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Background: Hydrotherapy appears as a valuable therapeutic tool in the management of
patients suffering from chronic skin inflammatory diseases. Nevertheless, the underlying
immune mechanisms of these beneficial effects remain poorly understood. To better under-
stand the biological effects of thermal spring water on the immune system, we investigated
the effects of Avéne thermal spring water (ASW) on dendritic cells as key cells participating
in the control of the immune response.

Methods: Dendritic cells (DCs) were generated from human monocytes and matured with
LPS in ASW-based culture medium or in dexamethasone supplemented culture medium as
an anti-inflammatory treatment. The phenotypes and abilities of these DCs to produce
cytokines and induce allogeneic T cell response was next assessed.

Results: We showed that ASW modulated the differentiation of monocytes into DCs and
impacted the DC maturation upon LPS priming. We observed a reduction of the CD83, CDS86,
CDla and HLA-DR molecule expression and a decrease of IL-12 and IL-23 production whereas
IL-10 production was increased. LPS-primed DCs generated in presence of ASW exhibited a
reduced capacity to induce naive CD4" T cell proliferation and IFN-y and IL-17 production.
Conclusion: Our study showed that ASW is endowed with an immunomodulatory potential.
ASW limits the DC stimulatory capacity of Th1l and Th17 cell responses by impairing their
maturation, IL-12 and IL-23 production and accessory cell function.
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Introduction

Skin constitutes the first barrier and line of defense against pathogens and noxious
substances. It is an immunologically active tissue with several resident immune
cells and an important pool of recirculating lymphocytes. Due to its strategic
location, skin is continuously exposed to a multitude of pathogens but also physical
and chemical aggressions, which can lead to different types of inflammatory
diseases. Spa therapy is widely used to treat inflammatory skin diseases, such as
atopic dermatitis, psoriasis, rosacea, seborrheic dermatitis and others.' The mechan-
isms underlying spa therapy are ill-understood and might incorporate chemical,
thermal and immunomodulatory effects.>* Several studies showed that thermal
spring waters decrease the pro-inflammatory abilities of keratinocytes.”’ Avéne
thermal spring water (ASW) is commonly used in France to treat atopic dermatitis
and psoriasis. Previous studies reported that ASW is endowed with an anti-inflam-
matory potential.”® Because dendritic cells (DCs) are key players in the control of
the immune response, we investigated in this study the effects of ASW on
human DCs.
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DCs are highly specialized antigen presenting cells
(APCs), which are crucial for the induction and the control
of immune responses.'*'" In steady state, DCs are sentinel
cells equipped with a huge panel of pattern recognition
receptors (PRRs) allowing them to detect virtually all
pathogens or tissue damages. They are in an immature
state, prone to antigen capture and with tolerance-inducing
functionality. Upon PRR stimulation, DCs differentiate in
a fully mature state, allowing them to migrate in secondary
lymphoid organs and initiate adaptive responses. DCs
activate antigen-specific CD4" T cells by providing three
main signals.'? During the maturation process, DCs upre-
gulate cell surface expression of antigen presenting mole-
cules such as MHC-class II and CD1a molecules (signal 1)
as well as T cell costimulatory molecules such as CD80
and CD86 (signal 2)."*> Depending on the environmental
cues detected and the PRR engaged, DCs drive T helper
cell differentiation by producing cytokines (signal 3).'*

Several groups of DCs reside in the skin in steady state;'>'¢
they control skin homeostasis and start immune responses.'’
Moreover, upon inflammation, skin is infiltrated by myeloid
DCs that are often referred to as inflammatory DCs.'>'®!® In
chronic pathologies such as auto-immune diseases or allergy,
these cells sustain a continuous activation of the adaptive
immune system at sites of inflammation.'*~° Depending on
the tissue microenvironment, Inflammatory DCs termed
TipDCs (TNF-a/iNOS-producing DC) have been described
in psoriasis®'** or after bacterial infection.” Inflammatory
dendritic epidermal cells (IDECs) were described in atopic
dermatitis.** Inflammatory DCs are assumed to be monocyte
derived, but their development is poorly known."?

