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INFECTIOUS DISEASE

Immune response and clinical severity are shaped by
skin-adapted Staphylococcus aureus in chronically
infected patients
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Despite the well-described association of skin lesions with Staphylococcus aureus, the distinct ability of clinical
isolates to influence the local and systemic inflammatory response in a patient-specific manner is insufficiently
characterized. In this study, we analyzed clinical recessive dystrophic epidermolysis bullosa (RDEB), which is char-
acterized by wounds chronically colonized with S. aureus, to explore the relationship between inflammatory im-
mune response and strain diversity. Children with RDEB (moderate phenotype, n = 5; severe phenotype, n = 10)
and controls (n = 18) were enrolled in the study. Profiling of plasma proteins (n = 800), immune cells (n = 30 sub-
sets and cytokine-producing cells), and cytokines (n = 38) identified a specific inflammatory signature in severe
disease. Furthermore, patients with severe RDEB presented a high frequency of interleukin-17A+ (IL-17A+) cells
among CD4+ and mucosal-associated invariant T (MAIT) lymphocytes. Positive S. aureus cultures from the skin of
patients with RDEB allowed whole-genome sequencing of patient strains and assessment of primary keratinocyte
immune response upon bacterial challenge. S. aureus secretome and conditioned medium from keratinocytes chal-
lenged with S. aureus strains from patients with severe but not from those with moderate RDEB promoted strong
activation and a pro-IL-17 response in both CD4+ and MAIT cells. Our findings show that S. aureus strains isolated
from patients with severe RDEB induce an IL-17-skewed immune response and pave the way for precision micro-

biology to explain and predict the highly variable virulence potential of bacterial clinical isolates.

INTRODUCTION

The host immune system is involved in constant dialogue with skin
commensal microorganisms while simultaneously preventing the entry
of pathogens. This interaction becomes critical when skin integrity
is constitutively altered, as in genetic skin diseases associated with recur-
rent, chronic, nonhealing wounds. MAIT (mucosal-associated invariant
T) cells have emerged as key innate-like T cells in the maintenance of
homeostasis at mucosal and nonmucosal barriers (I, 2). They represent
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up to 10% of circulating T cells and are highly abundant within human
and mouse skin (2, 3). MAIT cells can produce either type 1 or type
17 cytokines, and they are the dominant interleukin-17A (IL-17A)-
producing cells in the human skin (3). MAIT cells are unique in
expressing an invariant o T cell receptor (TCRa) chain, Va19-Ja33
(TRAV1-TRAJ33) in mice and Va7.2-Ja33 (TRAV1.2-TRAJ33) in
humans, associated with a limited set of TCRp chains. Antigen-
presenting cells expressing MR1 (major histocompatibility complex
class I-related molecule) can activate MAIT cells through the pre-
sentation of intermediates of riboflavin biosynthesis (4, 5). These
antigenic metabolites are exclusively released by bacteria and fungi
including Staphylococcus aureus, which is a leading cause of wound
infections (1, 2). Alterations in MAIT cell frequencies have been as-
sociated with various pathologies, including skin conditions (2, 6-9),
and a role of MAIT cells in wound healing has been described (3, 10).
However, the precise understanding of the functions of MAIT cells
remains largely unclear.

Recessive dystrophic epidermolysis bullosa (RDEB) is a rare (in-
cidence estimated at three per million in the US) (11) and severe form
of genetic mechanobullous disorder (12) for which there is currently
no curative therapy. RDEB involves a mutation in the COL7A1 gene,
which encodes type VII collagen (C7), resulting in poor epidermal-
dermal adherence and skin fragility. Mutations that severely reduce
or prevent the production of C7 cause severe forms of the disease with
diffuse involvement. Mutations that allow a small amount of normal
or partially functional C7 to be produced lead to milder forms. A
revised epidermolysis bullosa (EB) classification has been recently

10f15

G20z ‘8z 1BNBNY U0 INHYISN | 2 H10°80UB 105" MMAM//sdNY WOy pepeo|umoq


mailto:anne.​jamet@​inserm.​fr
mailto:Christine.​Bodemer@​aphp.​fr
mailto:Christine.​Bodemer@​aphp.​fr
mailto:maria.​leite-de-moraes@​inserm.​fr
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fscitranslmed.adq7985&domain=pdf&date_stamp=2025-08-27
khanyikunene
Highlight


SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

proposed (13), distinguishing intermediate and severe forms of RDEB.
In the most severe forms, not only local but also chronic systemic
inflammation is observed. Intriguingly, interindividual differences
in patients harboring identical COL7A1 mutations suggest that en-
vironmental factors, such as dysbiosis, could also influence clinical
manifestations and disease severity (14, 15). The genetic fragility of
the skin of patients with RDEB combined with immune response
anomalies (16) result in chronic wounds that are chronically infected
by S. aureus (17, 18). The implication of S. aureus in RDEB severity
is supported by the correlation of wound burden with S. aureus abun-
dance (19) and the increased immunoglobulin G (IgG) responses
against S. aureus antigens observed in patients with EB (20). How-
ever, the determinants of systemic inflammation and impaired wound
healing are poorly understood, and the impact of chronic S. aureus skin
exposure on the immune systems of patients has not been explored.

