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Abstract: Nerve-cancer crosstalk resulting in either tumor neurogenesis or intratumoral neurodegen-
eration is critically controlled by Schwann cells, the principal glial cells of the peripheral nervous
system. Though the direct stimulating effect of Schwann cells on malignant cell proliferation, motility,
epithelial–mesenchymal transition, and the formation of metastases have been intensively investi-
gated, the ability of Schwann cells to affect the effector and regulatory immune cells in the tumor
environment is significantly less studied. Here, we demonstrated that tumor cells could stimu-
late Schwann cells to produce high levels of prostaglandin E, which could be blocked by COX-2
inhibitors. This effect was mediated by tumor-derived TGF-β as neutralization of this cytokine
in the tumor-conditioned medium completely blocked the inducible prostaglandin E production
by Schwann cells. Similar protective effects were also induced by the Schwann cell pretreatment
with TGF-βR1/ALK4/5/7 and MAPK/ERK kinase inhibitors of the canonical and non-canonical
TGF-β signaling pathways, respectively. Furthermore, prostaglandin E derived from tumor-activated
Schwann cells blocked the proliferation of CD3/CD28-activated T cells and upregulated the ex-
pression of CD73 and PD-1 on both CD4+ and CD8+ T cells, suggesting T cell polarization to the
exhausted phenotype. This new pathway of tumor-induced T cell inhibition via the activation of
neuroglial cells represents new evidence of the importance of nerve–cancer crosstalk in controlling
tumor development and progression. A better understanding of the tumor-neuro-immune axis
supports the development of efficient targets for harnessing this axis and improving the efficacy of
cancer therapy.
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1. Introduction

The transforming growth factor-β (TGF-β) superfamily, in addition to the prototype
TGF-β isoforms, includes more than 30 proteins, such as activins, nodal, growth differ-
entiation and neurotrophic factors, and other cytokines and hormones. TGF-β transmits
signals through two transmembrane serine-threonine kinase receptors, type I and type II
(TβRI and TβRII) [1]. The TGF-β ligand first binds to TβRII, fosters phosphorylation of
TβRI, and transmits intracellular signals in a SMAD-dependent (canonical) or -independent
(noncanonical) manner [2]. Activation of non-SMAD signaling pathways, such as the MAP
kinase pathway, in turn activates extracellular signal-regulated kinases (ERK1 and 2), p38,
and JNK MAP kinases [3].

The TGF-β superfamily members play an imperative role in normal development
and homeostasis as the key regulators of embryonal development, cellular differentiation,
hormone secretion, wound healing, and tissue repair [4]. In the nervous system, TGF-β
family members are necessary for proper neural development and function. During em-
bryogenesis, they regulate the initial formation of the nervous system, synaptogenesis
and plasticity, stem-cell lineage commitment to neuroglia and neurons, cell motility and
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survival, and axon guidance [5]. Later in life, TGF-β family members control neuroinflam-
matory responses, regulate quiescence in neural stem cells, and have a role in neural injury
and neurodegenerative and neuropsychiatric diseases [6].

The TGF-βs are also powerful regulators of the immune system, pleiotropically affect-
ing both cellular and antibody-mediated responses, as well as inflammatory reactions and
immune tolerance [7]. In addition to controlling the expression of major histocompatibility
(MHC) antigens and the activation, proliferation, effector functions, and apoptosis of im-
mune and hematopoietic cells, TGF-β is also involved in pathogenesis of immune-mediated
diseases including autoimmune and allergic diseases, infection and cancer [8–11]. TGF-βs
proven to play an essential role in carcinogenesis and tumor progression. TGF-β, which is
produced by both the malignant cells and tumor stromal and infiltrating cells, endorses
epithelial–mesenchymal transition, expands cell invasiveness and metastatic progression,
promotes angiogenesis, plays a central role in immune suppression and immune cell polar-
ization within the tumor microenvironment, and participates in tumor immune evasion and
poor responses to cancer immunotherapy [10,12]. However, TGF-β pathogenic roles and
operational mechanisms in altering the tumor neuroenvironment are still generally unclear.

The presence and functional significance of the peripheral nervous system (PNS) in
solid tumors in experimental animals and humans have been finally accepted supporting
the usefulness of the term “the tumor neuroenvironment”. Accumulating data suggest that
the existence and size of nerves within the solid tumor microenvironment are associated
with tumor aggressiveness [13–15]. While the role of neurotransmitters and neuropep-
tides of the sympathetic and parasympathetic systems in supporting tumor growth and
promoting tumor spreading is well documented [16–18], much less is known about the
regulatory role of the PNS neuroglial cells, Schwann cells (SC), in the formation of the tumor
neuroenvironment [19,20]. We have recently reported that tumor-activated SC directly
up-regulate motility of lung cancer cells and increase formation of metastasis [21]. SC are
also capable of attracting dendritic cells (DC) and myeloid-derived suppressor cells (MDSC)
to the tumor site and augment their ability to inhibit T cell activation [20,22]. However, the
effect of SC on T cells in cancer has not been investigated. How the tumor-modulated PNS
neuroglial cells may affect T lymphocytes and whether tumor-derived factors can directly
polarize glial cells to the immunosuppressive phenotype remain elusive.

Although the list of the effects of TGF-β on immunity and carcinogenesis is docu-
mented comprehensively and continues to expand, there still lacks a perfect understanding
of its involvement in the tumor neuroenvironment and its role in regulating the neuro-
immune axis in cancer. Here, we revealed that tumor-derived TGF-β and TGF-β-signaling
are involved in the modulation of SC activity, which in turn results in inhibition of T cell
activity and immunosuppression. These data uncover a novel protumorigenic pathway of
PNS involvement in tumor progression and demonstrate how neuroglial cells, in addition
to the PNS neurons, add to the formation and maintenance of the immunosuppressive
tumor microenvironment.

2. Materials and Methods
2.1. Animals

C57BL/6 mice (7- to 8-week-old) from Taconic were housed in a pathogen-free facility
under controlled temperature, humidity, and 12-h light/dark cycle with a commercial
rodent diet and water available ad libitum. 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.

