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ABSTRACT

Introduction: Psoriasis is a systemic immune-
mediated disease primarily manifesting as skin
redness and inflammation. Balneotherapy
proved to be a successful non-pharmacological
option to reduce the skin areas affected by the

disease, but the specific mechanisms underlying
this effect have not been elucidated yet. Here we
test the hypothesis that the effect of thermal
treatments on psoriatic lesions could be par-
tially mediated by changes in the resident
microbial population, i.e., the microbiome.
Methods: In this study, we enrolled patients with
psoriasis and monitored changes in their skin and
gut microbiome after a 12-bath balneotherapy
course with a combination of 16S rRNA amplicon
sequencing and metagenomics. Changes in the
resident microbiome were then correlated with
thermal therapy outcomes evaluated as changes
in Psoriasis Area and Severity Index (PASI) and
Body Surface Area index (BSA).
Results: The amplicon sequencing analysis of
the skin microbiome showed that after thermal
treatment the microbiome composition of
affected areas improved to approach that typical
of unaffected skin. We moreover identified
some low-abundance bacterial biomarkers
indicative of disease status and treatment effi-
cacy, and we showed via metagenomic
sequencing that thermal treatments and ther-
mal water drinking affect the fecal microbiome
to host more species associated with favorable
metabolic health.
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Conclusions: Changes in lower-abundance
microbial taxa presence and abundance could
be the basis for the positive effect of thermal
water treatment and drinking on the cutaneous
and systemic symptomatology of psoriasis.

PLAIN LANGUAGE SUMMARY

Psoriasis is an immune-mediated disease primar-
ily manifesting as skin redness and inflammation
that affects 2–3% of the world’s population. No
cure is currently available for this condition, and
patients are offered pharmacological and non-
pharmacological options to alleviate the discom-
fort. Previous studies and clinical practice have
shown that thermal water treatment can be a
non-pharmacological option to reduce the areas
affected by the disease. However, the specific
mechanisms causing this reduction have not
been clarified yet. Given that neither the chemi-
cal nor the physical composition of thermal water
can explain this beneficial effect, recent studies
have suggested that it might be due to the effect
of thermal water on the microbial communities
living on the skin (i.e., the skin microbiome).

In this work carried out at Terme di Comano,
Northern Italy, we describe the effect of thermal
water treatment on the skin microbiome of
patients with psoriasis and we highlight the
potentially beneficial effect of thermal water
drinking on the microbial communities living
in the gut, namely the gut microbiome. Specif-
ically, we show that after balneotherapy the
areas affected by psoriasis have a higher diver-
sity of microbes usually present on healthy skin,
potentially explaining the reduction in disease
severity after treatment, and we describe how
the gut microbiome of patients who drank
thermal water changes to host more species

linked with favorable metabolic health. These
findings highlight that thermal water treatment
and drinking could reduce both the skin and
systemic symptomatology of psoriasis by
affecting the skin and gut microbiome.

Keywords: Psoriasis; Thermal therapy;
Balneotherapy; Skin microbiome; Gut
microbiome; Bacterial biomarkers; Thermal
water drinking

Key Summary Points

Psoriasis cutaneous manifestations lack a
definitive cure but can be effectively
reduced by balneotherapy, a non-
pharmacological treatment whose mode
of action has not been elucidated yet.

As thermal water hosts unique microbial
communities whose lysates exert a
positive effect on human skin fibroblast
proliferation in vitro, here we postulated
that this effect might be mediated by the
changes induced by balneotherapy in the
composition and structure of resident
microbial communities, i.e., the
microbiome.

Here we show that balneotherapy changes
the affected skin microbiome composition
to host more species associated with
healthy skin, and that after thermal
treatment the fecal microbiome of
patients with psoriasis hosts more
microbial species previously associated
with favorable metabolic health.

Changes in lower-abundance microbial
taxa presence and abundance could be the
basis for the positive effect of thermal
water treatment and drinking on the
cutaneous and systemic symptomatology
of psoriasis.

