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ABSTRACT
Peripheral glia, specifically the Schwann cells (SCs), have been implicated in the formation of the 
tumor microenvironment (TME) and in cancer progression. However, in vivo and ex vivo analyses of 
how cancers reprogram SC functions in different organs of tumor-bearing mice are lacking. We 
generated Plp1-CreERT/tdTomato mice which harbor fluorescently labeled myelinated and non- 
myelin forming SCs. We show that this model enables the isolation of the SCs with high purity 
from the skin and multiple other organs. We used this model to study phenotypic and functional 
reprogramming of the SCs in the skin adjacent to melanoma tumors. Transcriptomic analyses of the 
peritumoral skin SCs versus skin SCs from tumor-free mice revealed that the former existed in a repair- 
like state typically activated during nerve and tissue injury. Peritumoral skin SCs also downregulated 
pro-inflammatory genes and pathways related to protective anti-tumor responses. In vivo and ex vivo 
functional assays confirmed immunosuppressive activities of the peritumoral skin SCs. Specifically, 
melanoma-reprogrammed SCs upregulated 12/15-lipoxygenase (12/15-LOX) and cyclooxygenase 
(COX)-2, and increased production of anti-inflammatory polyunsaturated fatty acid (PUFA) metabolites 
prostaglandin E2 (PGE2) and lipoxins A4/B4. Inhibition of 12/15-LOX or COX2 in SCs, or EP4 receptor 
on lymphocytes reversed SC-dependent suppression of anti-tumor T-cell activation. Therefore, SCs 
within the skin adjacent to melanoma tumors demonstrate functional switching to repair-like immu-
nosuppressive cells with dysregulated lipid oxidation. Our study suggests the involvement of the 
melanoma-associated repair-like peritumoral SCs in the modulation of locoregional and systemic anti- 
tumor immune responses.
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Introduction

The peripheral nervous system (PNS) is an important compo-
nent of the tumor microenvironment (TME).1 Autonomic and 
sensory neurons impact the progression of cancers of the 
prostate,2 pancreas,3 skin,4 and other organs.5,6 The Schwann 
cells (SCs), principal neuroglia of the PNS, also promote tumor 
growth and cancer cell invasion through various 
mechanisms.7–17 While SCs are tasked with the maintenance 
of PNS homeostasis, they exhibit remarkable plasticity in dis-
ease states and after nerve injury.18 We recently linked pro- 
tumor activities of melanoma-associated SCs with their intrin-
sic responsiveness to nerve injury, presumably induced locally 
in the TME and the peritumoral skin by the growing tumor.10 

Subsequently, repair-like activation of SCs has been confirmed 
in other malignancies, including pancreatic and lung 
cancers.9,17,19–21 SCs have been shown to promote cancer 

progression via a direct crosstalk with malignant cells and, 
indirectly, via the neuroimmune axis. Interactions between 
SCs and cancer cells can facilitate epithelial-to-mesenchymal 
transition of the latter, cancer cell dispersion and perineural 
invasion.7,14,17,20,22,23 Immunomodulatory functions of SCs, 
including chemoattraction and polarization of the immune 
cells, may also support cancer by enforcing immune tolerance 
and immunosuppression.10,11,24–26 As most studies of SCs in 
cancer to date employed ex vivo SC manipulation and analy-
tical methods, the in-vivo evidence of tumor-directed SC 
reprogramming and immunomodulation, and their relevance 
to cancer progression is still lacking. We previously showed 
that peritumoral SCs in clinical melanoma specimens upregu-
late markers of activated/trans-differentiated repair-like state 
and co-localize with skin-infiltrating immune cells.10,24 To 
better define phenotypic and functional characteristics of the 
peritumoral SCs in vivo, we utilized a syngeneic melanoma- 
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bearing genetically labeled SC murine model. RNA-seq ana-
lyses of sorted peritumoral skin SCs (psSCs) revealed signifi-
cant changes in their transcriptional profiles compared to 
control SCs (cSCs) isolated from the skin of tumor-free mice. 
Specifically, psSCs adjacent to melanoma tumors demon-
strated an enhanced cell-cycle activity and an immature, stem- 
like phenotype, as well as downregulated pro-inflammatory 
pathways. In vivo and ex vivo functional analyses demonstrated 
that dysregulated lipid oxidation of melanoma-associated 
repair-like psSCs leads to 12/15-LOX/COX2-dependent 
increase in their production of immunosuppressive oxyge-
nated PUFA eicosanoid metabolites PGE2 and lipoxins, 
which dampen anti-tumor effector T-cell responses. Our 
results directly implicate tumor-associated reprogrammed 
repair-like cutaneous SCs in the suppression of protective anti- 
melanoma immune responses.