2.2. Cell Lines and Cell Cultures

B16 murine melanoma cell line was purchased from ATCC. Mouse Ret melanoma
cell line was a gift from V.Umansky (German Cancer Research Center, DKFZ, Heidelberg,
Germany). Mouse BPWT melanoma cell line, derived from BrafV600E/Pten inducible
melanoma model, was a gift from W. J. Storkus (University of Pittsburgh, Pittsburgh, USA).
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All primary and cell lines were authenticated, mycoplasma tested, were contaminant free,
and used at low passage. Melanoma cell lines were cultured in a complete RPMI-1640
medium (GIBCO BRL—Thermofisher Scientific, Waltham, MA, USA) supplemented with
2 mM of L-glutamine, 100 U/mL of penicillin, 100 µg/mL of streptomycin, 10 mM HEPES
(Invitrogen Life Technologies, Carlsbad, CA, USA), and 10% heat-inactivated fetal bovine
serum (FBS, Gemini Bio-Products, USA). For the preparation of tumor-conditioned medium,
subconfluent cultures were harvested, washed, and 1 × 106 cells were cultured in 20 mL of
complete RPMI 1640 medium with 10% FBS for 24 h. Then, the medium was replaced with
medium supplemented with 2% FBS. After 24 h, conditioned medium was collected and
centrifuged at 700× g at room temperature for 5 min to pellet the cells. The supernatant
was collected and centrifuged at 2000× g at 4 ◦C for 10 min to remove cell debris.

Murine adult Schwann cells were prepared from the sciatic nerve of adult mice accord-
ing to established protocols with some modifications as described earlier [20,21]. Briefly,
the distal whole sciatic nerves were dissected under the stereoscopic microscope (Leica,
Wetzlar, Germany) in sterile conditions. After 5-day incubation at 37 ◦C in SC medium
(ScienCell Research Laboratories, Carlsbad, CA, USA), the sciatic nerves were dissociated
using 1 mg/mL NB4G collagenase (MilliporeSigma, Burlington, MA, USA) in 3 mL HBSS
(37 ◦C, 45 min). Then, the sciatic nerves were stripped free of epineurium, cut into 1-mm
segments, and placed as explants into tissue culture dishes containing collagenase NB4G
(37 ◦C, 30 min). After centrifugation (400× g, 5 min), the supernatant was discarded, the
pellet was resuspended in 1 mL SC medium, and the nerves were triturated until they were
completely dissociated. The cell suspension was diluted in SC medium supplemented with
2 µM forskolin (MilliporeSigma) and 50 ng/mL heregulin-β1 (MilliporeSigma) and cultured
in Poly-D-lysine precoated flasks for 4 days following by an additional 6–10-day culture in
the medium without forskolin and heregulin. During this time, SC were twice separated
from fibroblasts using 300 µg/mL collagenase NB4G solution in 6 mL HBSS/75 cm2 flask
(37 ◦C, 30 min). Prior to the experimentation, SC culture purity was established at 98–99%
based on the immunofluorescent cytochemistry and flow cytometry phenotyping (BD LSR
II) for SC-specific markers GFAP, p75NGF and S100B. For the preparation of SC-conditioned
medium, SC were treated with 10% (v/v) of tumor-conditioned medium or control medium
for 24 h. Then, medium was removed and replaced with complete medium supplemented
with 2% FBS for 24 h. Cell-free supernatant was collected by centrifugation.

2.3. Chemotaxis Assay

Chemotaxis assay for T cells migration was evaluated using a 48-well Transwell
system (5 µm pore size, Corning Costar, Corning, NY, USA) with T cells placed in the
upper chamber (1 × 106 cells/mL, 100 µL). Assay medium (RPMI 1640 containing 2%
FBS), CCL5/RANTES (20 ng/mL, PeproTech, Rocky Hill, NJ, USA) chemotactic for T cells
(a positive control), conditioned medium from control SC and SC-treated with tumor-
conditioned medium (B16, Ret and BPWT melanomas) were added to the bottom chamber
(600 µL). Migration of T cells was assessed after 4-h incubation at 37 ◦C, 5% CO2. Cells
transmigrated thought the membrane were collected and acquired on FACScan (Becton
Dickinson, Franklin Lakes, NJ, USA) for 1 min for enumeration. Data are reported as the
mean numbers of transmigrated cells from triplicate wells.

2.4. T Cell Analysis

T cells were isolated from single cell suspensions of mouse splenocytes by negative
selection using Pan T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany).
Unwanted cells were targeted for removal with biotinylated antibodies directed against
non-T cells and anti-biotin coated microbeads. Labeled cells were separated using magnetic
column. Flow-through unlabeled cells were collected and contained the enriched T cells.

T cells proliferation was measured using a CFSE dye dilution assay. T cells (10 × 106/mL)
were labeled with 5 µM CFSE (ThermoFisher Scientific, Waltham, MA, USA) followed by
activation with beads coated with anti-CD3 and anti-CD28 for 24 h according to the manufac-
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turer’s protocol (Life Technologies, Carlsbad, CA, USA). CFSE-labeled T cells (1 × 106) were
added to 24-well plates containing assay medium, control, and tumor-treated SC (2 × 104) and
incubated for 5 days. CFSE-labeled unstimulated T cells served as a control. T cells were har-
vested and analyzed by flow cytometry after labeling with antibodies to T cell specific markers:
CD3-conjugated with APC (Biolegend, San Diego, CA, USA), CD4-conjugated with APC and
CD8α-conjugated with PerCP/Cy5.5 (Biolegend). Proliferation of CFSE-labeled CD3+ cells
was assessed by tracing dye dilution by flow cytometry. In additional experiments, expression
of CD73, CD39 and PD-1 on control and SC-treated CD4 and CD8 T cells was measured using
FITC-conjugated CD73 or CD39 antibody and PE-conjugated PD-1 antibody (Biolegend).
Flow cytometric acquisition was performed on a Becton Dickinson LSR II instrument. Data
were analyzed using FlowJo software (TreeStar Inc., San Francisco, CA, USA).

For assessing the role of PGE2 in inhibition of T cell proliferation and accumulation
of regulatory T cells, SC (1 × 105/mL in 12-well plates) were pre-treated for 2 h with
10 µM COX 2 inhibitor (FK-3311, Cayman Chemical Company, Ann Arbor, MI, USA)
or vehicle control, then medium was removed and replaced with SC medium or tumor-
conditioned medium (10% v/v) for 24 h and then replaced with medium supplemented
with 2% FBS for 24 h. SC was seeded at 2 × 104/0.5 mL in 24-well plates. After SC were
adhered, 1 × 106/0.5 mL T cells were added to SC culture and incubated for 5 days. T cell
proliferation and phenotype were analyzed as describe above.