DC maturation represents a key event in the immune
response and is tightly controlled. Immature DCs are weak
stimulators of T cell responses and are viewed as tolero-
genic to ensure the maintenance of immune homeostasis.
Tolerogenic DCs express low levels of costimulatory
molecules and produce notably the immunomodulatory
cytokine IL-10.>> Several clinical attempts were made to
harness DC maturation in order to dampen the immune
response in autoimmunity, graft rejection or chronic
inflammatory diseases.'” A wide array of mediators such
as IL-10, dexamethasone, vitamin D3 or rapamycin were
used to induce a tolerogenic phenotype in DCs.*** In this
study, we investigated the effects of ASW on DC matura-
tion and functions. We used the classical model of DC
derived from human monocytes in ASW-supplemented
medium or in distilled water with or without dexametha-
sone-supplemented media as controls.

Materials and methods

Spring water collection and processing
ASW was collected in 2018 from the Avene thermal center
(Laboratoire de I’Eau, Aveéne, France) using an aseptic
procedure. Briefly, a single operator wearing sterile nitrile
surgical gloves collected 2,000 mL water with a sterile
50 mL syringe. The water was filtered through 0.20-pm
pore cellulose nitrate membranes and stored at 4°C. All
experiments were performed within 3 months of water
filtration and storage. The hydrochemical analysis of
ASW is provided in Table S1.

Media

RPMI-1640 powder (R6504 Sigma) supplemented with
2.0 g sodium bicarbonate NaHCO; was reconstituted
with Avéne spring water or UltraPure™ DNase/RNase-
Free Distilled Water (Invitrogen). Basal media were next
supplemented with 10% FCS, 1% penicillin (10,000 U/
mL) and streptomycin (10 mg/mL), Sodium pyruvate
(1 mmol/L), HEPES (N-2-hydroxyethylpiperazine-N-2-
ethane sulfonic acid, 10 mmol/L) all from GIBCO, the
pH of the media was adjusted to 7.0 and the media were
next sterilized immediately by filtration using a 0.22um
pore size unit. ASW-based complete RPMI medium was
termed R104gw, Ultrapure distilled water-based complete
RPMI medium was termed R10crw and R10ctw supple-
mented with 10”7 mol/L dexamethasone (Sigma Aldrich)
was termed R10pgx.

Cell purification

Peripheral blood mononuclear cells (PBMCs) were isolated
from buffy coats (Etablissement Frangais du Sang) by
Ficoll-Hypaque gradient centrifugation (specific gravity,
1.077 g/mL; Amersham Biosciences, USA) density.
CD14" cells were positively separated by anti-CD14 mag-
netic beads according to the Manufacturer’s instructions
(EasySep™ Human CDI14 Positive Selection Kit II,
Stemcell technologies). Isolated cells routinely contained
more than 95% of CD14" cells. Naive CD4" T cells were
isolated from PBMCs using EasySep™ Human Naive
CD4" T Cell Isolation Kit IT (Stemcell technologies). The
cell population obtained, contained >95% of CD3" CD4"
CD45RA" CD45RO ™ cells, as assessed by flow cytometry.

Generation and culture of MoDCs
Purified CD14" monocytes were seeded at 5x10° cells per
well of a 12-well plate in 2 mL of R10pgw or R10ctyw or
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R10pgx supplemented with GM-CSF (500 IU/mL) and 1L-4
(10 ng/mL) (both from PeproTech, Rocky Hill, NJ) and cul-
tured for 5 days at 37°C, 5% CO,. Half of the medium was
replaced on Day 3. Non-adherent cells (immature DC) were
collected at day 5 and analyzed by flow cytometry to assess
CD11c expression; only cultures with more than 90% CD11¢”
cells were used for experiments. Cells (1x10° per well in a U-
bottom 96 plate) were next matured with 100 ng/mL LPS
(Ultrapure LPS from E. coli 055:B5, Invivogen, France) for
2 additional days, in their respective media: R104sw,R10cTw
or R10pgx. In another set of experiments, iDC were matured
with 2pug/mL of peptidoglycan (PGN) and 10pug/mL of lipo-
teichoic acid (LTA, both from Invivogen, France).