More mechanistic approaches are needed
to understand how changes in the
resident skin and gut microbiome affect
psoriatic symptoms after thermal water
treatment and drinking.
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INTRODUCTION

Psoriasis is a chronic and systemic immune-
mediated condition primarily affecting the skin
[1]. It presents with red, itchy, and dry skin
patches mostly located on the elbows, knees,
and scalp and can cover even the full body of
the affected person [1–4]. Psoriasis affects 2–3%
of the world’s population, with typical onset
during adulthood [2–5]. As for other immune-
mediated diseases, the onset of psoriasis is
thought to be due to a combination of both
genetic and environmental factors, but also to
predisposing comorbidities (i.e., metabolic syn-
drome) [5, 6]. To date, there is no definitive cure
available [6]. Current treatment options include
ointments and moisturizing creams to prevent
itchiness, topical corticosteroids, vitamin D
analogues, calcineurin inhibitors, photother-
apy, keratolytics, and biological monoclonal
antibodies (especially in the most severe cases of
psoriatic arthritis) [3, 7–17]. Short-term bal-
neotherapy with thermal spring water consti-
tutes a valid and proven adjuvant treatment of
psoriatic lesions [18]. However, the mechanisms
underlying the beneficial effect of thermal
water on psoriatic lesions are not fully
elucidated.

Previous works investigated how tap and
thermal water differ at the chemical and phys-
ical levels, but could not find any difference
that could explain the effect of thermal water
on psoriatic skin [19]. Nevertheless, tap water is
treated to reduce the microbial load [20],
whereas spring water is not. A previous study
showed that Comano spring water harbors a
distinct environmental microbiota [21], and
lysates obtained from these communities exert
positive effects when tested in vitro [22]. This
might suggest that the reduction in psoriasis
severity after balneotherapy could be due to
cross talk between microbes or microbial mole-
cules present in the water used for the thermal
treatments and the skin microbiome (i.e., the
bacteria, fungi, and viruses living on the human
skin [23, 24]) of patients with psoriasis. It is
indeed also known that psoriasis has a microbial
component and that infections may cause dis-
ease exacerbation [6]. The skin microbiome also

plays a role in educating the immune responses
of the host and restricting or inhibiting patho-
gen colonization [25–30], which are both parts
of the etiology of psoriasis [31–34]. Addition-
ally, the composition of the skin microbiome
and the presence and abundance of a number of
microbial species is tightly linked with some
inflammatory and immune-mediated condi-
tions that affect the skin, including psoriasis
[35–37].

In this study, we aimed to elucidate the
effect of thermal water treatments on psoriatic
skin by highlighting changes in the skin
microbiome associated with a 12-bath treat-
ment and changes in disease severity as assessed
by the Psoriasis Area and Severity Index (PASI)
and Body Surface Area index (BSA) [38]. Addi-
tionally, we tested the effect of the combination
of thermal treatment and thermal water drink-
ing on the fecal microbiome composition and
more specifically with the dynamics of species
previously associated with metabolic health
[39].

METHODS

Patient Cohort Recruitment

This study was performed under the approval of
the Ethical Committee of the University of
Trento and all 57 participants gave their
informed consent before clinical assessment by
a clinically accredited dermatologist. The study
was performed in accordance with the Helsinki
Declaration of 1964 and its later amendments.
Female and male subjects affected by psoriasis
were enrolled at Terme di Comano, in Trentino
(Italy), provided a medical history, and were
assessed for psoriasis severity according to PASI
and BSA [38] (Table 1 and Supplementary
Material S1). Patients had different manifesta-
tions of psoriasis, including plaque psoriasis
(N = 34), guttate psoriasis (N = 1), or combina-
tions of plaque and guttate (N = 3), plaque and
inverse (N = 2), or plaque, guttate, and inverse
psoriasis (N = 3) (Supplementary Material S1).
Twelve patients were also affected by psoriatic
arthritis (Table 1 and Supplementary Mate-
rial S1). PASI ranged between 2 and 30 before
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treatment, and BSA ranged between 1 and 50;
after treatment, 67.4% of patients reported an
improvement in at least one of the two indexes.
The thermal treatment course consisted of 12
baths in thermal water at Terme di Comano.
Patients were also recommended to drink
approximately 1 L of thermal water per day on
an empty stomach.