2.5. PGE2 Analysis

SC (1 × 105/mL, 12-well plates) were pre-treated for 2 h with 10 µM COX-2 inhibitor
(CAS 181696-33-3, Calbiochem, San Diego, CA, USA), 10 µM TGF-βR1/ALK4/5/7 in-
hibitor (SB431542, MilliporeSigma), 10 µM MAPK/ERK inhibitor (UO126, Cell Signaling
Technology) or medium served as a control. Medium was removed and SC were treated
with tumor-conditioned medium (10% v/v), control medium or rTGF-β1 (100 pg/mL,
Cell Signaling Technology, Danvers, MA, USA) for 24 h. To block the TGF-β1 activity,
10 µg/mL anti-TGF-β1-neutralizing antibody (R&D System, Minneapolis, MN, USA) was
added at the beginning of stimulation. Medium was removed and replaced with complete
medium (2% FBS) for additional 24-h incubation. Cell-free supernatants were collected
by centrifugation at 700× g for 5 min. PGE2 concentration (Cayman Chemical, USA) was
measured in supernatants by ELISA.

2.6. TGF-β1 Production

Amounts of TGF-β1 secreted by B16, Ret, and BPWT melanoma cells and control and
tumor-treated SC were measured in cell-free supernatants, collected as described above,
using a commercial ELISA kit (ThermoFisher Scientific).

2.7. Western Blot Analysis

Cultured SC (1 × 106) were treated with SC medium or B16-conditioned medium.
Pellets were collected in 10, 20, 30, 60 and 180 min. Cells were lysed in RIPA buffer
(Alfa Aesar, Ward Hill, MA, USA), normalized by protein concentration, separated on
4–12% SDS-PAGE, transferred to polyvinylidene difluoride membrane (Invitrogen) and
analyzed with antibodies recognizing total SMAD1/2 and phospho-SMAD1/2 (1:1000,
Cell Signaling Technology), total ERK1/2 and phosphor-ERK1/2 (1:1000, Cell Signaling
Technology). For quantitation, gels were scanned and analyzed by UN-SCAN-IT gel
software (Silk Scientific, Orem, UT, USA). The bands were quantified by pixel density
using GAPDH as a housekeeping control. The results were analyzed as relative protein
expression calculated as phosphorylated/total protein expression for each experimental
group versus corresponding controls.

2.8. Quantitative PCR

Total RNA from control SC and SC treated with B16-conditioned medium was pre-
pared using the Rneasy kit (Qiagen, Hilden, Germany). For reverse transcription, 1 µg
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of total RNA was primed with oligoDT (Roche Applied Science, Basel, Switzerland) for
10 min at 65 ◦C prior to the generation of cDNA via the addition of a master mix of re-
verse transcriptase 200 units MMLV-RT (Gibco/ThermoFisher Scientific), 1 mM dNTP
(Promega, Madison, WI, USA) and 10 mM dithiothreitol per reaction for 1 h at 42 ◦C.
The cDNA was then utilized for qPCR using standard qPCR procedures with the spe-
cific primers for COX2: Forward Primer AACCCAGGGGATCGAGTGT, Reverse Primer
CGCAGCTCAGTGTTTGGGAT (IDT Integrated DNA Technologies, Coralville, IA, USA).
GAPDH (Forward Primer AGGTCGGTGTGAACGGATTTG, Reverse Primer TGTAGAC-
CATGTAGTTAGTTGAGGTCA) transcript was used as an internal control. Quantitative
PCR on a Stratagene MX3000P procedure utilized SYBR green to monitor DNA synthesis.
Reactions were run in triplicates in 25 µL reaction volume with 12.5 µL of SYBR master
mix, 250 nM primers, and 1 µL of first strand cDNA. After 10 min at 95 ◦C, amplification
involved 30 cycles of 30 sec at 95 ◦C, 30 sec at 56 ◦C and 1 min at 72 ◦C. The results are
presented as relative transcription proportion to GAPDH.

2.9. Statistical Analysis

For a single comparison of two groups, the Student t test was used after the evaluation
of normality. If data distribution was not normal, the Mann–Whitney rank-sum test was
performed. For the comparison of multiple groups, ANOVA was applied. SigmaStat
Software was used for data analysis (SyStat Software, Inc., Chicago, IL, USA). For all
statistical analyses, p < 0.05 was considered significant. All experiments were repeated at
least two times. Data are presented as the mean ± SEM.

3. Results
3.1. Polarization of T Cells by Tumor-Treated Schwann Cells

Purity and phenotypic characterization of cultured SC were validated as described
earlier [21], and revealed high level of expression of neuroglia markers S100B, p75 and
GFAP on tested cells (Figure S1). We also demonstrated that SC could chemoattract
purified splenic T cells (Figure S2). Interestingly, melanoma B16-, ret- and BPWT-treated SC
displayed a significantly higher ability to attract T cells compared to control SC (Figure S2).
To confirm that control and tumor-treated SC express T cell chemokines, we determined
chemokine expression and proved that melanoma cells were able to significantly up-
regulate chemokine expression in SC, as shown in Figure S3. Based on these results,
CCL5 was selected as a positive control for T cell attraction assay as demonstrated in
Figure S2. Because tumor-treated SC were able to down-regulate inducible proliferation of
T lymphocytes (Figure S4), we next asked whether SC could alter differentiation of T cells
to regulatory/exhaustion phenotype.