Materials and methods

Animal models

B6.Cg-Tg(Plp1-cre/ERT) mice (Stock No: 005975), B6.Cg-Gt 
(ROSA)26Sortm14(CAG-tdTomato) mice (Stock No: 007914), 
B6.129S2-Alox15tm1Fun/J mice (Stock No: 002778), and 
C57Bl/6 mice were purchased from the Jackson Laboratory. 
Genotyping was performed using tail snips, and DNA was 
extracted using a direct lysis buffer kit (Viagen Biotech). Gene- 
specific primers for the detection of Plp1-Cre and tdTomato 
transgenes are listed in the Supplementary Table S1. To induce 
Cre recombination, tamoxifen (Sigma) in corn oil (20 mg/mL) 
was injected intraperitoneally (75 mg/kg) every 24 h for five 
consecutive days. To initiate melanomas, mice were anesthe-
tized with isoflurane (Covetrus), using single animal vaporizer 
unit (E-Z Systems, 108SA) at a flow rate of 2 L/min, and 
injected intradermally with B16F10 cells (105 cells in 100 mL 
sterile PBS) into the dorsolateral skin. Fourteen days after 
injections, tumors and other organs were harvested. All studies 
were conducted in accordance with the NIH guidelines for the 
Care and Use of Laboratory Animals and approved by the 
Institutional Animal Care and Use Committee of the 
University of Pittsburgh (Pittsburgh, PA)

Primary cells and cell lines

Primary tdTomato+p75NTR+ SCs were isolated by FACS from 
fresh skin or sciatic nerves according to a previously described 
protocol and cultured in SC medium (ScienCell) with 1% (v/v) 
SC growth supplement (ScienCell), 1% (v/v) penicillin/strepto-
mycin solution, and 5% FBS at 37C, 5% CO2.7,26 Briefly, sciatic 
nerves were dissected under sterile conditions, incubated in SC 
medium at 37C for 5 days, dissociated using 1 mg/mL NB4G 
collagenase (Sigma) in 3 mL HBSS at 37C for 45 min, cut into 
1-mm segments and kept in NB4G collagenase at 37C for 30  
min. After centrifugation (400×g, 5 min), pellets were resus-
pended in 1 mL SC medium, and the nerves were triturated 
until they were completely dissociated. Cells were placed in SC 
medium supplemented with 2 μM forskolin (Sigma) and 50 ng/ 
mL heregulin-β1 (Sigma) and cultured in poly-D-lysine pre-
coated flasks for 4 days followed by additional 7 days in SC 

medium without forskolin and heregulin. During this time, 
SCs were separated twice from the fibroblasts using 300 μg/ 
mL collagenase NB4G solution in 6 mL HBSS at 37C for 30  
min. B16F10 murine melanoma cells (ATCC) were cultured in 
RPMI-1640 (Cytiva), supplemented with 10% FBS (R&D 
Systems), 0.1% 2-Mercaptoethanol (Gibco), 1% Antibiotic 
Antimitotic Solution (Sigma), 1% HEPES (Gibco), 1% NEAA 
Mixture (Lonza, 13-114E), 1% L-Glutamine (Gibco). Cells 
were used at passages (P) 3–6 for intradermal injections.

Immunofluorescence (IF) microscopy

Tissues were fixed with 2% PFA for 2 h and incubated in 30% 
sucrose in PBS for 24 h. Tissues were frozen in 2-methylbutane 
(Sigma) in liquid nitrogen, embedded in Tissue Plus OCT 
(Thermo Fisher) and processed into 50 μm thick sections. 
Sections were permeabilized with 0.1% Triton X-100 (Sigma) 
in PBS for 10 min, blocked with 5% goat serum (Gibco) + 2% 
BSA in PBS for 45 min and washed with 0.5% BSA in PBS 
containing 0.1% Triton X-100. Immunostaining was per-
formed for 16 h at 4C with primary antibodies followed by 
secondary antibodies (Supplementary Table S2) for 1 h at RT 
and then 4′,6-diamidino-2-phenylindole (DAPI, Sigma, 1 µg/ 
mL). Sections mounted in Gelvatol medium (Sigma) were 
imaged using Nikon A1+ confocal microscope at the Center 
for Biological Imaging (University of Pittsburgh, PA). Image 
analyses were performed with NIS-Elements AR 4.40 software 
(Nikon).