Skin Swabs and Fecal Sample Collection,
DNA Extraction, and Sequencing

For each patient, we sampled the skin micro-
biome non-invasively with sterile swabs on
areas with evident psoriatic lesions on the
retroauricular area (behind the ear) and on the
antecubital fossa (elbow pit). Two other swab
samples were collected in matching areas con-
sidered healthy or peri-lesion. The same set of
samples was collected before and after treat-
ment (12 baths, one per day, 20 min each) at
Terme di Comano. A total of eight swabs were
therefore obtained for each patient. To mini-
mize collection bias, samples were collected by
the same clinically accredited dermatologist as
previously validated by the Human Microbiome

Project Consortium [40] in a temperature-con-
trolled room after clinical assessment. Samples
were collected in different seasons to have a
more realistic and representative cohort. Sterile
cotton tip swabs (VWR, Milan, Italy) moistened
in SCF-1 buffer (50 mM Tris–HCl, pH 7.5; 1 mM
EDTA, pH 8.0; 0.5% Tween-20) were swabbed
on the skin applying pressure for approximately
30 s. The swab was then scrubbed against the
side of 15-ml sterile tubes containing SCF-1
buffer and frozen at - 20 �C.

For DNA extraction, the Qiagen DNeasy
PowerSoil Pro kit was used with an initial
modification. Briefly, samples were thawed and
centrifuged to collect the buffer at the bottom
of the 15-ml tube. Each swab was transferred to
a clean PowerBead tube and the head of the
swab was cut with sterile scissors. Buffer was
transferred to sterile 2-ml tubes and centrifuged
for 5 min at 10,000g, before discarding half of
the supernatant. The pellet was resuspended
and transferred to the matching PowerBead
tube. Samples were gently mixed before adding
800 ll of CD1 solution and vortexing at maxi-
mum speed for 10 min on the dedicated adap-
ter. The swab head was then removed with
sterile tweezers and the next DNA extraction
steps were performed according to Qiagen
DNeasy PowerSoil Pro kit instructions. Extrac-
ted DNA was quantified with the Qubit
fluorometer.

V1–V3 variable regions of the bacterial 16S
rRNA gene were amplified using the 27F-534R
primers (27F, AGAGTTTGATCCTGGCTCAG;
534R, ATTACCGCGGCTGCTGG [41, 42]) and
sequenced on the Illumina MiSeq platform.

Each patient also provided a fecal sample
before and after balneotherapy. Fecal samples
were collected in provided sterile containers
and immediately frozen at - 20 �C. The fecal
DNA was extracted using the Qiagen DNeasy
PowerSoil Pro kit according to manufacturer’s
instructions. Sequencing libraries were con-
structed using the NexteraXT DNA Library
Preparation Kit (Illumina) and sequenced on
the Illumina HiSeq2500 platform with a target
depth of 5 Gb/sample.

Table 1 Clinical and anthropometric characteristics of
the selected patient cohort (N = 43)

Cohort
description
(N = 43)

Before thermal
treatment

After thermal
treatment

Age 58 ± 11 (30–77)a

BMI 28 ± 5 (19.4–52.1)

Gender (F/M), n 17/26

Psoriatic arthritis

(yes/no), n
12/31

PASI 6.5 ± 5 (2–30) 5 ± 5 (1–30)a

BSA 18.6 ± 14.6

(1–50)

16.6 ± 13.3

(1–50)a

Continuous variables are presented as mean ± standard
deviation (range)
aMissing data (N = 2). More details including therapy are
available in Supplementary Material S1
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Taxonomic and Functional Profiling
and Statistical Analysis