We tested the impact of SC on T cell polarization by assessing expression of markers
associated with T cell exhaustion, including PD-1, CD73, and CD39 [23,24]. We revealed
that tumor-treated SC significantly up-regulated the expression of CD73 and PD-1 on CD8+
and CD4+ T cells up to 5–6 times (Figure 1 upper panels) but did not alter the expression of
CD39 on T cells (Figure S5). For instance, while non-activated SC increased expression of
CD73 on CD8+ T cells from 6.2 ± 0.9% to 9.4 ± 1.8%, tumor-activated SC up-regulated it to
26.5 ± 3.4% (p < 0.05). Expression of PD-1 on CD8+ T cells was increased from 8.6 ± 1.2%
to 15.8 ± 2.2% by control SC and to 38.6 ± 6.3% by tumor-treated SC (p < 0.05). Similar up-
regulation of CD73 and PD-1 was seen in CD4+ T lymphocytes. Remarkably, tumor-treated
SC significantly suppressed the inducible proliferation of CD8+ and CD4+ T cells up to
five folds (Figure 1, lower panels), suggesting their functional impairment, which may be
associated with the exhausted phenotype. These results suggest tumor-activated SC can
change both the function and phenotype of T lymphocytes, posing a question about SC
factors responsible for this new phenomenon.
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Figure 1. Tumor-activated Schwann cells induced exhaustion of T cells. Adult SC were isolated
from the sciatic nerve of C57BL/6 mice, cultured and purified as described in M&M. SC were then
co-cultured with medium (SC) or with B16-conditioned medium (10% v/v) for 48 h and washed.
Then, control and melanoma-pretreated SC were mixed with SFSE-labeled splenic T cells that were
activated by CD3-CD28-coated beads for 24 h. After 5 days, expression of CD73 and PD-1 on CD8+
(A) and CD4+ (B) T cells was evaluated by flow cytometry. Gating strategy was based on the initial
selection of CD3+ T cells with the further analysis of CD73 and PD-1 expression on either CD8+
or CD4+ cells. Proliferation of CFSE-labeled T cells was assessed by tracing dye dilution by flow
cytometry. Results from a representative experiment are shown.

3.2. Schwann Cell-Derived Prostaglandin E2 Induces T Cell Polarization

As the expression of CD73 can be induced by PGE2 on macrophages [25] and PGE2
is a well-known regulator of T cell differentiation and plasticity [26], we first verified if
adult SC could produce PGE2. First, analysis of mRNA expression of the inducible form
of cyclooxygenase (COX-2), the major enzymes in prostaglandin production, revealed
that SC express COX-2 mRNA and its level in SC could be significantly up to three-fold
up-regulated by SC pre-exposure to the melanoma-conditioned medium (Figure 2A). PGE2
release in the SC-conditioned medium was directly determined by ELISA and these results
demonstrated that tumor-treated SC produced significantly higher levels of PGE2 than
control SC (Figure 2B). Importantly, PGE2 production could be blocked by a COX-2 inhibitor
in both non-treated and tumor-treated SC, as shown in Figure 2C. As SC produce PGE2,
we asked whether this prostaglandin may be responsible for the T cell exhaustion that can
be induced by SC.

To answer this question, we treated SC with cell-permeable non-reversible non-toxic
COX-2 inhibitor II-Benzenesulfonamide, 4-[5-(difluoromethyl)-3-phenyl-4-isoxazolyl] (CAS
181696-33-3), and compared its effect on SC with control-treated SC. As shown in Figure 3,
blockage of PGE2 production by SC (see Figure 2C) completely abrogated upregulation of
CD73 and PD-1 expression on CD8+ and CD4+ T cells induced by melanoma-treated SC to
the control levels. In addition, COX-2 inhibitor blocked the ability of tumor-treated SC to
suppress the inducible proliferation of T cells (Figure 3 low panels). For instance, while
B16-activated SC inhibited proliferation of CD3CD28-activated CD8+ T cells from 39.3 ±
7.6% to 7.2 ± 3.2%, inhibition of PGE2 synthesis in SC returned T cell proliferation to the
34.7 ± 6.5% level (p < 0.05). Similar data were obtained for CD4+ T cells (Figure 3). Together,
these results suggest that tumor-induced activation of SC to up-regulate production of PGE2
is responsible, at least partly, for the polarization of T cells to the exhausted phenotype.
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This raised the next question about potential tumor-derived factors which may activate the
T cell-suppressive activity of SC.
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from the sciatic nerve of C57BL/6 mice, cultured and purified as described in M&M. SC were then
co-cultured with medium (SC) or with B16-conditioned medium (10% v/v) (SC/B16) for 24 h and
washed. Control and tumor-treated SC were then assessed for COX-2 mRNA expression by qPCR
(A) or cultured for another 24 h for measuring PGE2 production by ELISA (B). COX-2 inhibitor
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Figure 3. COX-2 inhibition prevented T cell exhaustion induced by tumor-activated SC. Adult SC
were isolated from the sciatic nerve of C57BL/6 mice, cultured and purified as described in M&M.
SC were then co-cultured with medium (SC) and B16-conditioned medium (10% v/v) (SC/B16) for
24 h after pretreatment with COX-2 inhibitor CAS 181696-33-3 (10 µM, 2 h). After washing, control
and melanoma-pretreated SC were mixed with SFSE-labeled splenic T cells that were activated by
CD3-CD28-coated beads for 24 h. After 5 days, expression of CD73 and PD-1 on CD8+ (A) and CD4+
(B) T cells was evaluated by flow cytometry. Gating strategy was based on the initial separation of
CD4+ versus CD8+ cells with the consequent and independent analysis of each cell population for
CD73 and PD-1 expression. Proliferation of CFSE-labeled T cells was assessed by tracing dye dilution
by flow cytometry. Results from a representative experiment are shown.