Phenotype analysis of MoDC by FACS
Anti-human leukocyte antigen class II-APC-vio770
(MHC-II) (clone REAS805), anti-CDla PE-Vio770®
(clone REA736), anti-CD14 Vioblue® (clone REA599),
anti-CD86 APC (clone: FM95), anti-CD83 Viobright™
(clone REA714) and anti-CD11c PECy5 (clone: B-ly6)
mAbs (All from Miltenyi Biotec except the CD11c from
Becton Dickinson) were used for direct immunofluores-
cence staining to characterize the phenotype of DC gener-
ated in the indicated conditions. Briefly, collected cells
were washed in phosphate-buffered saline (PBS) contain-
ing 10% human serum and were stained with indicated
fluorescent labeled antibodies, plus a viability dye
(Miltenyi Biotec) for 30 min at 4°C. Cells were stained
with isotype-matched control antibodies to evaluate non-
specific binding in parallel experiments. The cells were
then washed and acquired using a MACSQuant™ Analyzer
10 instrument (Miltenyi Biotec). Analysis was performed
on gated population that excluded doublets and dead cells.
Data were analyzed using FlowJo software version X
10.0.7.12 (Tree Star).

Cytokine quantitation

1x10° iDCs were matured with LPS (100 ng/mL) for 48 hrs
in their respective media: R105osw, R10¢ctrr, or R10pgx.
Supernatants were collected and stored at —80°C. IL-10,
IL-6, IL-12p70, IL-23 and TNF amounts were measured by
a bead-based multiplex assay (LEGENDplex™, Biolegend)
following the Manufacturer’s recommendations. Flow cyto-
metric analysis were performed with a MACSQuant®
Analyzer 10 instrument (Miltenyi Biotec). Data were ana-
lyzed using FlowJo software version X 10.0.7.r2 (Tree
Star).

Allogeneic naive CD4" T cell stimulation

by MoDC

Mixed lymphocyte reactions (MLRs) were performed in 96
wells round-bottom microtiter plates (Falcon 353 077) by
adding 105 allogeneic naive CD4 " T cells to varying numbers
of DCs in 200uL complete RPMI (RPMI 1640 Medium,
supplemented with 10% FCS, 1% penicillin (10,000 U/mL)
and streptomycin (10 mg/mL), Sodium pyruvate (1 mmol/L),
HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid, 10 mmol/L) all from GIBCO and GlutaMAX™
(Invitrogen). In some experiments, T cells were previously
stained with CTV (Thermofisher Scientific), according to the
manufacturer’s recommendations, in order to measure the
proliferation by flow cytometry. Cultures were maintained
for 5 days at 37°C in a 5% CO, humidified atmosphere. The
proliferative response was measured after 5 days of culture
by CTV dilution analysis by flow cytometry. Briefly, cells
were harvested, washed with PBS-EDTA and stained with
anti-CD4-PE (clone RPA-T4) and viability dye eFluor™ 780
(eBioscience) for 30 min at 4°C. Cells were washed with
PBS-EDTA and analyzed by flow cytometry using a
MACSQuant® Analyzer 10 instrument (Miltenyi Biotec).
In parallel experiments performed with unstained T cells at
DC:T cell ratio 1:10, secreted cytokines (IL-4, IL-17, IL-22,
TNF and IFN-y) were quantified using a bead-based multi-
plex immunoassay (MACSPIlex, Miltenyi Biotec) following
the manufacturer’s instructions. In parallel experiments per-
formed with unstained T cells at DC:T cell ratio 1:10, cells
were stimulated for 4 h with phorbol muyristate acetate
(PMA) (50 ng/ml; Sigma) and ionomycin (500 ng/ml;
Sigma) in presence of GolgiPlug (BD Biosciences). Cells
were next stained with anti-CD4-vioBlue antibody and vio-
bility 405/520 fixable viability dye (Miltenyi Biotec) for
30 min at 4°C. Cells were next fixed with 4% PFA, permea-
bilized with 0,1% Saponine (Sigma Aldrich) and then were
incubated with anti-IFN-y-APC, anti-IL-17-APCvio770,
anti-IL-22-FITC  and  anti-IL-4-PEvio770  antibodies
(Miltenyi Biotec) for 45 min at 4°C. Cells were washed,
and cytokine profiles were analyzed using a MACSQuant™
Analyzer 10 instrument (Miltenyi Biotec); the data were
analyzed using FlowJo software version X 10.0.7.r2 (Tree
Star). The percentage of cytokine” cells was analyzed among
viable CD4" cells.