In the present study, we investigated the immune and proteomic
signatures of children with severe and more moderate forms of RDEB
(13). We revealed an exacerbated pro-T helper 17 (Ty17) immune
response and the role of patients’ S. aureus strains in altering the host
immune response using proteomic, immunological profiling, and
in vitro assays. Our results provide a unique example of distinct ac-
tivation of MAIT cells by S. aureus strains harvested from the skin of
patients as a function of clinical severity.

RESULTS

Characteristics of patients with RDEB

Patients were selected from the MAGEC (Maladies rares de la peau
et des muqueuses dorigine génétique; French national reference cen-
ter for rare diseases of the skin and mucous membranes of genetic
origin) Necker Hospital cohort registering 128 children with RDEB.
A total of 15 patients (median age, 7 years; range: 2 to 18 years) with
RDEB presenting at the MAGEC during the study period (April to
December 2021) were enrolled (Table 1). Five patients with a mod-
erate form of RDEB included one patient with inversa RDEB [EBDASI
(Epidermolysis Bullosa Disease Activity and Scarring Index): 57],

one patient with localized RDEB (EBDASI: 53), and three patients
with intermediate RDEB (EBDASI: 103, 125, and 140). Skin involve-
ment as well as fibrosis and its consequences were limited in all five
patients. Patients with inversa RDEB presented with severe oral and
esophageal involvement, and the three patients with intermediate
RDEB presented with moderate mucosal involvement. The 10 other
patients displayed a severe form of RDEB (EBDASI: from 217 to 295).
Patients with severe RDEB forms had nonhealing chronic wounds, se-
vere mucosal damage, and severe fibrosis with important functional
impairment. No history of carcinoma was observed in this pediatric
RDEB cohort. Diagnosis was confirmed by the clinical presentation,
the extent of cleavage (the specific plane of skin separation occur-
ring below the lamina densa in RDEB), and immunostaining of skin
samples for all patients. The identification of mutations in the COL7A1
gene was available for 14/15 patients. Hereafter, patients are desig-
nated as having moderate (intermediate, localized, or inversa; n = 5)
or severe RDEB (n = 10). Representative clinical images of patients
with moderate and severe RDEB forms and COL7A1 immunostaining
are shown in fig. S1 (A and B). In addition, 18 age-matched chil-
dren without a skin disorder and a control group of 8 females and
10 males 5.0 [3.75 to 9.25] years old were included. Blood samples
were obtained from all of the patients (n = 15) and controls (n = 18)
to perform untargeted proteomic and cytokine profiling from plasma
as well as for immunophenotyping of circulating immune cell popu-
lations. On the same day, we obtained skin samples from the 10 pa-
tients with severe and 3 patients with moderate RDEB for selective
detection and semiquantification of S. aureus (fig. S1C). Skin sam-

ples were collected from patients following the routine procedure of

the dermatology department using ESwabs (Copan); these samples
were sent to the Necker Hospital clinical microbiology laboratory for
processing within 2 hours of collection.

Immune cell profiling reveals major differences in T and B
cell populations in patients with RDEB

Fresh peripheral blood mononuclear cells (PBMCs) were stained
with distinct markers to identify the major T cell populations among

Table 1. General and clinical characteristics of the patients with RDEB. NA, not applicable.

Patients Age (year) Sex Clinical manifestation Immunostaining—collage VIl EBDASI score S. aureus load (0 to 8)
RDEB159 16 M Inversa Absent 67/506 NA
RDEB101 . 16 M Intermed|ate e Pos|t|ve BN 103/506 A
RDEB181 P F Intermed|ate s Posmve e 140/506 PPN 1
RDEB156 P M e Locahzed DI Posmve e 53/506 PPN 1
RDEB150 e M Intermed|ate s Posmve e 125/506 PPN 1
RDEBO69 P F e Severe SO Posmve e 295/506 PPN 3
RDEB148 P 5 R . Severe SO Posmve e 217/506 PPN 3
RDEBO71 BN M Severe s Lowstalnmg JO N 217/506 PPN 8
RDEB163 P F Severe SO Pos|t|ve T 223/506 PPN 6
RDEBO76 P F Severe SO Absent e 221/506 PPN 1
RDEB168 BTN F Severe SO Absent e 276/506 PPN 2
RDEBOQS P F . Severe SO Absent e 228/506 PPN 5
RDEBOSS P F Severe SO Absent e 303/506 PPN 4
RDEBOS6 . 6 F . Severe SO Absent e 270/506 PPN 4
RDEB158 . 14 M Severe SO Absent e 225/506 PPN 2
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gated conventional CD4+ and CD8+ T cells and MAIT cells (de-
fined as CD3+CD161+MR1-5-OP-RU+ tetramers) (fig. S2). We found
no major differences in the frequencies of CD4+, CD8+, or MAIT
cells between the moderate RDEB, severe RDEB, and control groups
(table S1).