3.3. Tumor-Derived TGF-β Activates Schwann Cells to Produce Prostaglandin E

The relationship between TGF-β and COX-2 has not been studied in SC. As some
recent evidence suggests the involvement of TGF-β in nerve repair and regeneration,
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probably via reactivation of SC [27,28], and since evidence in other cell types had indicated
the possible regulation of COX-2 by TGF-β [29,30], we put forward the hypothesis that
TGF-β may upregulate PGE2 production in SC. Analysis of TGF-β expression by melanoma
cell lines and cultured SC revealed that cells produced different levels of the cytokine and
allowed selecting B16 cells as the highest source of TGF-β among tested cells (Figure 4A).
Therefore, we next asked whether TGF-β may induce PGE2 production in SC in a way
similar to B16 cells. Figure 4B demonstrates that both B16-conditioned medium and TGF-β
activate SC to produce and release similar levels of PGE2. To verify that B16-derived TGF-β
is responsible for PGE2 upregulation in SC, B16-conditioned medium was generated in the
presence of neutralizing anti-TGF-β antibody. Figure 4C shows that neutralization of TGF-β
significantly attenuated the ability of tumor cells to stimulate SC for PGE2 production.
Together, these results demonstrate that tumor-derived TGF-β is able to activate SC to
produce and release increased levels of PGE2. This raised the next question about the TGF-
β-mediated signaling pathways in SC responsible for this new pathway of tumor-mediated
SC activation.
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Figure 4. Tumor-derived TGF-β induced PGE2 production by Schwann cells. Adult SC were
isolated from the sciatic nerve of C57BL/6 mice, cultured and purified as described in M&M. TGF-
β production by melanoma B16, ret and BPWT cells and SC were assessed by ELISA in cell-free
supernatant obtained from tumor cells and SC after they were washed and re-cultured for 24 h (A).
SC were also co-cultured with medium (SC), B16-conditioned medium (10% v/v) (SC/B16) and 10
ng/mL TGF-β1 (SC/TGF-b) for 24 h, washed and cultured for additional 24 h. PGE2 levels were then
determined in cell-free supernatants by ELISA (B). In addition, SC were cultured with medium (SC),
B16-conditioned medium (10% v/v) (SC/B16) and conditioned medium from B16 cells that were
cultured in the presence of anti-TGF-β neutralizing antibody (SC/B1b+aTFGb). Control and tumor-
treated SC were then washed and cultured for another 24 h to assess PGE2 production by ELISA (C).
Results are the mean ± SEM. *, p < 0.001 versus control SC group (n = 3, One-way ANOVA).

3.4. Tumor-Induced Prostaglandin E Production by Schwann Cells Is Mediated by SMAD
and ERK Signaling

TGF-β transduce intracellular signals by SMAD2 and SMAD3 proteins. TGF-β also
induces non-SMAD signaling pathways, and at the intracellular signaling and transcription
level, the ERK1/2 and SMAD pathways often associate with each other regulating the
specific target genes in different cell types [3,31]. Analysis of these pathways in B16-
activated SC revealed their role in mediating PGE2 production (Figure 5). First, Western blot
analysis indicated that the level of the phosphorylation of SMAD 2/3 and ERK1/2 increased
significantly in SC treated with tumor-conditioned medium (Figure 5A). Quantification
of Western blots confirmed up-regulation of pSMAD2/3 and pERK1/2 up to 30 folds
within 10 and 30 min, compared to tSMAD2/3 and tERK1/2, respectively (p < 0.001)
(Figure S6). To prove that both canonical and non-canonical pathways in SC mediate PGE2
production induced by tumor treatment, we used SB431542, a selective inhibitor of the
TGF-βRI/ALK4/5/7 canonical pathway, and UO126, a selective inhibitor of MAPK/ERK
kinase, to treat SC prior to activation with B16-conditioned medium. MAPK/ERK kinase
(MEK) is a major regulator of ERK1/2 signaling and can activate ERK1/2 transiently or
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persistently. Importantly, SB431542 has no effect on components of the ERK pathway.
Results shown in Figure 5B indicate that both inhibitors significantly attenuated PGE2
production by SC induced by both B16 and TGF-β (p < 0.01). Together, our results suggest
that tumor-derived TGF-β may activate SMAD and MAPK/ERK signaling pathways in
SC, resulting in significant up-regulation of PGE2 production and release, inducing the
exhaustion of T cells.
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Figure 5. Tumor activated SC for PGE2 production via SMAD2/3 and ERK1/2 pathways. Adult SC
were isolated from the sciatic nerve of C57BL/6 mice, cultured and purified as described in M&M.
SC were then cultured with B16-conditioned medium (10% v/v) for 0–180 min, harvested, washed
in cold medium and used for cell lysate preparation for protein expression analyses. Expression of
phosphorylated (p) and total (t) SMAD2/3 and ERK1/2 proteins in control and tumor-treated SC was
determined by Western blot analysis after proteins were separated by SDS-PAGE electrophoresis and
immunoblotted as described in M&M. Representative Western blot results are shown (A). SC were
also co-cultured with medium (SC), B16-conditioned medium (10% v/v) (SC/B16) and 10 ng/mL
TGF-β1 (SC/TGF) for 24 h after pre-treatment with either 10 µM SB431542, a selective inhibitor of
the TGF-βRI/ALK4/5/7 (SB) or 10 µM UO126, a selective inhibitor of MAPK/ERK kinase (UO).
Pre-treatment with medium served as a control. Cells were then washed and cultured for additional
24 h. PGE2 levels were then determined in cell-free supernatants by ELISA (B). Results are the mean
± SEM. *, p < 0.001 versus control SC group; #, p < 0.001 versus B16- and TGF-β-treated SC groups,
respectively (n = 3, One-way ANOVA).

4. Discussion

SC, the main glial cells of the PNS, are now known as important cells in the formation
and regulation of the tumor-neuro-immune axis that regulate tumor development and
progression [19,20,32,33]. SC have been recently shown to play a role in maintenance of
the immunosuppressive tumor microenvironment by chemoattraction and polarization of
myeloid regulatory cells and upregulating their ability to reduce activity of T cells [20,22,34].
SC were also reported to be capable of directly stimulating malignant cell motility and for-
mation of metastases [21,35,36]. However, SC-derived factors affecting myeloid regulatory
cells have not been yet identified. Even less is known about tumor-derived agents that can
alter activity and function of SC in the tumor milieu. Furthermore, a direct effect of SC
on T cells in the tumor microenvironment has not been yet explored. Here, using several
melanoma cell lines, we revealed that tumor-activated SC produce and release high levels
of PGE2, which, in turn, induced exhausted phenotype in T cells and block their inducible
proliferative activity. Many clinical and basic data emphasize PD-1 as a key co-inhibitory
receptor in the development of T cell exhaustion [37,38]. Involvement of the PD-1 pathway
has been shown to be a primary marker for exhausted T cells. For instance, PD-1 inhibits
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effector function and is broadly expressed in exhausted T cells [39]. Although CD39 and
PD-1 surface markers may be not highly specific to exhaustion [40], the utility of detection
of CD73 and PD-1 on regulatory/exhausted CD4+ and CD8+ T cells in combination with
assessing T cell proliferative activity [41] allowed us to speculate that SC in the tumor
milieu may affect T cell functionality.