Statistical analysis
GraphPad Prism software (version 6; GraphPad Software, La
Jolla, CA) was used. Means were compared between groups
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using One-way ANOVA (Dunnett’s Multiple Comparison
Test) or Friedman Test with Dunn’s post hoc test.

Results
ASW impairs MoDC differentiation and

maturation

To analyze the impact of ASW on DC functions, we gener-
ated monocyte-derived dendritic cells in ASW-based RPMI
basal culture medium (Figure 1A). We first analyzed the
effects of ASW on DC differentiation and maturation.
CD14" cells were differentiated into DCs with IL-4 and
GM-CSF for five days in ASW-based or control water
(CTW)-based medium or CTW-based medium plus dexa-
methasone (inhibits DC differentiation and maturation).
Loosely adherent cells were next harvested and DC differ-
entiation was assessed by analyzing the expression of CD11¢
by flow cytometry. More than 95% of the cells expressed
CDlIc in the three culture conditions tested (Figure 1A). We
next evaluated whether ASW impacted the yield of iDC
generated and we observed that the number of iDCs collected
was similar in the ASW and CTW conditions while dexa-
methasone significantly decreased the number of iDCs
obtained (Figure 1B). ASW is poorly mineralized and does
not contains minerals expected to have an impact on cell
viability (Table S1). Likewise, ASW-based medium did not
present any cytotoxicity for DCs as measured with the via-
bility dye by flow cytometry (Figure 1B). iDC were next
treated with LPS for 48h and tested for the expression of
CD83, CD86, CD1a, HLA-DR and CD14. During the differ-
entiation into DCs, monocytes are expected to lose CD14 and
gain CDla expression. CDla expression was significantly
lower in DC matured with ASW (DC4sw) as compared to
DC matured with CTW (DCcrw) (Figure 1B). As a control,
DC matured with CTW supplemented with dexamethasone
(DCpex) did not express CD1a and remained CD14". The
joint analysis of CD86 and CD83 expression revealed that
the proportion of fully mature DCs (CD86™E"CD83"e") was
significantly reduced among DCsgw as compared to DCcrw
(Figure 1C). Accordingly, the expression of CD86 (gMFI
fold increase over isotype control) was lower in DCagw
compared to DCcrw (Figure 1D). The three sets of DCs
expressed HLA-DR on their surface and we observed a slight
reduction of HLA-DR expression in DCagw compared to
DCcrw (Figure 1E). Because several Gram-positive bacteria
are known to invade the skin, we also analyzed whether
ASW impairs DC maturation induced by Gram-positive
PAMPs such as peptidoglycan (PGN) and lipoteichoic acid

(LTA). Following maturation with LTA or PGN, DCxsw
exhibited a reduced expression of CDla compared to
DCcrw (Figure 2).

