulated by MITF (52). More recently, melanoma acid SMase was shown to enhance 

the anti-melanoma immune response in mice, yet the molecular mechanisms remain to be 

established (53). We show that in human melanoma, the expression of SMPD1, the gene 

encoding acid SMase, did not correlate with the expression of diverse immune-related genes 

such as CD8A and CD8B, arguing against a role of acid SMase in CD8+ T-cell–dependent 

immune responses in human melanoma.

The mechanisms by which nSMase2 facilitates the CD8+ T-cell–dependent immune 

response likely rely on the alteration of intratumoral SL content because expression of 

a C.I. nSMase2 mutant had no effect on B16K1 tumor growth. Indeed, intratumoral 

ceramide and sphingosine content was increased in WT nSMase2–overexpressing melanoma 

tumors. Sphingosine is also a substrate of sphingosine kinases, which produce S1P, itself 

a critical mediator of lymphocyte trafficking (54). However, given that the levels of 

intratumor S1P remained unchanged upon nSMase2 overexpression, it is unlikely that 

S1P directly mediates the nSMase2-triggered increase in CD8+ TILs. Another interesting 

hypothesis is that ceramide, which exhibits structural similarities to Lipid A, the biologically 

active core of lipopolysaccharide (55), may mimic pathogen-associated molecular patterns, 

facilitating DC maturation and ultimately priming the adaptive immune response. Recently, 

the administration of nanoliposome-loaded C6 ceramide in mice was shown to impair 

hepatocarcinoma growth by increasing M1 tumor-associated macrophage polarization and 

CD8+ T-cell activation (56). While our study was in progress, nSMase2 expression was 

found to be inversely correlated with GALC during melanoma progression (18). This 

indicates that SM metabolism is tightly connected with that of glycosphingolipids, which are 

known to modulate the immune responses (57). Whether and how nSMase2 is a key player 

in mediating SM and glycosphingolipid relationships for modulating immune responses in 

melanoma remains to be investigated.

Under our experimental conditions, melanoma nSMase2 not only facilitated the Th1 

polarization of TILs but also reduced the proportion of Tregs in tumors. Given that sEVs 

produced by B16K1 expressing WT nSMase2 promoted the expression of IL12, CXCL9, 

and CCL19 by DCs in vitro, this phenomenon might be implicated in the promotion of Th1 

polarization in vivo and indicates that melanoma nSMase2 may trigger this polarization in 

the earliest stages of the immune response. Whereas nSMase2 overexpression in mouse 
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melanoma significantly delayed melanoma growth, all mice died within 40 days after 

melanoma cell injection, strongly suggesting melanoma immune escape. This is likely 

related to the increased expression of PD-L1 on both CD11b+F4/80+ macrophages and 

CD45− cells in B16K1 tumors overexpressing nSMase2. The latter phenomenon is likely the 

direct consequence of the nSMase2-dependent increased production of IFNγ and TNF in 

tumors (36, 46, 47). As a matter of fact, whereas anti–PD-1 therapy had limited therapeutic 

effects toward B16K1 melanoma, it greatly suppressed the growth of tumors overexpressing 

WT nSMase2. These observations demonstrate that melanoma nSMase2 enhances the 

therapeutic response to anti–PD-1 therapy. In addition, this enhanced therapeutic effect 

triggered by nSMase2 expression was also observed in Yumm 1.7 melanoma and 4T1 breast 

cancer cell lines, which are both resistant to anti–PD-1 therapy.

We previously demonstrated that increased expression of sphingosine kinase 1 by melanoma 

cells potently impairs CD8+ T-cell–dependent immune responses and response to ICI (15). 