Flow cytometry and SC sorting

Single-cell suspensions were prepared from harvested organs, 
including skin, bone marrow, lymph nodes, spleen, liver, small 
intestine, DRG, sciatic and spinal nerves. Tissues were chopped 
into small pieces followed by incubation in DMEM (Corning) 
containing collagenase D (1 mg/mL, Sigma) and DNase (1 mg/ 
mL, Sigma) for 45 min at 37C, and then filtered through 70 μm 
cell strainers (Falcon). For flow analysis, obtained cell suspen-
sions were centrifuged, washed twice with FACS buffer (MACS 
buffer, Miltenyi Biotec, 130-091-221), and incubated with pri-
mary antibodies against p75NTR (Abcam, EP1039Y, 1:100), 
GAP43 (Abcam, EP890Y, 1:100), or S100β (Abcam, EP1576Y, 
1:100) for 1 h at 4C. Cells were washed twice with FACS buffer 
and incubated with secondary antibodies, goat-anti-rabbit IgG 
(conjugated with FITC, A11008, or APC, A21241, Invitrogen, 
1:200) for 45 min at 4C. Cells were washed and resuspended in 
FACS buffer. Flow cytometry was performed on BD 
LSRFortessa (BD Biosciences), and data analyzed using 
FlowJo software (flowjo.com). To isolate SCs, cell suspensions 
obtained from digestions of dorsal skin and sciatic nerves were 
stained for p75NTR as described above. SC sorting was per-
formed on BD FACS Aria cell sorter using FACSDiva software 
(BD Biosciences), with 100 µm nozzles at 20 psi sheath pres-
sure. To profile intratumoral immune cells, 104 FACS-purified 
SCs were mixed with 105 B16F10 melanoma cells in sterile PBS 
and injected intradermally in C57Bl/6 mice (100 µL). After 14  
days, tumors were harvested, digested and filtered as described 
above. The resulting single-cell suspensions were fixed and 
permeabilized with the FoxP3/Transcription Factor Staining 
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kit (eBioscience) for 30 min at 20C, incubated with conjugated 
surface antibodies for 60 min at 4C, washed with PBS, and 
incubated with the conjugated intracellular antibodies for 60  
min at 20C (Supplementary Table S3). Flow cytometry was 
performed on BD LSRFortessa, and data analyzed using 
FlowJo software.

Interferon (IFN)-γ ELISA

Spleens from tumor-bearing C57Bl/6 mice were collected 
on day fourteen after intradermal injections of 105 B16F10 
melanoma cells. Tissues were passed through a 70 μm cell 
strainer, washed with PBS and incubated for 5 min at 4C in 
2 mL of RBC lysis buffer (Biolegend). Cells were centrifuged, 
and cultured (105 cells) for 7 days in RPMI containing 10% 
FBS, 100 U/mL penicillin, 100 µg streptomycin, 2 mM 
L-glutamine, 50 µM β-mercaptoethanol and 10 ng/mL 
human IL-15 (PeproTech) in 96-well plates with irradiated 
B16F10 cells (104 rad, Gammacell 1000 Elite, Nordion) at 
20:1 ratio (splenocytes/melanoma cells). Cells were washed 
in PBS, counted, and co-incubated (105 cells) in RPMI (as 
above) for 24 h with B16F10 cells and the SCs (purified on 
the same day by FACS from skin or sciatic nerves of Plp1- 
Cre/tdTomato mice) at 10:1:2 ratio (splenocytes:B16:skin 
SCs), 10:1:0.5 (splenocytes:B16:nerve SCs). For T-cell enrich-
ment, after 7-day incubation described above T-cells were 
purified from the activated splenocytes using Mouse Pan 
T Cell Isolation Kit II (Miltenyi), and 4 × 104 T-cells were co- 
incubated with B16F10 cells and SCs. When indicated, 12/ 
15-LOX inhibitors (ML351 and PD146176, 2 μM, Tocris), 
COX-2 inhibitor (SC236, 2 μM, Tocris) and EP4 antagonist 
(ONO-AE3-208, 5 μM, Tocris) were used. IFN-γ was deter-
mined in 10 µL of supernatant (1:10 dilution) using mouse 
ELISA kit (BD Biosciences), based on standard curves 
obtained utilizing kit IFNγ, according to the manufacturer’s 
protocol. Measurements were performed with iD5 plate 
reader (Molecular Devices) and analyzed using SoftMax 
Pro 7.1 (Molecular Devices).

Lipoxin B4 ELISA

SCs were isolated from sciatic nerves of 10-week-old C57Bl/6 
or 12/15-LOX-deficient (B6.129S2-Alox15tm1Fun/J) mice as 
described above. SCs were treated with B16F10-conditioned 
medium (50% v/v) or control medium for 24 h, washed, and 
cultured for 24 h in SC medium supplemented with 2% FBS. 
Lipoxin B4 concentrations were measured in SC supernatant 
(25 μL) using ELISA Kit (Cayman Chemical).

Real-time (RT)-PCR

RNA was extracted immediately after SC sorting using RNeasy 
Micro Kit (Qiagen) per manufacturer’s protocol, and quanti-
fied using DeNovix DS-11 spectrophotometer. For cDNA 
synthesis, 40 ng RNA was converted to cDNA using 
QuantiTect Reverse Transcription Kit (Qiagen). qRT-PCR 
was performed using Fast SYBR Green Master Mix (Applied 
Biosystems) with appropriate primers (Supplementary 
Table S4), and Gapdh as endogenous control. Reactions were 

run and analyzed on StepOnePlus thermocycler (Applied 
Biosystems). Relative fold changes were calculated and normal-
ized based on 2–ΔΔCt method.