Taken together, these results show that ASW reduces
the expression of differentiation and maturation markers
on the DC surface upon priming with LPS, PGN or LTA.

DCs generated in ASW-based medium
harbor a diminished ability to prime naive
CD4" T cells

Upon maturation with LPS, DCs are expected to acquire the
ability to efficiently prime naive allogeneic-CD4" T cells. We
therefore examined the capacity of DCsw to prime and
activate T cells. We co-cultured DCpgw or control DCs
(DCctw and DCpgx) with sort-purified and CTV-labelled
naive CD4" T cells from allogeneic healthy donors at differ-
ent ratios. After 5 days of co-culture, CD4" T cell prolifera-
tion was measured by flow cytometry analysis of CTV
dilution. We observed that DC,gw induced a smaller fraction
of naive CD4" T cells to proliferate compared to DCcry,
regardless of the T cell:DC ratio. As expected, control
DCpgx barely induced CD4" T cell proliferation (Figure 3).

ASWV decreases the amount of IL-12 and
IL-23 and augments the amount of IL-10
produced by DCs upon LPS-induced

maturation

Upon maturation, DCs produce a panel of cytokines that
participate to inflammation and orient T helper cell
responses.'> We first analyzed the impact of ASW on
cytokine production by DCs upon maturation induced by
LPS. DCs cultured either with ASW-Based or CTW-based
culture media were tested for IL-12p70, IL-23, IL-6, IL-10
and TNF production by the collection of cell-free culture
supernatant 48 hrs after LPS stimulation. As shown in
Figure 4, DC,sw produced smaller amounts of IL-12p70
and IL-23 but higher amount of IL-10 as compared to
DCcrw. By contrast, TNF production was not affected
and IL-6 production was barely impacted by ASW.

CD4" T cells differentiated with DCasw
show a reduced production of IFN-y and
IL-17

We next investigated the abilities of DCagw, DCcrw and
DCpgx to drive CD4" T cells differentiation by measuring
the IL-4, IL-17, TNF, IL-22 and IFN-y production by
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Figure 1 ASW impairs DC differentiation and maturation following LPS stimulation. Expression of CD 4, CDla, CD83, CD86, and HLA-DR on DCs matured with LPS. (A) DC
generation and priming protocol. (B-C) Representative dot plots of CDla and CD14 (B) or CD83 and CD86 (C) expression following maturation with LPS and pooled data from
n=27 donors representing % CD lahigh CD14- cells (B) and % CD86highCD83high cells (C), Quadrant were set to delimit CD 14 expression and CD lahigh or CD83high or
CD86high expressions. Numbers indicate the percentage of cells in each quadrant. (D-E) Representative histograms of CD86 (D) and HLA-DR (E) expression following maturation
with LPS (numbers indicate gMFI) and pooled data from n=27 donors (gMFl fold increase over the isotype control). Each point represents a donor, bars indicate the mean * SD. One-
way ANOVA (Dunnett’s multiple comparison test) (B-D); Friedman’s test with Dunn’s post hoc test (E). *p<0.05; **p<0.01; ***p<0.0001; ns, not significant.

Abbreviations: ASW, Avene thermal spring water; DC, dendritic cell; CTW, control water; DEX, dexamethasone.
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Figure 2 ASW impairs DC differentiation and maturation induced by different PAMPs. Expression of CD 14 and CDla on the surface of DCs matured with LPS or LTA or
PGN. (A) Representative dot plots of CDla and CD14. Quadrant were set to delimit CD 14 expression and CD lahigh expression. Numbers in the quadrants indicate
percentages. (B) Pooled data from n=7 donors (meant SD). Two-way ANOVA (Dunnett’s multiple comparison test). **p<0.01; **p<0.001;***p<0.0001.
Abbreviations: ASW, Avéne thermal spring water; DC, dendritic cell; LTA, lipoteichoic acid; PGN, peptidoglycan; CTW, control water; DEX, dexamethasone.