Our present study showing the positive impact SMPD3 that has on antimelanoma immune 

responses further argues that targeting SL metabolism may represent an original therapeutic 

strategy to overcome resistance of melanoma to anti–PD-1 therapy. In addition, SMPD3 
expression in melanoma samples may serve as a novel biomarker to predict the clinical 

response to immunotherapy. This is currently being evaluated in a prospective clinical trial 

(IMMUSPHINX: NCT03627026) conducted in our institute and others, and the primary 

objective of this clinical trial is to evaluate whether SL metabolites and/or SL-metabolizing 

enzymes are putative biomarkers to predict response/resistance in patients with advanced 

melanoma treated with anti–PD-1 therapy alone or in combination with anti–CTLA-4 

therapy.
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Figure 1. 
Low expression of SMPD3 in patients with melanoma is associated with worse prognosis 

and low immune gene signatures. A, SMPD3 expression analysis in normal human skin 

(n = 4), primary (P. Mel., n = 14), and metastatic (M. Mel., n = 40) melanoma samples 

from the Oncomine database. *, P < 0.05; **, P < 0.01. B, SMPD3 expression analyzed by 

ISH on a skin sample from a patient with advanced melanoma. Pictures are representative 

of staining carried out on samples from five patients. C, SMPD3 expression analysis in 

tumor biopsies from patients with metastatic melanoma (TCGA melanoma cohort; n = 

342). RSEM, RNA-Seq by Expectation Maximization. D, Overall survival in patients with 

metastatic melanoma from the TCGA melanoma cohort, exhibiting tumors with high (>80th 

percentile; n = 68) or low (<20th percentile; n = 68) SMPD3 expression in melanoma 

samples. E,, Heatmap depicting the differential expression of a selected set of genes 

related to immune responses in melanoma biopsies (TCGA) with high (SMPD3high) or low 
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(SMPD3low) SMPD3 expression. Genes were clustered using a Euclidean distant matrix and 

average linkage clustering. F, Correlation analyses of SMPD3 expression with the indicated 

genes (TCGA).
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Figure 2. 
nSMase2 expression in mouse melanoma enhances CD8+ T-cell–dependent immune 

responses. A, B16K1 cells transfected to overexpress V5-tagged nSMase2 (nSMase2high) or 

not (nSMase2low) were analyzed by Western blot using anti-V5 and anti–β-actin antibodies. 

B, Confocal microscopy analysis showing V5-tagged nSMase2 (red staining) and giantin 

(green staining) localization in B16K1 cells expressing nSMase2 at low or high level. C, 
Intracellular ceramide levels in B16K1 nSMase2high and B16K1 nSMase2low cells. Data 

are expressed as the percentage of values obtained as compared with mock-transfected 

B16K1 cells. Values are mean ± SEM of four independent experiments. D–G, C57BL/6 WT 

(D–F) and CD8α-deficient (G) mice were intradermally and bilaterally (D, E, and G) or 

monolaterally (F) injected with B16K1 cells expressing high (nSMase2high; red bars, Tukey 

boxes and curves) or low (nSMase2low; black and white bars, Tukey boxes and curves) 

levels of nSMase2. D, At day 12, WT mice were sacrificed and the levels of total as well 

as of subspecies of ceramide were analyzed by mass spectrometry (n = 5 tumors/mice per 
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group, Student t test and Kruskal–Wallis). E, Tumor volumes in WT mice at the indicated 

days (n = 4–5 mice per group). F, Tumor-infiltrating leukocytes were analyzed using flow 

cytometry at day 12 following tumor graft (n = 5–6 mice per group). G, Growth of B16K1 

nSMase2high and nSMase2low tumor in CD8α-deficient mice. Data are mean ± SEM of five 

mice per group (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure 3. 
Catalytic activity is required for nSMase2 to suppress melanoma growth and stimulate 

immune responses. A, Frequency of mutations and copy-number alterations in human 

melanoma samples from the indicated studies (www.cbioportal.org). B, Localization of 

missense (green dots) and splice (red dot) mutations on nSMase2 amino acid sequence from 

the studies depicted in A. The catalytic site corresponds to the green box. Mutations are 

predicted to be benign (green), possibly damaging (orange), or probably damaging (red; 

http://genetics.bwh.harvard.edu/pph2/). C, B16K1 cells expressing or not (mock) the WT or 