RNA-sequencing (RNA-seq)

Total RNA from FACS-purified SCs was isolated using RNeasy 
Micro Kit (Qiagen) as per the manufacturer’s instructions. 
Quality and concentration of RNA were determined with 
Qubit (ThermoFisher) and Agilent Bioanalyzer (RIN 4.0– 
6.8), and 20 ng RNA per sample was used. Sequencing libraries 
were constructed by using Illumina® Stranded Total RNA Prep, 
Ligation with Ribo-Zero Plus (#20040525) with a read length of 
2 × 75bp. Approximately 542,959,211 total reads, paired end, 
were obtained (Illumina NextSeq 500/550 v2.5 Mid Output, 
150 cycles). The reverse stranded paired-end RNA-Seq reads 
were checked for presence of adapters and high-quality bases 
using FastQC (v 0.11.9). The universal adapters in the high- 
quality reads were already trimmed, and therefore did not 
require the use of an adapter trimming tool. Due to the pre-
sence of a T-overhang from the sequencing machine, the 
Basespace FastQ Toolkit (v 2.2.5) was used to trim said over-
hang prior to alignment. Trimmed reads were mapped to the 
Ensembl mouse reference genome (GRCm38 mm10) with 
HISAT2 (v 2.1.0). The output file from HISAT2 was converted 
from SAM format to BAM format using SAMtools (v 1.10). 
Counts for expressed genes were generated using HT-Seq (v 
0.11.2) and were then imported into the Bioconductor 
R package, edgeR (v 3.32.1) for differential expression (DE) 
analysis. DE genes that passed a cutoff (log2 of ±1, FDR 0.05), 
along with their differential expression values, were uploaded 
to Ingenuity Pathway Analysis (IPA, Redwood City, CA). 
Enrichr (maayanlab.cloud/Enrichr) pathway enrichment ana-
lyses were also performed. Bar charts were generated using 
R package ggplot2 (v 3.3.5). Heatmaps from gene set enrich-
ment analyses were generated using Gene Set Enrichment 
Analysis (GSEA) (v. 4.2.2). To generate interactive networks, 
genes from selected IPA pathways were exported to STRING 
v11.5 (string-db.org) to create networks using the STRING 
active interaction sources ‘experiments’, ‘database’ and ‘co- 
expression’ at a confidence threshold of 0.4 (medium). 
The resulting network was imported to Cytoscape v3.9.1 
(cytoscape.org) for visualization.

LC-MS/MS analysis of lipid mediators

Lipid mediators were extracted from cells by using chloroform: 
methanol mixture (2:1, v/v) under nitrogen atmosphere at all 
steps. Lipid mediators were analyzed by LC/MS using Thermo 
Ultimate 3000 HPLC system coupled on-line to a Q-Exactive 
Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo 
Fisher) using a C30 reverse phase column (Accucore, 2.1 mm 
× 25 cm, 2.6 μm particle size, Thermo Scientific). The analysis 
was performed using gradient solvents (A and B) at a flow rate 
of 100 μL/min. All solvents were LC-MS-grade. Solvent 
A: acetonitrile/water (50/50); Solvent B: 2-propanol/acetoni-
trile/water (85/10/5). Both A and B solvents contained 5 mM 
ammonium formate and 0.1% formic acid as modifiers. 
Gradient method was as follows: 0–40 min, 15–50% 
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B (linear, 5); 40–130 min, 50–100% B (linear, 5); 130–135 min, 
hold at 100% B; 135–140 min, 15% B (linear, 5); 140–150 min, 
15% B for equilibration. The LC system was Thermo Ultimate 
3000 complete with a WPS-3000 autosampler, and column 
temperature was set at 35C. Spectra were acquired in negative 
ion mode at a resolution of 140,000 for the full MS scan in 
a data-dependent mode. Scan range for MS analysis was m/z 
150–1800 with a maximum injection time of 128 ms using 1 
microscan. An isolation window of 1.0 Da was set for MS2 
scans acquired at a resolution of 17,500. Maximum injection 
time for MS2 scans was 500 ms for low-level analytes and HCD 
collision energy was set to 24. Capillary spray voltage was set at 
4.0 kV, and ion transfer tube temperature was 320C. The S-lens 
RF level was set to 70. Data were acquired and analyzed using 
Xcalibur 4.2 Quan Browser (Thermo Fisher). All lipid mediator 
standards were purchased from Cayman Chemicals.

Statistical analyses

Results are expressed as mean ± SEM. Two-group analyses 
were performed using unpaired Student’s t test in GraphPad 
Prism software. All tests were two-tailed, and a p-value <0.05 
was considered to indicate statistical significance.

Results

Generation and characterization of the mouse model with 
fluorescently labeled cutaneous SCs