To test the cytokine-producing capacities of these distinct T cell
populations, PBMCs were cultivated for 5 hours in the presence of
phorbol 12-myristate 13-acetate (PMA) plus ionomycin and ana-
lyzed for production of IL-4, IL-13, IL-17A, interferon-y (IFN-y),
and tumor necrosis factor-a (TNFa). An example of staining of
cytokine production among gated conventional CD4+ and CD8+
T cells and MAIT cells is presented in fig. S3. The frequencies of
IL-17A-producing CD4+ T cells were significantly higher in the mod-
erate (P=0.0369) and severe (P = 0.0004) RDEB groups compared with
the control group (Fig. 1A and table S1). Concerning MAIT cells, we
found that IL-17A-producing MAIT (or MAIT17) cells were enhanced
in patients with severe RDEB compared with controls (Fig. 1A). No
substantial differences concerning IL-4, IL-13, IFN-y, or TNFa pro-
duction by MAIT, CD4+, and CD8+ T cell subsets, nor IL-17A pro-
duction by CD8+ T cells, were observed between the groups (table S1).
These findings suggest that severe RDEB presents with a skewed
pro-Ty17 immune response.

Identification of the plasma immune signature in

patients with RDEB

Compared with control donors, patients with severe RDEB had higher
plasma concentrations of 14 of the 38 cytokines measured (Fig. 1B
and table S2). Pro-Ty2 (IL-4 P = 0.0003 and IL-9 P = 0.0036), pro-
Tyl7 (IL-17A P=0.0011, IL-17F P = 0.0058, and IL-22 P = 0.0027),
and proinflammatory cytokines [IL-2 P = 0.0029, IL-6 P < 0.0001,
IL-8 P = 0.0041, IL-33 P = 0.0427, TNFa P = 0.0005, TSLP (thymic
stromal lymphopoietin) P = 0.0006, ENA-78 (epithelial neutrophil-
activating protein 78) P = 0.0129, MIP-3a (macrophage inflamma-
tory protein-3a) P = 0.0002, and GRO« (growth-regulated oncogene
a) P < 0.0001] were significantly higher in patients with severe RDEB
compared with controls (Fig. 1B), and MIP-3a was also higher in pa-
tients with severe RDEB compared with moderate RDEB (P = 0.0002)
(Fig. 1B). The plasma concentration of ENA-78 was also significantly
higher in patients with moderate RDEB than in controls (P = 0.0478)
(Fig. 1B). Overall, cytokine production was detected in most patients,
whereas IL-4, IL-8, IL-17A, IL-17F and TSLP were detected in only a
few of the controls (Fig. 1B).

We further asked whether there was a preferential correlation
between the high concentrations of cytokines found in patients
with RDEB. A multiparametric matrix correlation plot showed
that most cytokines strongly positively correlated with each other
(Fig. 1C). A particular core of cytokines was more highly correlated
among themselves, comprising IL-2, IL-4, IL-5, IL-9, IL-10, IL-13,
IL-17F, IL-22, IFN-y, and TNFa from one side and IL-17A, IL-33,
TSLP, IL-18, IL-8, IL-11, IL-12p40, IL-12p70, IL-16, IL-23, IL-
27, granulocyte-macrophage colony-stimulating factor (GM-CSE),
IFN-a2, IL-1a, IP-10, MIP-1a, MIP-1f, and monokine induced
by interferon gamma (MIG) from the other side (Fig. 1C). A nega-
tive correlation was observed only with RANTES (Fig. 1C). Plasma
cytokine concentrations in controls showed fewer correlations
(Fig. 1D). Together, these data suggest that inflammatory pro-
cesses in patients with RDEB involve concomitant activation of
distinct proinflammatory cytokines but with a preference for the
pro-Tyl7 profile.

Jamet et al.,, Sci. Transl. Med. 17, eadq7985 (2025) 27 August 2025

A proteomic signature distinguishes patients with RDEB
from control donors

We undertook an untargeted proteomic approach on plasma from
patients and controls to define their respective proteomic signature.
We carried out workflow optimization of neat plasma analysis using
the dia-PASEF (data-independent acquisition—parallel accumulation-
serial fragmentation) approach to maximize the number of protein
groups identified and quantified while minimizing both gradient time
and missing value concentrations (fig. S4). We were able to identify up
to 1352 proteins. Of these, 829 were considered eligible for statistical
analysis (fig. S4). Significantly different proteins between groups are
shown in data file S1, and the full list of proteins is provided as dataset
PXD042141 in the PRIDE repository.

Partial least squares—discriminant analysis (PLS-DA) revealed a
distinct separation between patients with severe RDEB and controls,
whereas patients with moderate RDEB were intermediate between
patients with severe RDEB and controls (Fig. 2A). Among the 829
proteins quantified, 297 of the most differentially expressed proteins
(DEPs) were identified in our comparison of all patients with con-
trols, of which 129 were up-regulated and 168 were down-regulated
(Fig. 2B and data file S1). The top five significantly enriched Gene
Ontology (GO) terms in biological process (BP), cellular component
(CC), and molecular function (MF) categories among the down-
regulated DEPs in patients compared with controls were associated
with extracellular matrix (ECM structural constituents and ECM
organization) and wound healing (Fig. 2C). ECM pathways includ-
ed extracellular structure organization, collagen metabolic process,
and regulated exocytosis. Of note, the most-enriched GO term among
down-regulated DEPs was “collagen-containing extracellular matrix”
(Fig. 2C).

