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Background

Testing was conducted at time point 24 and 48 h; five cell lines were
studied for all the parameters investigated and nine cell lines for
PD-L1. Flow cytometry was conducted on melanoma cells with
membrane labelling for PD-L1, PD-L2, MHC I, MHC II and intracellular labelling for gp100, Melan-A and tyrosinase. ProcartaPlex
Luminex Human kits (eBioscience) were used to determine the
TGF-b, IL-1b and IL-10 concentrations in the culture media under
the various conditions. The IDO activity in the culture was evaluated by determining the kynurenine/tryptophan ratio using an
ELISA test (LDN). Full experimental procedure is available in the
supplemental methods section (Appendix S1).

Tumor cells escape the immune system by creating immune tolerance in the environment around the tumor. This is currently a
major issue in the treatment of melanoma by immunotherapy
with monoclonal antibodies (anti-CTLA4/PD1 antibody), vaccines
and tumor-infiltrating lymphocytes (TILs) (1).
IDO is an intra-cellular enzyme that degrades tryptophan to
kynurenine, inducing a local immunosuppression through deficiency
in the amino acid, which is needed for the T cells’ activity (2).
In melanoma, IDO has been shown to be increased in both primary and metastatic lesions and its expression correlated with
increased invasiveness and disease progression rate (3–5).
IDO thus appears to be a molecule that may play a major role
in the induction of immune tolerance of melanoma cells via the
microenvironment. However, until now, we have still few information on the interaction between IDO and melanoma cells.
It has been shown that normal fibroblasts in tumors can affect
tumor cell growth. Fibroblasts have also been reported to have
foetal fibroblasts characteristics (6).
As our team developed foetal fibroblast lines expressing both
isoforms of IDO at a high level (7), we created an in vitro model
closed to in vivo microenvironment permitting to study the interactions between melanoma cells and IDO.

Questions addressed
The primary objective of the study was to investigate the modulations induced in melanoma cells by IDO produced by foetal
fibroblasts.

Experiment design
The melanoma cells were cocultured with foetal fibroblasts. To confirm the specificity of the action of IDO, 1-methyl-L-tryptophan (1MT) (20 mM solution, pH 9–10) was added to the culture medium
under the various conditions at D0 at the concentration of 500 lM.
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Results
IDO activity measuring by kynurenine/tryptophane ratio
The higher the kynurenine/tryptophan ratio was, the higher was
the tryptophan catabolism activity, reflecting the activity of IDO1,
IDO2 and TDO2.
The analysis showed that co-incubation between fibroblasts
and melanoma cells resulted in higher tryptophan degradation
in the culture medium than tumor cells alone (P = 0,009).
Tryptophan degradation activity was inhibited by 1-MT, a specific IDO inhibitor, confirming the specificity of the results and
that the increase in tryptophan degradation activity in the presence of foetal keratinocytes and fibroblasts was IDO dependent
(Fig 1a).

PD-L1 modulation induced by IDO
Two types of modulation were induced by cocultivating the
melanoma cells with fibroblasts (Fig 2):
• For five cell lines, an induction of the expression of PD-L1 by
the melanoma cells (M241 + 44%, M284 + 42%, M301 + 64%,
M305 + 14% and M254 + 8%) was observed.
• For four cell lines (M113, M212, M373 and M387), the expression of PD-L1 was not induced on melanoma cells by the
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Figure 2. PD-L1 expression by melanoma cells evidenced by flow cytometry.
F, foetal fibroblasts, K, keratinocytes; M, smelanoma cells.
Figure 1. (a) Mean kynurenine/tryptophan ratios in the culture media
supernatants. *P < 0.05. (b) IL-10 concentrations in culture medium supernatants.
*P < 0.05. (c) IL-1b concentrations in culture medium supernatants. *P < 0.05.
(d) TGF-b concentrations in culture medium supernatants. *P < 0.05. F, foetal
fibroblasts; K, foetal keratinocytes; M, melanoma cells, for the five cell lines.

coculture with foetal fibroblasts. Addition of 1-MT to the culture medium completely inhibited (>95%) the PD-L1 expression in cell lines M254, M284, M301 and M305 and partially
inhibited it (<50%) in cell line M241 confirming that IDO was
directly implicated in the modulation of PD-L1 by the melanoma cells.
In contrast, PD-L2 expression was not induced in the melanoma cells by 3 of the 5 cell lines studied and only weakly
induced by cell lines M284 and M301 (<2% fluorescent cell).
PD-L2 was not modulated by the foetal fibroblasts.

Increase in cytokines concentration in coculture
supernatants
IDO-positive fibroblasts increased the secretion of IL-1b (<5 pg/
ml at 10 h, 30 pg/ml at 24 and 48 h, P > 0.05), by melanoma
cell in the medium culture, and the secretion of IL-10, by melanoma cells increased (<5 pg/ml at 10 h, 25 pg/ml at 24 h and
80 pg/ml at 48 h) and in addition TGF-b also increased
(380 pg/ml at 10 h, 650 pg/ml at 24 h and 750 pg/ml at 48 h)
(Fig 1b–d).
However, for the three cytokines, the increase of secretion in
the culture medium was not inhibited by 1-MT.