The skin contains myelin-forming and non-myelin forming 
(Remak) SCs, the latter type representing the majority of the 

cutaneous glia.27 Furthermore, nerve or tissue injuries lead to 
the switch in SC phenotype from myelinating to the immature, 
non-myelinating, repair phenotype.28 To best capture Cre 
recombination across these skin SC states,29 we selected its 
tamoxifen-inducible expression under Plp1 promoter, whose 
activity was previously demonstrated in the developing and 
adult myelinating and Remak SCs,30,31 as well as in the repair 
SCs.32,33 Thus, Plp1-CreERT/Rosa26Stop-tdTomato (Plp1-Cre 
/tdTomato) mice were generated, in which a fluorescent pro-
tein (tdTomato) is expressed in the SCs after tamoxifen admin-
istration (Figure 1A, Supplementary Fig. S1A-E). Cre 
recombinase activity was confirmed with IF in isolated periph-
eral neurons (sciatic and spinal nerves) and dorsal root ganglia 
(DRG), as well as in lungs, spleen, lymph nodes, small intestine, 
bone marrow, liver and skin (Figure 1B, Supplementary Fig. 
S2A, B). Flow cytometry was used to confirm and quantify glia- 
specific tdTomato labeling in the neurons and several organs 
by co-staining cell suspensions for SC markers p75NTR, GAP43, 
and S100β (Figure 1C, Supplementary Fig. S2C). Using fluor-
escence-activated cell sorting (FACS), we isolated the popula-
tion of the cutaneous p75NTR+ tdTomato+ glial cells and 
confirmed that they expressed SC-associated genes 
(Figure 2A-C).

RNA-seq analyses of peritumoral vs control cutaneous SCs

Using FACS, we isolated p75NTR+ tdTomato+ psSCs from the 
peritumoral skin of B16F10 melanoma-bearing mice 
(Figure 3A) and compared their expression profiles by RNA- 
seq to cSCs isolated from anatomically matched skin of tumor- 
free mice. Differentially expressed genes (DEGs) between the 

Figure 1. Generation and validation of Plp1-CreERT/Rosa26Stop-tdTomatofl/fl mice. (a) Schematic illustrating the tamoxifen-induced expression of the fluorescent 
protein (tdTomato) under Plp1 promoter in Plp1-CreERT/Rosa26Stop-tdTomatofl/fl (Plp1/tdTomato) mice. (b) Representative immunofluorescence images of the skin of 
Plp1/tdTomato mice. Blue: DAPI; Scale bars−100 μm. (c) Enumeration of p75NTR+ tdTomato+, GAP43+ tdTomato+, and S100β+ tdTomato+ SC populations in different 
organs of Plp1/tdTomato mice, derived from flow cytometry analyses, and represented as SC percentages of a total number of cells in suspensions. Data are means ±  
SEM, n = 4 mice.
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two groups (Supplementary Table S5) were used in the 
Ingenuity and Enrichr pathway analyses (Supplementary 
Tables S6–9). We found that the transcriptional profile of 
psSCs reflected that of activated (repair-like) glia, compared 
with cSCs.34 Specifically, we observed enrichment of cell-cycle 
regulatory pathways, wound healing pathway, signaling by the 
neurotrophic and other neuron-related factors (NGF, Netrin-1, 
BDNF, NCAM, Reelin, Semaphorin, Neuregulin, Ephrin 
receptors), axon guidance pathways, cell migration and extra-
cellular matrix (ECM) reorganization pathways in the psSCs 
(Figure 3B, Supplementary Fig. S3A). Furthermore, GSEA 
demonstrated an enrichment of gene sets related to the pro-
liferating embryonic, immature glia (Supplementary Fig. S3B), 
characteristic of the repair SC cell-cycle entry and 
dedifferentiation.28 Compared with cSCs, psSCs downregu-
lated genes related to the inflammatory responses, including 
Th1 activation, interferon signaling, and Toll-like receptor 
signaling (Figure 3C, Supplementary Fig. S3C), which was 
also evident in GSEA (Supplementary Fig. S3D). We repre-
sented quantitatively the phenotypic reprogramming of psSCs 
by an integrated transcriptional network, based on RNA-seq 
derived DEGs (Figure 3D). We verified by IF directly in the 
skin the upregulation of p75NTR (product of Ngfr) by psSCs vs 
cSCs, an established marker of SC activation in response to 
nerve injury (Figure 3E, F).35 Our data suggest that SCs of the 
cutaneous environment adjacent to melanoma tumors transi-
tion to an activated, repair-like state, and concomitantly dam-
pen pro-inflammatory responses.

Functional analyses of the immunosuppressive properties 
of the peritumoral SCs

We next tested the impact of psSCs on anti-melanoma 
immunity. Splenocytes were isolated from B16F10 mela-
noma-bearing C57Bl/6 mice and primed in vitro with irra-
diated (IR) B16F10 melanoma cells and interleukin-15 for 7  
days (Figure 4A). SCs from the skin adjacent to melanoma 

tumors and from the anatomically matched skin of tumor- 
free mice were isolated by FACS and co-incubated with 
primed splenocytes and B16F10 cells for 24 hours, followed 
by interferon (IFN)-γ measurements (Figure 4A). Relative to 
the splenic immune cells, skin SCs secreted significantly less 
IFN-γ, and we observed no difference in the production of 
IFN-γ between psSCs and cSCs (Figure 4B). In the presence 
of cSCs, splenocytes re-challenged with melanoma cells pro-
duced significantly more IFN-γ vs. splenocytes + B16F10 
cells (Figure 4B). IFN-γ production by the splenocytes was 
significantly diminished in the presence of psSCs vs cSCs 
(Figure 4B). SCs isolated from sciatic nerves of tumor-free 
and tumor-bearing mice did not enforce the production of 
IFN-γ by the melanoma-primed splenic immune cells, sug-
gesting that a relatively pro-inflammatory homeostatic state 
of skin SCs vs. sciatic nerve SCs is reprogrammed locally in 
the psSCs by the presence of an adjacent tumor but not 
distally in the SCs of the sciatic nerve.