For skin microbiome samples, the taxonomic
profile and relative abundance of all bacterial
species of each sample were obtained using
QIIME1 [43]. Open reference OTU picking was
performed against the SILVA database (version
132, [44]) using UCLUST [45]. Alpha and beta
diversity indexes were calculated using the
adiv_boxplot and bdiv_boxplot functions from
rbiom [46]. Differential taxonomic analysis was
performed with MaAsLin2 [47] using default
parameters. Genus-level relative abundances
were normalized using TSS and used as input for
a compound Poisson linear model (CPLM) in
which patient IDs were treated as random
effects and disease status or timepoints were
used as fixed effects.

For fecal samples, we estimated the microbial
species profile using the MetaPhlAn 3 software
with default parameters [48]. Potential func-
tional profiling of the stool samples was per-
formed using HUMAnN 3 [48]. UniRef90 gene
families were collapsed into MetaCyc pathways
and abundances normalized using counts per
millions (CPM). Statistical analysis was per-
formed using MaAsLin2 using the CPLM with
default parameters on both the species and
pathway abundance profiles. Patient IDs were
used as random effect and timepoint or
improvement status (for taxonomic and func-
tional profiles, respectively) as fixed effects.
Coefficient estimates obtained by each CPLM
were used as effect size and then converted to
fold change (FC) with the formula FC = log2(-
exp(coeff)). Fold change absolute values larger
than 1 were considered relevant. P values
obtained by MaAsLin2 were subjected to mul-
tiple hypothesis testing using the Ben-
jamini–Hochberg procedure with a threshold
on q values of 0.1.

RESULTS

To evaluate the impact of thermal treatment on
the skin microbiome of patients with psoriasis,
we enrolled 57 patients affected by psoriasis at
Terme di Comano, in Trentino, Italy. We

collected four swab samples from patients
affected by psoriatic lesions in at least one of the
two retroauricular crease areas (herein the ear)
or on one of the two antecubital fossae (herein
the elbow). We preferentially selected patients
who were discordant for the presence of the
psoriatic lesions on the two elbows and ears and
collected samples from the peri-lesion when
this was not possible (see ‘‘Methods’’ and Sup-
plementary Material S1). We collected paired
samples affected/unaffected by the disease from
the same patients as skin microbiomes differ
greatly across unrelated individuals [24, 49],
and comparing same-patient affected/unaf-
fected samples can overcome this limitation. In
addition to skin swabs, enrolled patients pro-
vided stool samples to test whether bal-
neotherapy and thermal water drinking could
affect the gut microbiome as well. Skin swabs
and fecal samples were collected both at base-
line and after a 12-bath treatment at Terme
di Comano. Two patients did not provide sam-
ples after treatment and were therefore exclu-
ded from further analyses (Supplementary
Material S1). In the present study, we analyzed a
total of 300 skin samples obtained from 43
patients for whom at least one of the two body
sites had all four skin samples (i.e., affected at
T1 and T2, unaffected at T1 and T2) retained
after DNA extraction, sequencing, and quality
control (see ‘‘Methods’’). We moreover analyzed
90 paired fecal samples obtained from 45
patients who provided them both before and
after treatment. Patients considered in this
study (17 female and 26 male) had a mean age
of 58 ± 11 years and a mean BMI of 28 ± 5
(Table 1 and Supplementary Material S1). Fol-
lowing treatment at Terme di Comano, most of
the patients (29/43) reported an improvement
in PASI, BSA, or both, while a minority (12/43,
missing data N = 2) reported no improvement
(P\0.05, Fisher’s exact test, Supplementary
Material S1).