CD4" T cells in the co-culture supernatants. IL-4, IL-17
and IL-22 were not detected for almost all the donors
tested (data not shown). The amount of IFN-y produced
was lower with DCagw as compared to DCcryw (Figure
5A). By contrast, TNF production was not statistically
different between cocultures with DCagw and DCcrw,

only cocultures with DCpgx exhibited a decreased TNF
production (Figure 5B).

We also used flow cytometry to analyze intracellular
cytokine expression in CD4" T cells restimulated by PMA
and ionomycine after 5 days of MLR. This readout allowed
us to detect some CD4" T cells producing IL-17 (Figure 5C).
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Figure 3 DCasyy exhibit a reduced ability to induce CD4" T cell proliferation. CTV-loaded allogeneic naive CD4" T cells were cocultured with indicated DCs at T cell:DC
ratio of 1:10, 1:20 or 1:40 for 5 days and CTV dilution was analyzed by flow cytometry in CD4" T cells. (A) Representative histograms; numbers indicate the percentage of
proliferating CD4™ T cells. (B) Pooled data from n=27 donors, box and whiskers representation (minimum, first quartile, median, third quartile, and maximum). *p<0.01,

#%p<0.001, ****p<0.0001, One-way ANOVA (Dunnett’s multiple comparison test).

Abbreviations: ASW, Avene thermal spring water; DC, dendritic cell; CTW, control water; DEX, dexamethasone; CTV, Celltrace violet.

ASW reduced slightly, but significantly the ability of DCsqw
to induce IL-17 production by CD4" T cells. CD4" T cells
producing IL-4 or IL-22 were observed only in a few donors,
making statistical analysis impossible (data not shown). This
analysis clearly showed that the percentage of CD4" T cells
producing IFN-y decreased when the T cells response was
generated with DC,gqw compared to DCcryw (Figure 5D).

Discussion
In this study, we analyzed the effects of ASW on DC differ-
entiation, maturation and functions. We show that ASW dam-
pens DC differentiation and maturation and decreases their
ability to elicit inflammatory T helper cell responses in MLR.
ASW is poorly mineralized (266 mg/L) and characterized
by a significant amount of silicates, a low sodium concentra-
tion, a calcium/magnesium ratio of 1:2, and a high diversity
of trace elements (Table S1).*® Moreover, ASW contains
organic compounds derived from microorganisms such as
Aquaphilus dolomiae.*®>° Prolonged exposure to spring
water during spa is expected to allow these compounds to
permeate into the skin. We sought to analyze the impact of
ASW on the immune response. Because DCs are crucial for

the induction and the control of immune responses, we
investigated the effect of thermal spring water on DC differ-
entiation, maturation and functions.

To assess the impact of ASW on DCs, we generated
monocyte-derived DCs, the gold standard in vitro model for
DCs. Monocytes cultured for 5 days in presence of GM-
CSF and IL-4’' resemble immature myeloid dendritic
cells.*® These iDC matured with LPS or inflammatory cyto-
kines are close to in vivo inflammatory DCs.'>**7*3 Since
monocytes that infiltrate inflamed tissues are expected to
differentiate and maturate in a continuous process, we ana-
lyzed the effects of ASW on both steps of differentiation
and LPS-induced maturation (Figure 1A), by including this
water in the composition of the culture medium. Ultra-pure
commercial distilled water, with or without dexamethasone,
were used as experimental controls.