To delineate the mechanism underlying immunosuppres-
sive functions of melanoma-associated SCs, we examined the 
top DEGs in the RNA-seq data (Supplementary Table S5). We 
noticed a strong upregulation of Alox15 (encoding 12/15- 
LOX)36 by psSCs vs cSCs (FC = 15.78, p = 3.1×10−9). 12/15- 
LOX enzymes (homologs of leukocyte type 12S-LOX in mice 
and reticulocyte type 15S-LOX in humans)36 utilize PUFA 
substrates (primarily the arachidonic acid, AA, in animals) to 
generate a series of pro- and anti-inflammatory eicosanoids.37 

We used LC-MS to perform lipidomic analysis of select eico-
sanoid lipid mediators produced by SCs which were cultured in 
melanoma-conditioned medium vs control medium. We 
found that generation of several pro-inflammatory lipid spe-
cies, including leukotriene B4 and hepoxilin A3, decreased in 
melanoma-activated SCs vs. cSCs (Figure 4C). In contrast, 
anti-inflammatory lipid mediators prostaglandin E2 (PGE2) 
and lipoxin A4 (LXA4) were produced at significantly higher 
levels by SCs cultured with melanoma-conditioned medium vs 
cSCs (Figure 4D). RT-qPCR revealed that both Alox15 and 

Figure 2. Isolation and characterization of skin SCs from Plp1/tdTomato mice. (a) Fluorescence activated cell sorting of p75NTR+ tdTomato+ SCs (circle, right panel) from 
the digested skin of Plp1/tdTomato mice. (b) Fluorescence microscopy of SCs isolated from the skin of Plp1/tdTomato mice as shown in a. (c) Relative expression of SC- 
associated genes measured by RT-qPCR in whole skin (labeled skin), SCs sorted from skin as shown in a (labeled SC skin), and whole sciatic nerves of Plp1/tdTomato 
mice. Data are means ± SEM, two-tailed Student’s t test; *p < 0.05, **p < 0.01, ***p < 0.001.
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PTGS2 (encodes COX2) were upregulated in FACS-purified 
psSCs vs. cSCs as well as in SCs treated with melanoma- 
conditioned medium vs. cSCs, consistent with our recently 
published study (Figure 4E, F).26

The biological synthesis of lipoxins involves 12/15-LOX. 
Lipoxins, similarly to PGE2, have been shown to limit inflam-
matory responses via several mechanisms, including by directly 
reducing Th1 and Th17 effector functions of the T cells.37,38 

Using ELISA, we confirmed an increase in lipoxin B4 produc-
tion by SCs cultured in melanoma-conditioned medium, 
which was abrogated by 12/15-LOX inhibitors (PD146176 
and ML351) or by 12/15-LOX deficiency of the SCs 
(Figure 5A). We next tested the impact of 12/15-LOX inhibi-
tion on psSC ability to suppress anti-melanoma effector T-cell 
activity. Accordingly, the experimental design described in 
Figure 4A was modified. T-cells were enriched from IL15/B16 
(IR)-primed splenocytes (Supplementary Fig. S4) and were 
used in the final 24 hour co-incubation step with SCs and 
B16F10 cells. Production of IFN-γ by the melanoma-primed 

T cells was significantly reduced in the presence of psSCs vs. 
cSCs, but not when psSCs were pre-treated with 12/15-LOX 
inhibitors (Figure 5B). 12/15-LOX and COX2 inhibitors, 
as well as 12/15-LOX deficiency, also abrogated immunosup-
pressive activity of the SCs cultured in melanoma-conditioned 
medium (Figure 5C). A selective antagonist of PGE2 receptor 4 
(EP4), when added to the splenocytes derived from melanoma- 
bearing mice and co-incubated with B16 cells and SCs, blocked 
SC-mediated suppression of anti-tumor effector lymphocyte 
activity (Figure 5D).

We tested by flow cytometry how psSCs co-transplanted 
with B16F10 cells into the skin of syngeneic immunocompe-
tent mice impact the composition and phenotype of the tumor- 
infiltrating immune cell population (Figure 6A, Supplementary 
Fig. S5). Quantities of tumor-infiltrating CD4+ and CD8+ 
T cells, as well as Treg and B cells, did not vary between tumors 
containing psSCs vs cSCs (Supplementary Fig. S6). Among 
tumor-infiltrating CD4+ and CD8+ T-cell populations, 
GzmB+ and IFN-γ+ CD4+ T-cells and IFN-γ+ CD8+ T-cells 