Overall Microbial Diversity is Conserved
Between Affected and Unaffected Skin

To assess the complexity of the microbial com-
munities inhabiting the skin areas affected by
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psoriasis and to compare it with one of the
unaffected areas, we considered the within-
sample bacterial diversity (i.e., alpha diversity)
computed as species richness (number of
observed operational taxonomic units, i.e.,
OTUs) as well as species diversity (Shannon
diversity index). Although alpha diversity is
frequently lower in chronic and inflammatory
conditions [50], we did not find any consistent
statistically significant reduction in bacterial
richness and diversity in areas affected by pso-
riasis (Supplementary Fig. S1A), in line with
previous studies on psoriasis [37, 51]. Alpha
diversity of diseased skin was similarly not
influenced by the 12-bath balneotherapy course
(Supplementary Fig. S1A). Likewise, the micro-
biome composition of the affected and unaf-
fected skin was relatively similar (PERMANOVA
P = 0.063, Fig. 1a, Supplementary Fig. S1B,
Supplementary Material S2), although the effect
size of the differences was limited and the dis-
tributions highly overlapping.

Psoriatic Lesions and Unaffected Skin
Harbor the Same Dominant Taxa and Few
Lowly Abundant Site-Specific Differential
Genera

The most abundant bacterial species found on
the skin belonged to the genera Staphylococcus,
Cutibacterium, and Corynebacterium (Fig. 1a),
which were present at an average relative
abundance of 34.1%, 18.2%, and 13.5%,
respectively. These three genera were the dom-
inant ones both on the affected and unaffected
skin, followed by Anaerococcus, Acinetobacter,
Enhydrobacter, and Streptococcus (Fig. 1a and
Supplementary Material S2). These genera’s
similar prevalence and abundance on affected
and unaffected skin are confirmed by the
absence of relevant clustering between the two
conditions (Supplementary Fig. S1C, D). Micro-
biome compositional stratification was instead
observed by location, with lower abundance
taxa differing between ear and elbow skin
(Fig. 1b, c and Supplementary Material S3).

More specifically, before balneotherapy, Sta-
phylococcus was significantly enriched on the
retroarticular crease (37.5% vs 26.5% on the

elbow, FDR-corrected P value = 2.07E-08). Yet,
Staphylococcus was consistently higher both on
affected and unaffected ear samples in our
cohort. Conversely, the genera Micrococcus,
Enhydrobacter, Acinetobacter, and many others
were associated with the antecubital fossa skin
microbiome (FDR-corrected P val-
ues\ 9.53E-12, Fig. 1c and Supplementary
Material S3). Given this difference in the
microbial composition of the two skin areas, we
performed all further analyses by stratifying for
sampling location.

Balneotherapy Restores a Healthy-Like
Abundance of Bacterial Taxa Normally
Impaired on Psoriatic Lesions
on the Elbows

We then looked for differentially abundant taxa
between psoriatic and unaffected skin by
applying MaAsLin2 [47], a tool used to deter-
mine multivariable associations between taxo-
nomic features and phenotypes, environments,
exposures, and covariates.

In baseline pre-treatment samples, we iden-
tified two genera that were enriched on the
diseased skin behind the ear (Finegoldia and
Actinobacillus) and three that were enriched on
the affected elbow skin (Ornithinimicrobium,
Mesorhizobium, and Thermus, Fig. 1d). Two other
genera were instead significantly reduced
behind the ears affected by psoriasis (Brevundi-
monas and Massilia) and five were reduced on
the affected skin on the elbows (Rubrobacter,
Cloacibacterium, Delftia, Gordonia, and
Microbacterium, Fig. 1d). Notably, the mean rel-
ative abundance of each of these differentially
abundant taxa was lower than 1% (Supple-
mentary Material S2).