Modulations of melanoma antigens and MHC
The induction of the expression of melanoma antigens, gp100,
Melan-A and tyrosinase by melanoma cells incubated with fibroblasts was variable according to the melanoma cell line and not
inhibited by 1-MT.
In the same manner, IDO-positive foetal fibroblasts did not
induce any change in MHC I expression by the melanoma cells.
MHC II expression was only decreased after coculturing with
foetal fibroblasts for cell line M373 ( 22%).
Flow cytometry results are available in supplementary material.

Conclusions
This study showed the induction of PD-L1 expression by melanoma cells via the expression of IDO by fibroblasts cocultivated in
the microenvironment. This induction of PD-L1 by IDO may contribute to inhibit the efficacy of adoptive cell therapy using TILs
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by inducing inactivation of lymphocytes, decreasing both their
survival and proliferation. It has been shown that melanoma cell
PD-L1 expression greater than 5% is a predictive factor for
response to treatment with anti-PD1 antibodies (8). IDO inhibitors could thus potentiate the efficacy of TILs and other
immunotherapies by acting on the microenvironment and PD-L1
expression.
This preliminary study was performed with five cell lines for
which all the parameters have been investigated and nine cell lines
investigated for PD-L1 expression. Nonetheless, the results were
homogeneous for the induction of PD-L1 expression and the
degradation of tryptophan by foetal fibroblasts cocultured with
melanoma cells.
A phase I/II study of combined ipilimumab and indoximod
(medicinal form of 1-MT) at an oral dosage of 25 mg or 300 mg
twice daily versus. placebo has been conducted. The disease
control rate for the indoximod combination was 75% (9).
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Background

This effect might be TRPM8 independent as menthol activated
TRPM8 to the same extent as MPD (Fig. 1c), but did not modulate NFjB activation (Fig. 1d). In accordance with our findings,
Ramachandran et al. observed a potent anti-inflammatory response
with TRPM8 agonist icilin, but not with menthol (9). These findings indicate different mechanisms of cooling agents to modulate
anti-inflammatory signalling that requires further investigation.
In AD, pruritus is associated with elevated cutaneous levels of
NGF and an increased intra-epidermal nerve fibre density [s4, s5].
Because of the fact that NGF is regulated by NFjB [s6], we
hypothesized that MPD modulates NGF expression in skin cells.
As TNF-a is known to upregulate NGF in an NFjB-dependent
manner [s7] and is reported as an aggravation factor in atopic
skin [s1], we treated dermal fibroblasts with TNFa and MPD. In
fact, MPD reduced TNF-a-induced upregulation of ngf mRNA
(Fig. 1e) and NGF protein (Fig. 1f), suggesting an impact of MPD
on the regulation of cutaneous innervation. The TRPM8 antagonist AMTB did not abrogate the effect of MPD on ngf regulation
(Fig. S1) pointing to a TRPM8-independent mechanism.
To investigate whether the effect of MPD on NGF expression
influences neurite outgrowth in vitro, we used our compartmented
coculture model of porcine DRG neurons and dermal fibroblasts
(Fig. 2). The model enables a culture of dermal fibroblasts with
nerve endings spatially compartmented from DRG somata (Figs
S2 and 2e). To mimic itch-associated hyperinnervation, we treated
fibroblasts with histamine, inducing an increased outgrowth of

Atopic dermatitis (AD) is a chronic, relapsing and highly pruritic
inflammatory skin disease affecting 10–20% of children and 2–5%
of adults in developed countries (1,2). In AD, inflammation is
related to an elevated skin cell-derived release of nerve growth factor
(NGF), leading to an increased density of cutaneous C-fibres (3,4)
that might be linked to pruritus (5). Cooling agents, such as menthol or icilin, suppress itch by activating transient receptor potential
ion channel M8 (TRPM8) on cutaneous Ad fibres (6,7) and have
therefore been used as an antipruritic treatment for many years (8).
Additionally, TRPM8 activation has recently been shown to attenuate inflammatory responses in a mouse model of colitis (9). A
potential anti-inflammatory effect of cooling agents and its impact
on itch-associated hyperinnervation in AD had not been studied.

Question addressed
In this study, we investigate the role of menthoxypropanediol
(MPD) in modulating inflammatory NGF upregulation and itchassociated hyperinnervation in coculture models of sensory neurons and skin cells.

Experimental design
Methods are presented in supplementary material.

Results and discussion
In the pathogenesis of AD, TNF-a acts synergistically with Th2
cytokines via NFjB to promote inflammatory processes [s1-s3]. In
a screening, we identified the menthol derivative MPD (Fig. 1a,b)
as a potent inhibitor of TNF-a-induced NFjB activation (Fig. 1d).
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