CD73 ecto-5′-nucleotidase is expressed by cancer cells, endothelial cells and immune
cells, predominantly T cells [42]. Regulatory T cells express high levels of CD73 and
contribute to their inhibitory function in cancer by generating adenosine. However, the
expression of CD73 and CD39 has also been demonstrated in non-regulatory T cells [43,44].
For instance, high CD73 expression in T cells has been reported to be associated with
an exhausted phenotype of T cells [23]. Notably, CD73 on regulatory T cells impairs an-
titumor T cell responses [45]. Experimental studies with CD73-deficient mice revealed
an immunosuppressive autocrine effect of CD73-mediated restraining of effector CD8+
T cell fitness and function [46]. Interestingly, new data suggest that CD8+CD73+ T cells
may be especially important mediators of immunosuppression in human head and neck
cancer [47]. Clinical data revealed a significant link between low frequencies of circulating
CD73+CD8+ T lymphocytes and CD73+CD4+ regulatory T cells and better general survival
of melanoma patients [48]. Although CD73 is essential to control inflammation under
normal circumstances, it can support epithelial-to-mesenchymal transition, cell invasion,
and angiogenesis in the context of the tumor microenvironment [49]. SC-induced T cell
exhaustion seen as poor effector function and sustained expression of inhibitory recep-
tors, may be an additional route of generation of a state of T cell dysfunction observed in
chronic infection, chronic inflammation, and cancer [50,51]. Tumor-associated immunosup-
pression, including T cell exhaustion, continues to be a major barrier for effective cancer
immunotherapy. Therefore, identification of all cellular components of the tumor envi-
ronment responsible for blocking the antitumor potential of effector T cells is crucial for
improving the efficacy of cancer treatment. Our data support the recent notion that the
tumor neuroenvironment should be further investigated and tested as a new target for
harnessing the tumor environ [20].

We have also revealed that tumor-derived TGF-β is an important cytokine that in-
duces SC activation for PGE2 production via the activation of canonical and non-canonical
signaling in SC. The expression of TGF-βRI and TGF-βRII on SC has been demonstrated
earlier, suggesting that SC are therefore responsive to TGF-β1 and TGF-β3 [52]. In fact, the
induction of SC activation and proliferation by TGF-β has been well documented, suggest-
ing that TGF-β-induced SC dedifferentiation may enhance the regenerative response [53].
TGF-β1 may be important for the development of SC as it is expressed by immature SC
and might affect SC longevity in vitro [54]. SC may also use TGF-βs to communicate with
motoneurons [54]. However, the role of TGF-β in regulating SC-immune cell interactions
has not been revealed in spite of the fact that TGF-β plays a crucial role in supporting the
immunosuppressive tumor microenvironment. Our new data thus revealed a new target
for TGF-β in cancer, Schwann cells, which can directly support malignant cell motility and
affect immune regulatory and immune effector cells in cancer. Nevertheless, our results are
limited by utilizing the melanoma cell lines and melanoma-derived TGF-β. Further studies
are needed to evaluate this pathway for different types of cancer and to identify additional
tumor-derived factors that might affect SC activity and their ability to regulate immune
cells in the tumor microenvironment.

Prostaglandins may contribute to tumor development through several mechanisms
including the regulation of malignant cell proliferation, apoptosis, metabolism or modula-
tion of the immune responses [55]. For instance, COX-2 derived PGE2 can promote tumor
growth by activating signaling pathways that control cell proliferation, motility, apoptosis
and angiogenesis [56]. Interestingly, prostaglandins were found in the central nervous
tissue where their various actions include effects on behavior, alteration of food intake, body
temperature, and cardiovascular and motor functions [57–59]. Furthermore, PGE2 may
have an important function in modulating the pro-inflammatory events happening in both
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vascular- and microglial-associated components at the injured site of the CNS [60]. In the
PNS, prostaglandins may promote neurite outgrowth, participate in sensory perception, in-
cluding pain sensation during inflammation, and influence the release of neurotransmitters
from nerve endings [61–64]. However, the involvement of prostaglandins in regulating the
tumor neuroenvironment and activity of the neuroimmune axis in the tumor milieu has not
been investigated. Further studies may also determine how tumor-induced prostaglandin
production by SC directly affects tumor cell growth and metastasis.

Some findings indicate that the reciprocal interaction of glial cell stimulation, COX
enzymes and prostaglandins intermediates neurodegeneration and neuroprotection during
brain inflammation [65]. PGE2 production has been shown in the malignant Schwann
cell lines [66] and COX-2 expression was detected in SC after nerve injury [67]. Our data
here demonstrate that although control SC generate low levels of PGE2, its production is
significantly upregulated after treatment with tumor-conditioned medium or TGF-β and
these effects can be blocked by COX-2 inhibitors. More importantly, SC-derived PGE2
can affect CD4+ and CD8+ T cells polarizing them to the exhaustion state. Many reports
suggest that PGE2 changes polarization of T helper cells to different subtypes, alters T
cell differentiation and plasticity and enhances the induction and differentiation of FoxP3
regulatory T cells [68]. Other studies indicate that PGE2 suppresses T cell proliferation,
accelerates T cell replicative senescence markers, and induces T cell anergy [69], which could
be a sign of exhaustion or induction of anergy mediated by PGE2. In concordance with
such observations, our results allow suggesting a new mechanism of immunosuppression
as a result of tumor–PNS interactions. These interesting observations may also add to
the better understanding of the effects of COX-2 inhibitors on the chronic inflammatory
tumor milieu as well as cancer prevention and treatment [70]. In addition, it will be
important to determine whether tumor-derived TGF-β may alter the production of other
immunomodulatory molecules by SC, such as cytokines and chemokines. Finally, further
studies should also reveal if different types of malignant cells may control COX-2 activity
in SC via common or cancer-specific factors.

In summary, we revealed that tumor-derived TGF-β and resulting canonical and non-
canonical TGF-β signaling in SC caused their activation and prostaglandin production. In
turn, SC-derived PGE2 suppressed T cell function and induced their exhausted phenotype,
as shown by the upregulated expression of CD73 and PD-1. This new pathway of tumor-
induced T cell inhibition via the activation of glial cells represents new evidence of the
importance of nerve–cancer crosstalk in controlling tumor development and progression.
A better understanding of how the tumor–neuro–immune axis operates should provide a
foundation for developing efficient targets to harness this axis and improve the efficacy of
cancer therapy.
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Figure S6: Tumor activated Schwann cells via SMAD2/3 and ERK1/2 pathways.