The most-enriched GO terms among the up-regulated DEPs in
patients with RDEB compared with controls were mainly involved
in biological processes associated with immune response (for
example, “antigen binding,” “immunoglobulin production,” and
“complement activation”) and hemostasis (Fig. 2D). Immune response
includes humoral immune response, leukocyte migration, acute-phase
response, and initial triggering of complement. Hemostasis includes
the formation of a fibrin clot (clotting cascade) and complement
and coagulation cascades.

The most-notable up-regulated proteins involved in inflammation
were CRP (complement-reactive protein), SAA1 (serum amyloid
A-1 protein), SAA2 (serum amyloid A-2 protein), NRCAM (neuro-
nal cell adhesion molecule), and S100A 8 and 9 (protein S100A)
(Fig. 3A). In parallel, down-regulated proteins involved in cell ad-
hesion included DPT (dermatopontin), ITGA2 (integrin alpha-2),
POSTN (periostin), LAMBI (laminin subunit beta-1), and CDH13
(cadherin-13) (Fig. 3A). Proteins involved in extracellular proteoly-
sis and tumor invasion such as SERPINA 1, 3, 4, 5, and 6 (plasma
serine protease inhibitor), FETUB (fetuin-B), and CLEC3B (tetra-
nectin) were also decreased in patients with severe RDEB compared
with controls (Fig. 3A and data file S1).

Patients with severe RDEB exhibit an S. aureus infection
signature and deregulation of IL-17 pathways

Whereas 297 DEPs (293 with gene names) were found to be signifi-
cantly different between patients with severe RDEB and controls,
only 3 DEPs were found between patients with severe versus inter-
mediate RDEB (SAA1 P = 0.020, SAA2 P = 0.018, and NRCAM
P =0.018). In addition, six DEPs were found between patients with
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intermediate RDEB versus controls [CFHR5 (complement factor
H-related protein 5) P = 0.0153, DPP4 (dipeptidyl peptidase 4) P =
0.037, LRG1 (leucine-rich alpha-2-glycoprotein) P = 0.0138, NCAM1
(neural cell adhesion molecule 1) P=0.0261, BASP1 (brain acid soluble
protein 1) P = 0.0210, and CPB2 (carboxypeptidase B2) P = 0.045]
(Fig. 3A). KEGG (Kyoto Encyclopedia of Genes and Genomes) path-
way analysis conducted on the 293 proteins distinguishing patients
with severe RDEB from controls showed “complement and coagula-
tion cascades,” “ECM-receptor interaction,” and “Staphylococcus
aureus infection” (pathway hsa05150) among the top 10 enriched

Jamet et al.,, Sci. Transl. Med. 17, eadq7985 (2025) 27 August 2025

pathways (Fig. 3B). We observed that SAA1 was negatively corre-
lated with SERPINA5 and FETUB (Fig. 3, C and D), as previously
shown by proteomic analysis of sera from patients with S. aureus
bacteremia (21). Moreover, CLEC3B (tetranectin), a serum protein
known to be depleted in patients with sepsis (22), was also down-
regulated in patients with RDEB (Fig. 3A). In contrast, IL-17-regulated
antimicrobial peptides belonging to the S100 protein family (S100A8
and S100A9) were up-regulated in patients with severe RDEB (Fig. 3A).
Furthermore, a positive correlation was observed between IL-17F
and S100A8 as well as S100A9 (Fig. 3, E and F). Together, these findings
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Fig. 3. Plasma proteomic profiling analysis. (A) Box-and-whisker plots showing top DEPs as well as selected proteins in patients with severe RDEB (n = 10) compared
with patients with moderate RDEB (n = 5) and controls (n = 18). Data indicate the medians. Each point within the box plot represents one individual. Statistical differences
were determined by the Kruskal-Wallis test with Benjamini-Hochberg corrections. Significant g values (g < 0.05) are indicated. LFQ, label-free quantification. (B) Pathway
enrichment analysis of DEPs in patients with severe compared with moderate RDEB. The bubble size indicates the number of proteins, and the color bar indicates the
adjusted P values. (C to F) Spearman correlation between SAA1 and SERPINAS5 (C) or FETUB (D) and between IL-17F and S100A8 (E) or ST00A9 (F) concentrations in the
plasma of patients with RDEB. Each point represents one patient. P < 0.05 was considered as significant.
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suggest a potential contribution of S. aureus in shaping the plasma
proteomic profile of patients with severe RDEB.

S. aureus load and strain genotype diversity in patients

The skin pathogen S. aureus is well known to colonize patients with
RDEB (19). Our proteomic profiling of patients with severe RDEB
showed a signature of the host response to infection that was consis-
tent with a response to S. aureus. In 13 patients with RDEB, micro-
biological skin samples were taken using ESwabs (Copan) on the
same day as the blood tests, which made it possible to assess the
S. aureus load and the S. aureus strain genotypes (Fig. 4A).