Figure 3. Transcriptional analyses of the peritumoral skin SCs. (a) Schematic of psSC isolation from B16F10-bearing Plp1/tdTomato mice. Ingenuity pathway analyses 
(DEGs psScs vs. cScs), with select top upregulated (b) and downregulated (c) pathways in the psSCs are shown. For each pathway z-score and -log10(p-value) are 
indicated unless the z-score could not be determined (gray bars). (d) Network diagram demonstrating the transcriptional reprogramming of the psSC vs. cSCs. Node fill 
color represents log(fold_change) of gene expression. Node border color represents genes within indicated pathways; n = 3 mice/group. (E) IF of p75NTR+ SCs in the skin 
of tumor-free C57Bl/6 mice and in the skin adjacent to B16F10 tumors. Blue: DAPI, Scale bars−50 μm. (F) Enumeration of relative fluorescence intensity of p75NTR in 
tumor-free vs. B16F10-adjacent skin of C57Bl/6 mice, represented as mean intensity over 0.1 mm2 visual field; n = 3 mice/group x 5 images/mouse. Data are means ±  
SEM, two-tailed Student’s t test; ***p < 0.001.
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were present in higher percentages in the tumors containing 
cSCs vs. those without co-injected SCs (Figure 6B, C). Tumors 
containing psSCs had significantly fewer GzmB+ and IFN-γ+ 
cells in both CD4+ and CD8+ T cells populations vs. B16F10 +  
cSCs tumors (Figure 6B, C). Taken together, our results suggest 
that melanoma-associated repair-like SCs suppress anti-tumor 
T-cell responses as a result of an altered 12/15-LOX/COX2- 
dependent lipid oxidation which favors the production of anti- 
over pro-inflammatory eicosanoids.

Discussion

SCs are now recognized as an important component of the 
neuronal regulatory network of cancer and anti-tumor immu-
nity; however, analyses of immunomodulatory functions of 
SCs isolated from tumors and tumor-adjacent tissues 
are lacking. In the present work, we generated an inducible 
transgenic model to fluorescently label myelinating, non- 

myelinating and repair SCs in situ, and developed a FACS- 
based method to isolate single SCs from the skin and other 
organs. We show that resident skin SCs adjacent to melanoma 
tumors undergo phenotypic and functional switching relative 
to anatomically matched skin SCs of tumor-free mice. These 
psSCs exhibit features characteristic of repair SCs described 
in the context of nerve/tissue injury and neuro-regeneration. 
Our findings are in line with numerous described parallels 
between tumor stroma and wound healing, and the concept 
that tumors act as non-healing wounds.17,39–41 Specifically, 
tumor expansion induces tissue injury but arrests the healing 
process in a state where stromal elements are locked in the 
execution of wound-resolving programs, which often 
mechanistically aid cancer progression. There are multiple 
examples of such functional pro-tumor reprogramming of 
cancer-associated nonmalignant recruited and tissue- 
resident cells, including fibroblasts, neutrophils, macro-
phages, endothelial cells, mesenchymal stromal cells and 

Figure 4. Melanoma-associated SCs upregulate immunosuppressive lipid mediators. (a) Schematic diagram of the experimental design to assay SC impact on the IFN-γ 
production by the splenocytes primed with B16F10 (labeled B16) melanoma cells. Splenocytes of B16 tumor-bearing C57Bl/6 mice were primed with IL15 + irradiated 
B16 cells (IR). SCs were purified by FACS from the peritumoral skin (psSC) or the sciatic nerves of B16-bearing or the anatomically matched control skin (cSC) and sciatic 
nerves of tumor-free Plp1-CreERT/tdTomato mice, and immediately added alone or with primed 105 splenocytes to B16 cells. IFN-γ was measured by ELISA after 24 h. (b) 
IFN-γ production (ELISA) by B16-primed splenocytes ± SCs + B16 as described in a. (c) Pro- and (d) anti-inflammatory lipid mediators produced by SCs treated with 
melanoma-conditioned medium (B16-CM) vs. SC + control medium, normalized to total phospholipid (PL) or protein content. Relative expression of Alox15 (e) and 
PTGS2 (f) in the peritumoral skin SCs (psSC) vs. control SCs (cSC), and in SCs incubated in B16F10-conditioned medium (B16-CM) vs. SC + control medium. Data are 
mean ± SEM, two-sided Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5. Oxygenated autacoid PUFA metabolites of the peritumoral SCs suppress anti-melanoma T-cell responses. (a) Lipoxin B4 production (ELISA) by SCs isolated 
from sciatic nerves of C57Bl/6 or 12/15-LOX-deficient mice and incubated in B16-CM or control medium ±12/15-LOX inhibitors (PD146176 or ML351). (b) IFN-γ 
production over 24 h (ELISA) by B16-primed T cells ± SCs (psSC or cSC). SCs were first incubated with 12/15-LOX inhibitors, washed and added to the T cells. (c) IFN-γ 
production over 24 h (ELISA) by B16-primed splenocytes ± SCs from C57Bl/6 or 12/15-LOX-deficient mice. SCs were first incubated in B16-CM ±12/15-LOX (ML351) or ±  
COX2 (SC236) inhibitors, washed and co-incubation with splenocytes. (d) IFN-γ production over 24 h (ELISA) by B16-primed splenocytes ± SCs (from B16-CM) ± EP4 
antagonist (ONO-AE3-208). Data are mean ± SEM, two-sided student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure 6. Peritumoral SCs suppress activation of tumor-infiltrating T lymphocytes. (a) Schematic diagram of the experimental design to assay SC impact on the 
composition and phenotypes of the tumor-infiltrating populations of the immune cells. B16F10 cells (105) were injected alone or with freshly isolated psSCs or cSCs (104) 
from Plp1-CreERT/tdTomato mice. Flow cytometry analyses of digested tumors were performed 14 days later. Flow cytometry analyses as described in a, demonstrating 
that psSCs in tumors decrease intratumoral IFN-γ+, GzmB+ CD4+ T-cells (b), and CD8+ T-cells (c). Data are mean ± SEM, two-sided student’s t-test; *p < 0.05, **p < 0.01, 
***p < 0.001.
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others.41–44 Here, we show that a similar wound repair-like 
behavior extends to the SCs of the peritumoral skin.