Author Contributions: Conceptualization, M.R.S. and G.V.S.; Original draft preparation, M.R.S.
and G.V.S.; Review and editing, M.R.S., G.V.S. and Y.L.B.; investigation, G.V.S., K.V. and O.K.;
funding acquisition, M.R.S. and Y.L.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported in part by the Research Scholar Grant, RSG-19-088-01-CSM,
from the American Cancer Society (Y.L.B.).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
University of Pittsburgh Institutional Animal Care and Use Committee (Protocol 19085583 (2) from
18 May 2021).

https://www.mdpi.com/article/10.3390/cells11223541/s1
https://www.mdpi.com/article/10.3390/cells11223541/s1


Cells 2022, 11, 3541 12 of 14

Data Availability Statement: The data are contained within the article and supplementary materials.

Acknowledgments: Authors acknowledges support for their laboratories from the Departments of
Pathology and Dermatology, University of Pittsburgh.

Conflicts of Interest: The authors have declared that no conflict of interest exists.

References
1. Heldin, C.H.; Moustakas, A. Signaling Receptors for TGF-β Family Members. Cold Spring Harb. Perspect. Biol. 2016, 8, a022053.

[CrossRef]
2. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-beta family signalling. Nature 2003, 425,

577–584. [CrossRef] [PubMed]
3. Zhang, Y.E. Non-Smad pathways in TGF-beta signaling. Cell Res. 2009, 19, 128–139. [CrossRef] [PubMed]
4. Morikawa, M.; Derynck, R.; Miyazono, K. TGF-β and the TGF-β Family: Context-Dependent Roles in Cell and Tissue Physiology.

Cold Spring Harb. Perspect. Biol. 2016, 8, a021873. [CrossRef] [PubMed]
5. Meyers, E.A.; Kessler, J.A. TGF-β Family Signaling in Neural and Neuronal Differentiation, Development, and Function. Cold

Spring Harb. Perspect. Biol. 2017, 9, a022244. [CrossRef]
6. Hiew, L.-F.; Poon, C.-H.; You, H.-Z.; Lim, L.-W. TGF-β/Smad Signalling in Neurogenesis: Implications for Neuropsychiatric

Diseases. Cells 2021, 10, 1382. [CrossRef] [PubMed]
7. Travis, M.A.; Sheppard, D. TGF-β activation and function in immunity. Annu. Rev. Immunol. 2014, 32, 51–82. [CrossRef]
8. Wan, Y.Y.; Flavell, R.A. TGF-β and Regulatory T Cell in Immunity and Autoimmunity. J. Clin. Immunol. 2008, 28, 647–659.

[CrossRef]
9. Palomares, O.; Martín-Fontecha, M.; Lauener, R.; Traidl-Hoffmann, C.; Cavkaytar, O.; Akdis, M.; Akdis, C.A. Regulatory T cells

and immune regulation of allergic diseases: Roles of IL-10 and TGF-β. Genes Immun. 2014, 15, 511–520. [CrossRef]
10. Batlle, E.; Massagué, J. Transforming Growth Factor-β Signaling in Immunity and Cancer. Immunity 2019, 50, 924–940. [CrossRef]
11. Sanjabi, S.; Oh, S.A.; Li, M.O. Regulation of the Immune Response by TGF-β: From Conception to Autoimmunity and Infection.

Cold Spring Harb. Perspect. Biol. 2017, 9, a022236. [CrossRef] [PubMed]
12. Flavell, R.A.; Sanjabi, S.; Wrzesinski, S.H.; Licona-Limón, P. The polarization of immune cells in the tumour environment by

TGFbeta. Nat. Rev. Immunol. 2010, 10, 554–567. [CrossRef] [PubMed]
13. Ferdoushi, A.; Griffin, N.; Marsland, M.; Xu, X.; Faulkner, S.; Gao, F.; Liu, H.; King, S.J.; Denham, J.W.; van Helden, D.F.; et al.

Tumor innervation and clinical outcome in pancreatic cancer. Sci. Rep. 2021, 11, 7390. [CrossRef] [PubMed]
14. Albo, D.; Akay, C.L.; Marshall, C.L.; Wilks, J.A.; Verstovsek, G.; Liu, H.; Agarwal, N.; Berger, D.H.; Ayala, G.E. Neurogenesis in

colorectal cancer is a marker of aggressive tumor behavior and poor outcomes. Cancer 2011, 117, 4834–4845. [CrossRef]
15. Pundavela, J.; Demont, Y.; Jobling, P.; Lincz, L.F.; Roselli, S.; Thorne, R.F.; Bond, D.; Bradshaw, R.A.; Walker, M.M.; Hondermarck,

H. ProNGF correlates with Gleason score and is a potential driver of nerve infiltration in prostate cancer. Am. J. Pathol. 2014, 184,
3156–3162. [CrossRef]

16. Magnon, C.; Hall, S.J.; Lin, J.; Xue, X.; Gerber, L.; Freedland, S.J.; Frenette, P.S. Autonomic Nerve Development Contributes to
Prostate Cancer Progression. Science 2013, 341, 1236361. [CrossRef]

17. Reavis, H.D.; Chen, H.I.; Drapkin, R. Tumor Innervation: Cancer Has Some Nerve. Trends Cancer 2020, 6, 1059–1067. [CrossRef]
18. Silverman, D.A.; Martinez, V.K.; Dougherty, P.M.; Myers, J.N.; Calin, G.A.; Amit, M. Cancer-Associated Neurogenesis and

Nerve-Cancer Cross-talk. Cancer Res. 2021, 81, 1431–1440. [CrossRef]
19. Bunimovich, Y.L.; Keskinov, A.A.; Shurin, G.V.; Shurin, M.R. Schwann cells: A new player in the tumor microenvironment. Cancer