C.I. nSMase2 were intradermally injected in C57BL/6 WT mice, and tumor volumes were 

determined at the indicated days. Data are mean ± SEM of four mice per group (*, P < 0.05; 

**, P < 0.01; ***, P < 0.001). D–F, B16K1 cells expressing the WT or C.I. nSMase2 were 

intradermally and bilaterally injected in WT mice, and 12 days later, tumor-draining lymph 

nodes (TdLN) and tumors were collected. Tumors were weighed (D), and T-cell content 
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was analyzed by flow cytometry in TdLNs (E, left plot) and tumors (E, right plot). Data 

are mean ± SEM of 18 mice per groups pooled from three independent experiments (D and 

E). F, CD8+ T cells specific for Trp2 peptides were quantified using dextramer technology. 

Representative staining and proportion of total Trp2-specific CD8+ T cells are depicted. 

Numbers are mean ± SEM of six mice per group (*, P < 0.05; **, P < 0.01).
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Figure 4. 
Melanoma nSMase2 enhances Th1-related gene expression in melanoma tumors and sEV-

treated BMDCs. A, C57BL/6 mice were injected with B16K1 cells expressing the WT or 

C.I. form of nSMase2 as described in Fig. 3. At day 12, tumors were harvested, RNAs were 

purified, and transcripts encoding CXCL9 and IFNγ were analyzed by RT-qPCR. Data are 

mean ± SEM of eight tumors per group (*, P < 0.05). B, Correlation analyses of SMPD3 
expression with the expression of genes coding for IFNG and CXCL9 (TCGA melanoma 

dataset). C–E, BMDCs were incubated with or without 5 to 10 μg/mL sEVs (pooled results) 

from B16K1 expressing either WT or C.I nSMase2 (C). After 24 hours, expression of the 

indicated transcripts by BMDCs was analyzed (D and E). Data are mean ± SEM of five 

to nine independent experiments carried out on BMDCs treated with two independent sEV 

preparations and depicted as the fold increase of expression as compared with untreated 

control BMDCs (*, P < 0.05; **, P < 0.01).
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Figure 5. 
nSMase 2 potentiates the efficacy of anti–PD-1 therapy in vivo. A–D, WT mice were 

intradermally and bilaterally injected with B16K1 expressing high (nSMase2high) or low 

(nSMase2low) levels of nSMase2 and received i.p. injection of anti–PD-1 (αPD-1; 200 μg) 

or vehicle (PBS) at days 6, 10, and 13 (5 mice per group, 8–10 tumors; A). Individual tumor 

curves are depicted. Inset, numbers indicate the number of total regressions out of the total 

number of tumors (B). Overall tumor growth analysis in each group. Values are mean ± 

SEM of 8 to 10 tumors per group (*, P < 0.05; **, P < 0.01; t test; C). Overall survival 

was determined for each group. At day 60, surviving mice were challenged with a second 

parental B16K1 injection (arrow). Mice did not develop tumors and survived (D; *, P < 0.05; 

**, P < 0.01; log-rank test).
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Figure 6. 
nSMase2 potentiates the PD-1–dependent immune response in mouse melanoma tumors. 

A–D, nSMase2high or nSMase2low B16K1 cells were bilaterally and intradermally grafted 

to C57BL/6 WT mice. Mice were then treated with 200 μg of anti–PD-1 or vehicle at day 

7 prior to tumor immune infiltrate analysis by flow cytometry at day 10. The two tumors 

from each mouse were pooled prior to immune cell infiltration analysis. A–C, Infiltration 

of tumors by CD8+ T cells (A) and CD4+FoxP3+ regulatory T cells (B and C; n = 7 mice 

group). D and E, IFNγ and TNF production by tumor-infiltrating CD4+ (D) and CD8+ 

(E) T cells following 4-hour phorbol myristate acetate (PMA)/ionomycin incubation in the 

presence of a Golgi transport blocker. F, Alternatively, proportion of granzyme B+ cells 

was determined among CD8+ TILs (n = 10 mice per group). Statistical analyses: one-way 

ANOVA; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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