All sampled patients harbored S. aureus in at least one of the two
sampled sites. Sequencing revealed that the 13 patient strains be-
longed to nine sequence types (STs) (Fig. 4B), in line with the lack of
a specific ST associated with RDEB (23). For two patients (RDEB076
and RDEB168), we had a previous microbiological sampling avail-
able, allowing us to sequence S. aureus strains collected 1 to 2 years
earlier. For those two patients, the two earlier strains belonged to
the same clone as the latter strains, showing the persistent coloni-
zation by a predominant clone (Fig. 4B). The S. aureus load was sig-
nificantly higher in patients with severe compared with moderate
RDEB (P = 0.0245) (Fig. 4C) and positively correlated with the con-
centrations of IL-17F, GROq, and I-TAC (interferon-inducible T cell
alpha chemoattractant) detected in the plasma (Fig. 4, D to F), sug-
gesting a possible relationship between S. aureus and proinflamma-
tory cytokines in patients with RDEB.

Secreted proteins of S. aureus patient strains contribute to
their ability to trigger an inflammatory response

in keratinocytes

To investigate the impact of S. aureus clinical strains on the inflam-
matory response, we challenged primary keratinocytes with secre-
tomes of S. aureus collected from patients and the corresponding
conditioned medium (CM) was used to assess the cytokine released.
Of note, all of the clinical isolates grew equally well in the culture
medium (fig. S5). We first found two cytokine response profiles upon
S. aureus stimulation with either a low or high amount of inflamma-
tory cytokine production (IL-1a, IL-6, IL-8, IL-11, IL-12p70, IL-15,
IL-18, IL-23, IL-27, IL-33, TNFa, GROa, and GM-CSF) (Fig. 4G).
The three strains collected from patients with moderate RDEB (strains
hereafter named as Sa-moderate) exhibited low production of in-
flammatory cytokines as compared with strains from patients with
severe RDEB (Sa-severe) (Fig. 4G). For the two patients for whom
we obtained earlier isolates, we showed that the earlier isolates had a
similar ability to stimulate primary keratinocytes (Fig. 4H), sup-
porting a possible long-term impact on the host immune response
of persistent S. aureus clones.

S. aureus strains from patients with severe RDEB trigger a
pro-IL-17 inflammatory response in PBMCs

To further test the ability of S. aureus clinical strains to affect im-
mune response, we performed immune cell profiling upon PBMC
stimulation with bacterial secretome (BS) and CM obtained by the
stimulation of primary keratinocytes with S. aureus strains from pa-
tients with moderate RDEB (hereafter named as BS and CM Sa-
moderate, n = 3) and selected patients with severe RDEB (hereafter
named as BS and CM Sa-severe, n = 4) (Fig. 5A). The four S. aureus
strains from patients with severe RDEB were selected according to
their ability to stimulate primary keratinocytes (Fig. 4G). We focused
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our attention on CD4+ and MAIT cells and pro-Ty17 cytokines. BS
Sa-severe induced higher activation of MAIT and CD4+ cells (de-
termined by CD69 expression) as compared with BS Sa-moderate
and control medium (Fig. 5B). Similarly, the frequency of IL-17A+
among gated MAIT and CD4+ T cells was higher in response to BS
Sa-severe than to BS Sa-moderate or control medium (Fig. 5B). No
notable difference was observed when CD8+ T cells were analyzed
(fig. S6, A and B).

Likewise, CM Sa-severe induced higher activation of MAIT and
CD4+ as compared with control medium (Fig. 5C). The proportion
of the pro-Ty17 cytokines IL-22-, IL-17A-, and IL-17F-producing
CD4+ T cells was higher after CM Sa-severe stimulation compared
with CM Sa-moderate and control medium (Fig. 5C). Concerning
MAIT cells, CM Sa-severe stimulation enhanced the production of
IL-17A, IL-17F, and IL-22 compared with keratinocyte medium or
CM Sa-moderate (Fig. 5C). Of note, the IL-17A, IL-17E and IL-22
levels globally released by healthy donor PBMCs were also enhanced
upon CM Sa-severe compared with keratinocyte medium stimula-
tion (fig. S7).

To further contextualize the inflammatory properties of RDEB
S. aureus isolates, we also tested the ability of S. aureus isolates col-
lected from the skin of patients with atopic dermatitis (AD) and non-
pathogenic Staphylococcus epidermidis isolates from healthy carriers
to stimulate primary keratinocytes. We observed that strains from
patients with AD were globally less able to induce proinflammatory
cytokines compared with RDEB isolates (fig. S8A). As expected, the
S. epidermidis strains triggered a distinct response compared with the
S. aureus strains (fig. S8A) (24). Unlike clinical S. aureus RDEB strains,
neither S. aureus strains from patients with AD nor S. epidermidis
strains from the skin of healthy volunteers were able to significantly
increase the frequency of IL-17A+/CD4+ and IL-17F+/CD4+ T cells
(fig. S8B). Overall, these results highlight that the inflammatory re-
sponse triggered by S. aureus clinical strains of RDEB appears dis-
tinct from that of a reference strain and from that of clinical strains
of AD as well as nonpathogenic strains of S. epidermidis. These find-
ings are in line with a previous study showing that clinical S. aureus
AD strains, S. epidermidis, and USA300 have distinct abilities to af-
fect the inflammatory response (25).