After a treatment of 12 baths, 10/11 of the
genera associated with disease or lack thereof
and significantly changing after balneotherapy
showed variations toward the abundances of
the non-disease condition (Supplementary
Fig. S2A). For instance, after balneotherapy, we
observed a significant decrease in Ornithinimi-
crobium, Mesorhizobium, and Thermus, which are
the three taxa that were previously associated
with disease on the elbows. On the contrary,
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Fig. 1 Skin microbiome composition according to body
site and disease status. a The 20 most abundant bacterial
genera on the affected and unaffected skin of patients with
psoriasis before balneotherapy. Retroauricular crease (ear)
samples are dominated by Staphylococcus, whereas antecu-
bital fossa (elbow) samples are dominated by Corynebac-
terium 1, Cutibacterium, and Staphylococcus genera. A
heatmap with the most abundant OTUs is available in
Supplementary Fig. S1B. b Principal component analysis
(PCoA) of pairwise Bray–Curtis dissimilarities on taxo-
nomic composition shows a separation between ear and

elbow samples both at T1 and T2, but no clear separation
between affected and unaffected areas at the same location.
PCoAs with all available samples and by disease status are
reported in Supplementary Fig. S1C, D. Statistics were
performed with Adonis (1000 permutations). c Genera
differentially abundant on the ear and elbow skin.
d Differentially abundant genera between affected and
unaffected sites on the elbows and behind the ears.
Differentially abundant genera between before and after
balneotherapy are available in Supplementary Fig. S2B
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Delftia, which was previously reduced in areas
affected by psoriasis, increased after thermal
treatments (Supplementary Fig. S2A and Sup-
plementary Material S3). Other genera previ-
ously reduced in psoriatic skin samples, such as
Gordonia and Cloacibacterium, increased after
balneotherapy, while Microbacterium, previously
associated with the diseased skin, decreased, but
their trends toward a healthy-like abundance
were not significant (Supplementary Fig. S2A
and Supplementary Material S3). No genera
were significantly differentially abundant
before and after balneotherapy on the psoriatic
skin behind the ear.

Some Microbial Genera are Associated
with Psoriasis Improvement or Lack
of Improvement After Balneotherapy

To identify biomarkers of thermal treatment
efficacy, we tested whether changes in the rel-
ative abundance of some taxa might be associ-
ated with an improvement in the condition of
patients with psoriasis by correlating them with
patients’ outcomes after treatment. Overall,
67.4% of the patients treated with balneother-
apy at Terme di Comano reported an improve-
ment in the PASI and/or BSA (i.e., responders to
treatment), whereas 27.9% did not report an
improvement (i.e., non-responders, missing
data N = 2, Supplementary Material S1).

By applying MaAsLin2 [47] (see ‘‘Methods’’),
we found that an increase in Massilia, Parvi-
monas, Limnobacter, and Klebsiella, and a
decrease in Anaerococcus, Micrococcus, Hae-
mophilus, Finegoldia, Aggregatibacter, and other
rarer genera was associated with improvement
of psoriatic disease behind the ears (Fig. 2a). On
the elbows, an increase in Acidibacter, Ezakiella,
Erwinia, Delftia, and Staphylococcus and a
decrease in Micrococcus, Ornithinimicrobium,
Streptococcus, Aggregatibacter, and Enhydrobacter
was associated with improvement (Fig. 2a).
Other lower abundance taxa were also associ-
ated with positive or negative responses to
thermal treatments (Supplementary Mate-
rial S3). Notably, 83.87% of the differential
genera were not concordant between

responders and non-responders (Supplementary
Material S3).

Further investigation of the correlation
between disease amelioration and an increase in
Staphylococcus species highlighted an increase in
the relative abundance of Staphylococcus aureus
on the elbows that was associated with a
decreased PASI and/or BSA (coefficient = 0.926,
FDR-corrected P value = 7.39E-05, Supplemen-
tary Material S3). Conversely, psoriatic skin
manifestations improvements were associated
with the decrease of Staphylococcus saprophyticus
(coefficient = - 1.34, FDR-corrected
P value = 0.0017, Supplementary Material S3).