Immunol. Immunother. 2017, 66, 959–968. [CrossRef]
20. Martyn, G.V.; Shurin, G.V.; Keskinov, A.A.; Bunimovich, Y.L.; Shurin, M.R. Schwann cells shape the neuro-immune environs and

control cancer progression. Cancer Immunol. Immunother. 2019, 68, 1819–1829. [CrossRef]
21. Zhou, Y.; Shurin, G.V.; Zhong, H.; Bunimovich, Y.L.; Han, B.; Shurin, M.R. Schwann Cells Augment Cell Spreading and Metastasis

of Lung Cancer. Cancer Res. 2018, 78, 5927–5939. [CrossRef] [PubMed]
22. Zhang, S.H.; Shurin, G.V.; Khosravi, H.; Kazi, R.; Kruglov, O.; Shurin, M.R.; Bunimovich, Y.L. Immunomodulation by Schwann

cells in disease. Cancer Immunol. Immunother. 2020, 69, 245–253. [CrossRef] [PubMed]
23. Deng, W.-W.; Li, Y.-C.; Ma, S.-R.; Mao, L.; Yu, G.-T.; Bu, L.-L.; Kulkarni, A.B.; Zhang, W.-F.; Sun, Z.-J. Specific blockade CD73 alters

the “exhausted” phenotype of T cells in head and neck squamous cell carcinoma. Int. J. Cancer 2018, 143, 1494–1504. [CrossRef]
[PubMed]

24. Kurachi, M. CD8(+) T cell exhaustion. Semin Immunopathol. 2019, 41, 327–337. [CrossRef] [PubMed]
25. Al-Taei, S.; Salimu, J.; Spary, L.K.; Clayton, A.; Lester, J.F.; Tabi, Z. Prostaglandin E(2)-mediated adenosinergic effects on CD14(+)

cells: Self-amplifying immunosuppression in cancer. Oncoimmunology 2016, 6, e1268308. [CrossRef]
26. An, Y.; Yao, J.; Niu, X. The Signaling Pathway of PGE and Its Regulatory Role in T Cell Differentiation. Mediat. Inflamm. 2021,

2021, 9087816. [CrossRef]
27. Sulaiman, W.; Dreesen, T.D. Effect of local application of transforming growth factor-β at the nerve repair site following chronic

axotomy and denervation on the expression of regeneration-associated genes. Laboratory investigation. J. Neurosurg. 2014, 121,
859–874. [CrossRef]

http://doi.org/10.1101/cshperspect.a022053
http://doi.org/10.1038/nature02006
http://www.ncbi.nlm.nih.gov/pubmed/14534577
http://doi.org/10.1038/cr.2008.328
http://www.ncbi.nlm.nih.gov/pubmed/19114990
http://doi.org/10.1101/cshperspect.a021873
http://www.ncbi.nlm.nih.gov/pubmed/27141051
http://doi.org/10.1101/cshperspect.a022244
http://doi.org/10.3390/cells10061382
http://www.ncbi.nlm.nih.gov/pubmed/34205102
http://doi.org/10.1146/annurev-immunol-032713-120257
http://doi.org/10.1007/s10875-008-9251-y
http://doi.org/10.1038/gene.2014.45
http://doi.org/10.1016/j.immuni.2019.03.024
http://doi.org/10.1101/cshperspect.a022236
http://www.ncbi.nlm.nih.gov/pubmed/28108486
http://doi.org/10.1038/nri2808
http://www.ncbi.nlm.nih.gov/pubmed/20616810
http://doi.org/10.1038/s41598-021-86831-w
http://www.ncbi.nlm.nih.gov/pubmed/33795769
http://doi.org/10.1002/cncr.26117
http://doi.org/10.1016/j.ajpath.2014.08.009
http://doi.org/10.1126/science.1236361
http://doi.org/10.1016/j.trecan.2020.07.005
http://doi.org/10.1158/0008-5472.CAN-20-2793
http://doi.org/10.1007/s00262-016-1929-z
http://doi.org/10.1007/s00262-018-02296-3
http://doi.org/10.1158/0008-5472.CAN-18-1702
http://www.ncbi.nlm.nih.gov/pubmed/30135194
http://doi.org/10.1007/s00262-019-02424-7
http://www.ncbi.nlm.nih.gov/pubmed/31676924
http://doi.org/10.1002/ijc.31534
http://www.ncbi.nlm.nih.gov/pubmed/29663369
http://doi.org/10.1007/s00281-019-00744-5
http://www.ncbi.nlm.nih.gov/pubmed/30989321
http://doi.org/10.1080/2162402X.2016.1268308
http://doi.org/10.1155/2021/9087816
http://doi.org/10.3171/2014.4.JNS131251


Cells 2022, 11, 3541 13 of 14

28. Li, S.; Gu, X.; Yi, S. The Regulatory Effects of Transforming Growth Factor-β on Nerve Regeneration. Cell Transpl. 2017, 26,
381–394. [CrossRef]

29. Harding, P.; Balasubramanian, L.; Swegan, J.; Stevens, A.; Glass, W.F. Transforming growth factor beta regulates cyclooxygenase-2
in glomerular mesangial cells. Kidney Int. 2006, 69, 1578–1585. [CrossRef]

30. Lin, P.-S.; Cheng, R.-H.; Chang, M.-C.; Lee, J.-J.; Chang, H.-H.; Huang, W.-L.; Yeung, S.-Y.; Chang, Y.-C.; Jeng, J.-H. TGF-β1
stimulates cyclooxygenase-2 expression and PGE2 production of human dental pulp cells: Role of ALK5/Smad2 and MEK/ERK
signal transduction pathways. J. Formos. Med. Assoc. 2017, 116, 748–754. [CrossRef]

31. Luo, K. Signaling Cross Talk between TGF-β/Smad and Other Signaling Pathways. Cold Spring Harb. Perspect. Biol. 2017,
9, a022137. [CrossRef] [PubMed]

32. Shurin, M.R.; Shurin, G.V.; Zlotnikov, S.B.; Bunimovich, Y.L. The Neuroimmune Axis in the Tumor Microenvironment. J. Immunol.
2020, 204, 280–285. [CrossRef] [PubMed]

33. Sun, L.; Chen, S.; Chen, M. Schwann Cells in the Tumor Microenvironment: Need More Attention. J. Oncol. 2022, 2022, 1058667.
[CrossRef] [PubMed]

34. Zhou, Y.; Li, J.; Han, B.; Zhong, R.; Zhong, H. Schwann cells promote lung cancer proliferation by promoting the M2 polarization
of macrophages. Cell Immunol. 2020, 357, 104211. [CrossRef]

35. Deborde, S.; Omelchenko, T.; Lyubchik, A.; Zhou, Y.; He, S.; McNamara, W.F.; Chernichenko, N.; Lee, S.Y.; Barajas, F.; Chen, C.H.;
et al. Schwann cells induce cancer cell dispersion and invasion. J. Clin. Investig. 2016, 126, 1538–1554. [CrossRef]
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