Involvement of Geh lipase in triggering a pro-Ty17
inflammatory response in PBMCs

The molecular mechanisms behind different bacterial behaviors are
polyfactorial and may be patient specific. Nevertheless, we attempted
to identify some bacterial determinants of disease severity by ana-
lyzing shotgun proteomics of the secretomes of our S. aureus strains.
We compared the secretomes of the group of strains with a high
keratinocyte inflammatory response versus the group of strains with
a low keratinocyte inflammatory response and identified 159 DEPs
(q value < 0.05). Considering only statistically significant proteins
with log,(fold change) > |2|, we found 48 and 41 DEPs that were up-
regulated and down-regulated, respectively, in secretomes from strains
with high versus low keratinocyte inflammatory response (selected
DEPs with known function and orthologs in the NCTC8325 refer-
ence strain are listed in table S3). As expected, proteins predicted to
be secreted were found to be enriched by GO enrichment analysis in
our clinical strain secretomes (fig. S9). The DEPs were further ana-
lyzed with the Search Tool for the Retrieval of Interacting Genes/
Proteins database (STRING-db) to identify protein-protein interaction
networks and enrichment in functional categories according to KEGG
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Fig. 4. Clinical S. aureus strain profiling and action on keratinocytes. (A) Overview of the analyses carried out with S. aureus isolates collected from patient skin. WGS,
whole-genome sequencing. (B) Dendrogram generated by the Pathogenwatch online server on the basis of MLST clustering of the cg assemblies of clinical isolates taken
from the skin of 13 patients with RDEB and seven reference genomes from public databases. Branch lengths are proportional to the number of different loci according to
the S. aureus cgMLST scheme. For two patients with two isolates, the year of isolation is indicated. The ST or clonal complex (CC) of isolates have been indicated where
available. Reference strains included are GA50245 (ST97), USA300_FPR3757 (ST8), C00001093 (ST15), Mu50 (ST5), AF1729 (ST672), HO 5096 0412 (ST22), and TCH60 (ST30).
(C) Box plot showing the median distribution (min to max with all points) of S. aureus load according to disease severity (moderate RDEB, n = 3 samples; severe RDEB,
n=10samples). (D to F) Spearman correlation between IL-17F (D), GROu (E), or I-TAC (F) concentration in the plasma of patients with RDEB and S. aureus load. (G) Heatmap
and hierarchical clustering of cytokines released upon primary keratinocyte stimulation by secretomes of S. aureus strains collected from the skin of patients with moder-
ate RDEB (CM Sa-moderate) or severe RDEB (SM Sa-severe) revealing two patterns of inflammatory (infl) responses (green, high inflammatory response; gray, low inflam-
matory response). (H) Heatmap showing the ability of S. aureus clones collected from the skin of patients with RDEB 1 year (RDEB168_2020) to 2 years (RDEB076_2019)
earlier to stimulate primary keratinocytes.

80of15

Jamet et al.,, Sci. Transl. Med. 17, eadq7985 (2025) 27 August 2025

G20z ‘8z 1BNBNY U0 INHYISN | 2 H10°80UB 105" MMAM//sdNY WOy pepeo|umoq



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

A
Bacterial secretome (BS)
+ PBMC stimulation

T cell profiling (Fig B
ell profiling (Fig B) Bacterial secretome

RDEB S. aureus isolates + primary keratinocytes
= Severe RDEB (conditioned media)

n =4 isolates 67@ 2N
—
o
Moderate RDEB
n = 3 isolates

+ PBMC stimulation
T cell profiling (Fig C)

S. aureus

c Stimulation : |S| Keratinocyte medium BCM Sa-moderate EI CM Sa-severe

0.0269

100+ = 60 0.0016 40+ 25
P . 0.0056 0.0026
+ [=] =8 0.0457 o0 *
Ea| e 3 =307 - %
< 0140 = < a
= IO TR = O154
>N @ >N NN 8
Lo 2 o §

o o ;e = Jﬂ =10, - =
R L] 32201 R . ﬂ = i
1 - H 10 . .