Fecal Microbiome Changes
with Balneotherapy to Host More Species
Associated with Healthy Metabolism

To better understand the overall effect of bal-
neotherapy and thermal water drinking (see
‘‘Methods’’) on the host microbiome, we com-
pared the microbial composition of the stool
samples obtained before and after treatment at
Terme di Comano SpA. Despite no significant
change in alpha diversity, we observed a sig-
nificant reduction in the intra-subject beta
diversity after treatment (Supplementary
Fig. S2D, E). The analysis of 90 paired fecal
samples (Supplementary Material S4) high-
lighted 25 differentially abundant species in
patients with psoriasis before and after bal-
neotherapy. Of these, four of the five species
that increased after balneotherapy were previ-
ously described as being among the species
most associated with favorable metabolic health
and healthy diets [39] (Fig. 2b). On the contrary,
species with a significantly reduced abundance
after treatment included a number of taxa pre-
viously associated with bad metabolic health
[39] (Fig. 2b). Functional analyses did not
highlight significant differences by time point,
but overall functional differences were observed
by treatment response, with responders having
more vitamin B6 and fewer L-methionine
biosynthesis pathways than non-responders
(Supplementary Material S4).
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DISCUSSION

The findings presented in this study shed light
on how the skin microbiome may be mediating
the effect of thermal therapy on psoriatic skin
and systemic manifestations, with particular
emphasis on the impact of balneotherapy as a
potential therapeutic intervention.

Our study revealed that, despite high
interindividual differences in the baseline skin
microbiome [24, 49], there is a remarkable
conservation of microbial diversity and struc-
ture between affected and unaffected sites
within the same individual, as the dominance

of Staphylococcus, Cutibacterium, and Corynebac-
terium genera aligns with the usual composition
of a healthy human skin microbiome. These
genera indeed include the most abundant spe-
cies usually found on healthy human skin,
namely Staphylococcus epidermidis, Cutibacterium
acnes, and Corynebacterium tuberculostearicum
[52]. Nonetheless, our data showed also an
increased relative abundance of Staphylococcus
on the retroarticular crease both on affected and
unaffected skin, in contrast with previous
studies that associated this bacterial genus with
moist skin areas such as the elbow [24, 52],
suggesting that increased abundance of

Fig. 2 The skin and gut microbiomes are positively
affected by thermal therapy. a Differentially abundant
genera on the skin affected by psoriasis between before
(T1) and after (T2) thermal treatment in patients that
reported an improvement after balneotherapy. Differen-
tially abundant genera on the unaffected skin of the same
patients are available in Supplementary Fig. S2C. b Differ-
entially abundant fecal taxa before (T1) and after (T2)

balneotherapy and thermal water drinking. After bal-
neotherapy and thermal water drinking, there is an
increase in species associated with favorable metabolic
health according to [39] and a decrease in species
associated with bad metabolic health. Species lacking a
rank of association in the original study are here reported
in gray
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Staphylococcus could be a characteristic of either
the psoriatic disease or of our cohort. Further-
more, the increase in S. aureus and the decrease
in S. saprophyticus, both known to cause a
number of skin and soft tissue diseases [53–57],
being associated with psoriasis improvement
raises questions about the potential roles of
different Staphylococcus species in skin health
and disease.

Furthermore, the observed stratification of
microbiome composition by location in line
with previous studies [23, 58] underscores the
importance of considering regional variations
when studying the skin microbiome and its role
in cutaneous diseases. Indeed, after stratifying
the analysis of the skin microbiome following
treatment based on body site, we observed that
the abundance of genera associated with disease
or lack thereof and significantly altered after
balneotherapy showed a trend towards the non-
disease condition on the elbows, as for the
decreasing Ornithinimicrobium and Mesorhizo-
bium. The former was previously associated with
the lesional skin of patients with leprosy in
India [46] and the latter with the skin micro-
biome of older women [47], while both genera
are normally present in aquatic and soil envi-
ronments [48–53] consistent with prolonged
exposure to balneotherapy water. The genus
Delftia, increased after balneotherapy, is instead
known to degrade organic pollutants and
includes both environmental and opportunistic
pathogenic strains [59–63]. Interestingly, Delftia
was previously associated with a reduction of
S. epidermidis and a consequent increase in
S. aureus on the skin of patients with atopic
dermatitis [64], a trend also observed in our
cohort. These findings suggest that balneother-
apy influences and possibly shifts skin micro-
biome relative abundances toward a more
healthy-like composition.