When monocytes are differentiated into iDCs, they are
expected to upregulate MHC class II molecules and CD1a at
the same time, while losing CD14 molecules expression.*
Upon maturation with LPS, iDCs upregulate costimulation
molecules such as CD80 and CD86.*> We observed that
ASW induced significant changes in the phenotype of
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Figure 4 DC,qy show a reduced ability to produce IL-12 and IL-23 but an increased ability to produce IL-10. Production of IL-12p70 (A), IL-23 (B), IL-10 (C), TNF (D) and
IL-6 (E) by DC matured with LPS in indicated conditions. Cytokines were measured by multiplex assay. Each point represents a donor, bars indicate the meant SD. One-way
ANOVA (Dunnett’s multiple comparison test) (B, E) Friedman’s test with Dunn’s post hoc test (A,C,D) *p<0.05; *p<0.01; **p<0.001; ****p<0.0001; ns, not significant.
Abbreviations: ASW, Avéne thermal spring water; DC, dendritic cell; CTW, control water; DEX, dexamethasone.

LPS-matured DCs. CDla expression was highly variable
among individuals (Figure 1B) as previously reported by
Cernadas et al.’® Nevertheless, by testing DCs generated
from a large number of donors (n=27), we clearly showed
that CDla expression was strongly reduced by ASW. The
main role of CD1a is to present lipid or glycolipid antigens to

T cells, but it also appears as a marker of monocyte to DC
differentiation because it is principally induced during the
differentiation step.’” Different studies have compared the
CDla" and CDla™ populations of MoDC and showed that
CDla" are more prone to produce IL-12 and polarize CD4"
T cells toward a Th1 phenotype.***” Moreover CD1a” MoDC
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Figure 5 CD4" T cells stimulated with DCasyy exhibit a reduced ability to produce IFN-y. (A,B) Amount of IFN-y (A) or TNF (B) measured in the supernatant of CD4™ T
cell co-cultures in indicated conditions. (C-D) Percentage of IL-17* CD4" T cells (C) and IFN-y* CD4" T cells (D) following restimulation with PMA and ionomycine after
5 days of coculture. Each point represents an experiment (n=14 donors, 2 independent experiments). Bars indicate the mean + SD. One-way ANOVA (Dunnett’s multiple

comparison test). *p<0.05;**p<0.001; ****p<0.0001; ns, not significant.

Abbreviations: ASW, Avéne thermal spring water; DC, dendritic cell; CTW, control water; DEX, dexamethasone.

exhibited a more differentiated phenotype than their CDla"
counterparts.®® In agreement with these reports, our results
show that a reduced expression of CD1a in DCagyy is asso-
ciated with a lower production of IL-12 and a reduced ability to
generate Thl cells. In light of these results, ASW dampens
DC differentiation and limits their capacity to induce
inflammatory T cell responses. In addition to LPS, we
also tested PAMPs from Gram positive bacteria, to mature
DCs in parallel experiments. We observed that ASW
decreased the CDla expression in DCs matured in pre-
sence of LTA or PGN. These results indicate that ASW
seems to decrease DC maturation regardless of the priming
stimulus.

Besides CD1a, ASW reduced the expression of the DC
maturation markers CD86, CD83 and HLA-DR upon LPS
stimulation. CD83 is mainly known as a marker of mature
DC* while CD86 and HLA-DR are key molecules for CD4" T
cell activation. Again, we observed a large variability of
responses among the donors and a significant reduction of
the maturation of DCagw compared to the negative control
DCcrw. Nevertheless, ASW inhibitory effect on DC matura-
tion was not as effective as the dexamethasone-treatment

excepted for HLA-DR expression. We observed that dexa-
methasone did not impact HLA-DR expression in agreement
with previous reports.***! In order to determine whether ASW
was able to impair the main function of DCs (i.e to induce
naive T cell activation) we tested the stimulatory capacity of
DCasw in MLR. We observed that ASW reduced the ability of
the DCs to induce allogeneic naive CD4" T cell proliferation.
Naive CD4" T cells are indeed tightly dependent on the costi-
mulatory signals to be activated and we can speculate that the
semi immature phenotype of DCs induced by ASW is respon-
sible for their reduced ability to drive naive CD4" T cell
proliferation.