= by 05

2 0 0 00— o ———

0.0424
4 3 8 6
0020 . 0.0037
0.0224 i -
=31 = + =61 +
= e =
< &2 = 4
= o = o
53 5 + =
[V

§2< =< ~4 =
Y o 5 5
= e 1 R 5221

Stimulation : @Medium @ BS Sa-moderate E| BS Sa-severe
A 0.0026 A
00058 0. 00032
il 00138
5 - Y i @? B | . 60~ T
- kE o b
| Medium Q
° % 40-
. e .
I o -
ES o] =
20 ol e -
: o T
BS Sa-severe e — BS Sa-severe ol
ooes 401 coes 207 00026
R 0.0456
=30 H .
<
g L ]
<
=20
-
* i
10+ l-i .a 5
— * m| < |
= %S lwe IR @ p:
8 [~ i o -
°© 0l % ©BSSalsevere | 0l o F=l o

IL-17A

Fig. 5. Impact of clinical strains of S. aureus on MAIT and CD4+ T cells. (A) Overview of the analyses carried out with secretomes from S. aureus strains collected from
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CM Sa-severe, n = 4) (C). Data are indicated as medians (min to max with all points). Two independent experiments were performed. Statistical differences were deter-
mined by the Kruskal-Wallis test with Benjamini-Hochberg corrections. Significant g values (g < 0.05) are indicated.

keywords (26). We found an enrichment in virulence-associated pro-
teins [KEGG keyword KW-0843—“virulence”; strength = 0.83, false
discovery rate (FDR) = 0.0498] and an enrichment in proteases (KEGG
keyword KW-0645—“protease”; strength = 1.09, FDR = 0.0258) in
up-regulated (Fig. 6A) and down-regulated (Fig. 6B) DEPs, respec-
tively, in the secretomes of strains with a high keratinocyte inflamma-
tory response.

As proof of concept, we focused further on the secreted lipase Geh,
a known immunomodulatory protein, found in the down-regulated
DEPs in S. aureus isolates with higher inflammatory properties
(Fig. 6B). Geh is known to inhibit activation of innate immune
cells, and in turn, a geh mutant has been shown to increase cytokine
production in primary murine bone marrow-derived macrophages
(27, 28). To evaluate the potential contribution of this secreted lipase,
we tested a geh mutant from the Nebraska Transposon Mutant Li-
brary (NTML) along with its complemented derivative. We found
that IL-23, IL-12p70, IL-27, and IL-11 were increased in primary
keratinocytes stimulated by the geh mutant compared with the ref-
erence strain or the complemented mutant (fig. S10). This indicates
that geh can modify cytokines released by keratinocytes in line with
the expected immunomodulatory effect of Geh.

IL-23 plays a central role in the expansion and function of proin-
flammatory Ty17 cells (29). A recent study has shown that IL-23 and

Jamet et al.,, Sci. Transl. Med. 17, eadq7985 (2025) 27 August 2025

IL-12p70 increase the frequency of IL-17-producing MAIT cells (29).
Because the NTML geh mutant increased secretion of these cytokines
and geh complementation restored normal expression (fig. S10), we
reasoned that expressing wild-type geh in clinical S. aureus strains
from patients with severe RDEB could decrease the concentrations
of IL-23 and IL-12p70 released by keratinocytes. Therefore, we ex-
pressed wild-type geh in three clinical S. aureus strains isolated from
patients with severe RDEB (Sa-RDEB geh comp). Primary keratino-
cytes secreted lower amounts of IL-12p70 and IL-23 when stimu-
lated with Sa-RDEB geh comp compared with the original strains,
with significant reduction observed in three (P = 0.050) and two
(P =0.050) strains, respectively (Fig. 6C). In addition, CM from Sa-
RDEB geh comp significantly decreased the frequency of CD69+/
MAIT (two strains P = 0.079), IL-17F+/MAIT (two strains P = 0.0317
and 0.0079), IL-22+/MAIT (one strain P = 0.0317), CD69+/CD4+
(one strain P = 0.0476), IL-17A+/CD4+ (two strains P = 0.0079 and
0.0278), and IL-224/CD4+ (one strain P = 0.0476) cells (Fig. 6, D
to F). The fact that this single-gene complementation partially coun-
teracted the inflammatory response triggered by clinical RDEB strains
highlights the polyfactorial nature of the RDEB immune response,
with Geh being one of the bacterial contributing factors.

A recent study identified keratinocyte-derived lactate as a driver
of the skin IL-17 response (30). We thus investigated lactate released
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by S. aureus-stimulated keratinocytes. We found that keratinocytes
stimulated by S. aureus release lactate into the medium (fig. S11). Of
note, the quantity of lactate released varied among different S. aureus
strains tested. However, our analysis revealed no substantial correla-
tion between the severity of the disease and the amount of lactate
released (fig. S11). These findings suggest that keratinocyte-derived
lactate could potentially contribute to the IL-17 response of the pa-
tient, further supporting the multifactorial nature of the IL-17 re-
sponse induced by S. aureus clinical isolates.

DISCUSSION

We analyzed a cohort of pediatric patients with a rare genetic der-
matosis as a model disease to establish their immune characteristics
and their association with S. aureus skin dysbiosis. We demonstrat-
ed that patients with the most severe form of the disease exhibit a
skewed Ty17 immune response. Furthermore, our results indicate
that S. aureus clones from the skin of patients with severe RDEB can
preferentially induce IL-17A production by MAIT and CD4+ T cells.
The mechanisms involved are polyfactorial; however, our results in-
dicate that Geh lipase may play a role.