We previously reported that melanomas may directly acti-
vate a nerve-injury response in SCs in vitro, and that repair-like 
SCs support tumor progression.10 In the current study, we 
provide evidence that cutaneous SCs at the leading edge of 
tumor transition to an activated state resembling nerve regen-
eration. Accompanying such reprogramming is SCs’ phenoty-
pic and functional shift which promotes a “cold” tumor 
microenvironment. While we previously reported that 
in vitro melanoma-activated repair-like SCs chemoattract and 
polarize myeloid cells to their regulatory/immunosuppressive 
states,11,15,24,25 and promote T-cell exhaustion,26 here we 
describe immunosuppressive functions of psSCs in vivo and 
ex vivo. Mechanistically, we found that tumor-associated SCs 
significantly upregulate anti-inflammatory (PGE2 and LXA4/ 
B4) and downregulate pro-inflammatory (LTB4 and HXA3) 
PUFA metabolites and inhibit effector functions of melanoma- 
primed T-cells in 12/15-LOX and COX-2 dependent manner. 
Furthermore, we showed that suppression of melanoma- 
challenged splenic IFNγ-producing immune cells by the SCs 
occurs via EP4 receptor signaling. These results are consistent 
with our recent report demonstrating that melanoma-activated 
SCs upregulate COX2 and increase PGE2 production which 
polarizes T-cells toward exhaustion phenotype.26 While we 
show that peritumoral skin SCs suppress anti-melanoma effec-
tor T-cell activity, at least in part, with products of enzymatic 
lipid oxidation, several 12/15-LOX and/or COX2 pathways 
may result in the production of highly immunosuppressive 
lipid metabolites. For example, PUFA-phospholipids (−PLs) 
or lyso-PUFA-PLs may be oxidized by COX2 or 12/15-LOX 
to PGE2-PLs, which can either act directly on their respective 
receptors or be hydrolyzed to free PGE2. Future studies will 
uncover mechanisms regulating these enzymatic lipid oxida-
tion pathways in the tumor-associated SCs.

In this study, we demonstrate direct suppression of melanoma- 
primed splenocytes and T-lymphocytes by oxygenated lipid meta-
bolites of the peritumoral skin SCs. Tumor-associated SCs likely 
carry out additional immunomodulatory functions in vivo involving 
innate and adaptive anti-tumor immune responses which impact 
cancer progression. We and others have previously shown that 
tumor-associated repair-like SCs are capable, in vitro, of stimulating 
immunosuppressive functions of macrophages, dendritic cells and 
neutrophils.11,15,24,25,45 Future investigations of SC-immune cell 
interactions in-vivo will expand our understanding of locoregional 
and systemic SC impact on cancer progression. The methodologies 
we developed and utilized here, including SC purification from 
multiple organs of the described transgenic mouse model, and the 
analytical methods of purified SC populations, will facilitate research 
into immunoregulatory functions of SCs in cancer.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This project was supported by the Research Scholar Grant, RSG-19-088- 
01-CSM, from the American Cancer Society (YLB), by awards 

R01CA266529 (YLB) and R01CA165065 (VEK), and by the Hillman 
Fellows for Innovative Cancer Research Program funded by the Henry 
L. Hillman Foundation (YLB). This project utilized the University of 
Pittsburgh Imaging Core that is supported in part by award 
P01HL114453, and the Hillman Cancer Genomics Facility and 
Bioinformatics Services, supported in part by award P30CA047904.

Data availability statement

The RNA sequencing data discussed in this publication have been depos-
ited in NCBI's Gene Expression Omnibus and are accessible through GEO 
Series accession number GSE208150 (https://www.ncbi.nlm.nih.gov/geo/ 
query/acc.cgi?acc=GSE208150).

Significance

Schwann cells have been implicated in cancer progression, but their 
functions in the tumor microenvironment are unclear. We demonstrate 
that Schwann cells in the skin adjacent to melanomas are reprogrammed 
to repair-like Schwann cells which impede anti-tumor T-cell activity by 
upregulating the production of immunosuppressive eicosanoids.
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