By further stratifying for therapy response,
we moreover identified shifts in microbial
composition associated with disease ameliora-
tion. Our study revealed that certain genera,
such as Finegoldia and Ornithinimicrobium, were
enriched on diseased skin at baseline but sig-
nificantly decreased after balneotherapy in
patients who reported psoriasis improvement.
Conversely, others like Massilia and Delftia

showed potential as ‘‘good taxa,’’ as they were
negatively associated with affected skin before
treatment and increased after successful bal-
neotherapy. Notably, the consistent negative
association of Micrococcus and Aggregatibacter
with psoriasis improvement regardless of body
site suggests that these genera might serve as
biomarkers of a lack of clinical response to
treatment. Both genera are known to cause
infections, particularly in immunocompro-
mised individuals [65–70], suggesting a poten-
tial link between microbiome composition and
disease exacerbation. These findings highlight
the potential role of specific microbial taxa in
psoriasis and suggest that shifts in microbiome
composition may contribute to changes in dis-
ease severity.

Moreover, our study shed light on the
intriguing impact of balneotherapy and thermal
water consumption on the gut microbiome in
individuals with psoriasis, for which we
observed noteworthy trends. While there was
no significant alteration in alpha diversity, a
significant reduction in intra-subject beta
diversity was evident post-treatment, indicating
a convergence towards a more stable microbial
community structure. Further examination
revealed an increase in species associated with
favorable metabolic health and healthy diets
and a decrease in those associated with poor
metabolic health [39]. Particularly striking was
the substantial increase in Firmicutes bacterium
CAG95, which was previously identified as the
species with the highest association with
metabolic health [39]. These findings collec-
tively suggest that in addition to its established
efficacy in improving psoriatic skin manifesta-
tions, balneotherapy merits investigation for its
potential to positively influence the gut micro-
biome and associated systemic inflammation
levels, which are intimately connected with
cutaneous psoriasis [71].

In conclusion, our study underscores the
potential impact of balneotherapy and thermal
water drinking on the psoriatic skin and gut
microbiome, hinting at the possibility of
restoring a healthier microbial composition
associated with lesion reduction. The connec-
tions between microbiome changes and clinical
improvements raise intriguing questions about
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the role of the skin and gut microbiome in
psoriasis pathogenesis and treatment.

Despite most of the differential skin genera
not being concordant between responders and
non-responders and thus supporting a connec-
tion between changes in microbiome composi-
tion and changes in psoriasis severity, it is
crucial to acknowledge that our study design
does not establish a causal relationship between
alterations in microbiome composition and
changes in psoriasis clinical severity following
balneotherapy. However, our findings provide a
solid foundation for future, more targeted
investigations to elucidate the mechanistic
underpinnings of these observations.

CONCLUSIONS

In this work, we showed that the perturbation
of the cutaneous microbiome of psoriatic
lesions compared with that of unaffected or
peri-lesion skin of the same patient can be
ameliorated by balneotherapy. In our observa-
tional study, the 12-bath treatment led to a shift
both in the microbial community complexity
and taxonomic composition to resemble those
of unaffected skin. These changes in the skin
microbiome structure and complexity were
associated with improvements in the PASI and
BSA, leading to the identification of bacterial
biomarkers of treatment effectiveness. Addi-
tionally, we showed that the gut microbiome
composition of treated patients harbors more
bacteria associated with favorable metabolic
health and less of those associated with unfa-
vorable metabolic health of the host, suggesting
that balneotherapy could also ameliorate sys-
temic health parameters associated with psori-
asis. Taken together, these results call for further
targeted investigations into the effects of ther-
mal treatments on the cutaneous and systemic
manifestations of psoriasis, ideally considering
less targeted approaches like shotgun metage-
nomics to explore also the role of and the effect
on the cutaneous fungal communities.
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