During cognate interaction with CD4" T cells, DCs pro-
duce cytokines such as IL-12, IL-23, IL-10 or IL-6 that drive T
helper cell differentiation.'* Hence, we evaluated the effects of
ASW on cytokine production by DCs after the maturation step.
We observed that DCs generated from some donors were not
able to produce IL-12 nor IL-23 in response to LPS.
Concerning DCs that are able to produce IL-12 or IL-23 in
response to LPS, we observed a strong reduction of IL-12
production and a slight decrease of IL-23 production in
DCagw- Because IL-12 and IL-23 drive Thl and Th17 cell
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differentiation respectively, we analyzed the production of
IFN-y and IL-17 by CD4" T cell generated in the MLRs. We
observed a significant reduction of IFN-y production and IFN-
v" CD4" T cells, indicating that DC sqw have a reduced ability
to drive Thl responses. We were not able to detect IL-17
production by bead-based multiplexed assay in all the condi-
tions tested, but we observed a decrease in the % IL-17" CD4"
T cells generated with DCagw as compared to DCcrw. This
low percentage of CD4" T cells producing IL-17, is consistent
with reports in the literature®* and can be explained by the fact
that we only used LPS as a stimulus for DC maturation. LPS is
known to promote IL-12 production by DCs and thereby to
drive mainly Thl response, whereas LPS alone is a poor
inductor of IL-23* and therefore of Thl7 response. It is
noteworthy that TNF production in the supernatant of the
MLR was similar with DCagw and DCctw. TNF can be
produced by DCs and by a large part of activated CD4" T
cells, without being limited to a defined Th subset.

Moreover, we showed that ASW did not impact TNF
production and slightly reduced IL-6 production by DCs
upon LPS-induced maturation. Interestingly, DC,gw exhib-
ited an increased production of IL-10 as compared to DCcrw.
As expected, the IL-10 production was the highest with
dexamethasone treatment.*” IL-10 is an inhibitory cytokine,
that can be produced by virtually all the leukocytes. The main
role of IL-10 is to limit the extent of the immune response, in
order to protect the host against excessive immune reaction
associated with infection, autoimmunity, and allergy.

Conclusion

Collectively, these results indicate that ASW fine tunes DC
maturation by decreasing their ability to produce some cyto-
kines such as IL-12, IL-23 and to a lesser extent IL-6, by
fostering IL-10 production without impacting TNF production.
This ASW-induced DC phenotype and functions, indicate that
ASW favors the generation of immunomodulatory DCs, which
might explain the beneficial effects of ASW-based hydrother-
apy in the treatment of inflammatory skin diseases. It is tempt-
ing to speculate that ASW properties might rely on microbial
molecules from endemic bacteria found in this thermal water,
such as Aquaphilus dolomiae that was shown to promote IL-10
production and reduce CD4" T cell activation by DCs.*

Ethics approval and informed

consent
Buffy coats from healthy donors were obtained through the
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Abbreviation list

ASW, Avéne thermal spring water; CTV, Celltrace violet; DC,
dendritic cell; DEX, dexamethasone; iDC, immature dendritic
cell; MLR, mixed lymphocyte reaction; MoDC, monocyte-
derived dendritic cell; PAMP, pathogen-associated molecular
pattern, PBMC, peripheral blood mononuclear cell.
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Supplementary materials

Table S| Mineral composition of Avéne spring water (cf ref.”%)
Anions mg/mL Oligoelements pg/mL
HCO; 230 Ba 50
SO 14 Cu <20
cr <5 Cr <I0
NO;~ 1.5 Al <10
F <0.2 Se <5
PO,* <0.05 Zn <20
NO, <0.05
Silicates 14
Cations mg/mL
Ca** 41
Mg? 22
Na* 4.6
K* <l
Li* <0.02
sr** 0.09
Fe** <0.02
Mn** <0.05
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