Elevated quantities of circulating cytokines have already been re-
ported and correlated with disease severity in patients with EB (31-33).
Besides, transcriptomic analysis of RDEB versus normal skin re-
vealed increased expression of several genes involved in immune
system activation (34). All of these data led us to consider RDEB as
an immunopathological disease, for which the complex intertwin-
ing between skin inflammation and immune response needs to be
better understood. Our results highlighted that the frequency of
IL-17A-producing CD4+ and MAIT cells was higher in patients
with severe RDEB than in controls. Consistent with these findings,
we found that patients with severe RDEB also had higher plasma
concentrations of IL-17A, IL-17F, and IL-22, the major cytokines
associated with the Ty17 immune response (35-37). IL-17A is a pro-
inflammatory cytokine that acts primarily on nonhematopoietic cells
to induce acute innate immune defenses (35-37). A link between
IL-17A and chronic inflammatory skin diseases, including psoria-
sis, AD, Netherton syndrome, and systemic sclerosis, has already
been reported (38, 39). This cytokine can be produced not only by
a subset of conventional CD4+ T cells, commonly known as T17
cells, but also by other cell populations, notably MAIT cells. MAIT
cells are one of the main T cell populations present in the human
skin. Experimental models have demonstrated that MAIT cells are
involved in wound healing through their ability to produce IL-17A
or amphiregulin (3, 10). However, the contribution of MAIT cells to
human skin inflammation, including that observed in patients with
severe RDEB, remains to be determined. In essence, our results
revealed a possible unexpected involvement of IL-17A-producing
MAIT cells in the inflammatory response observed in patients with
severe RDEB.

COL7A1 gene mutations in patients with RDEB result in extreme
skin fragility, tissue damage, and remodeling. Higher frequencies of
Tu17 and MAIT17 cells and plasma IL-17A and IL-17F are present
in patients with RDEB. IL-17 promotes tissue repair and protective
immunity against pathogens, but if its production is excessive, it can
also contribute to inflammatory disease and fibrosis (36, 40). Actu-
ally, IL-17 can induce the production of matrix metalloproteinases
(MMPs) and ECM proteins involved in fibrosis (41-43). Overall, these
results indicate that the elevated IL-17 quantities observed in RDEB
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may contribute to skin damage. Whereas previous studies have fo-
cused on proteomic profiling of skin biopsies or primary fibroblasts
collected from patients with RDEB (44, 45), in the present study, we
used state-of-the-art unbiased direct proteomics of neat plasma, al-
lowing analysis of more than 800 proteins. Proteomic profiling dis-
tinguished severe RDEB, moderate RDEB, and control groups, with
the moderate RDEB group being between the severe RDEB and
control groups. Overall, the proteins and pathways deregulated
in severe RDEB indicate a strong inflammatory response and ECM
dysfunction. The most DEPs down-regulated in patients with RDEB
belonged to the collagen-containing ECM category. This type of
down-regulation has already been reported in major inflammatory
conditions. Plasma proteomic analysis of patients with COVID-19
identified ECM degradation, exemplified by the up-regulation of
MMP2, that was associated with severity of infection (46). Both
plasmatic MMP2 and MMP9 were augmented in the plasma of pa-
tients with RDEB compared with controls. These results are in line
with our previous report, which showed enhanced skin expression
of metalloproteinases in clinical RDEB (47). Together, they indi-
cate that MMPs could be involved in the epidermal detachment
observed in RDEB.

We hypothesized that chronic infection of RDEB wounds by
S. aureus may contribute to the severity of RDEB disease. Further-
more, we demonstrated the ability of S. aureus strains from patients
with severe RDEB to polarize the immune response toward a Ty17
profile in vitro, which could account for the Tyy17 response observed
in patients. For two patients, we showed the long-term persistence
of the same clone with similar proinflammatory properties. Hence,
S. aureus long-term colonization by selected clones could be a trig-
ger to redirect immune response toward the Ty17 pathway.

The importance of the Ty17 responses for host defense against
S. aureus infections is highlighted by the fact that patients with STAT3
mutations (hyper-IgE syndrome) that are associated with Ty17 de-
fects are known to exhibit severe and recurrent S. aureus skin in-
fections (48). Several studies in mice or humans have also shown
the importance of IL-17 production in providing immunity against
S. aureus infections (48-52). Furthermore, increased concentrations
of IL-17A were reported in the sera of patients with S. aureus chronic
suppurative dermatitis or chronic lung infections (53). Known bacte-
rial determinants of IL-17 production include alpha-toxin, SEB su-
perantigen (54), peptidoglycan shedding (55), and phenol-soluble
modulins (52, 56) by acting directly or indirectly on CD4+ T cells.
MAIT cells can be stimulated not only by S. aureus antigens but also
by cytokines such as IL-1, IL-12, IL-15, IL-23, and IL-33, which were
present in CM obtained by stimulating primary keratinocytes with
S. aureus strains from patients with severe RDEB. In response to these
TCR-dependent or TCR-independent stimulators, MAIT cells can
produce IFN-y or IL-17A (57-60).

The strains associated with RDEB belong to common clones cir-
culating in France (including ST30, ST22, ST5, ST15, and ST8 also
present in the French cohort of children with cystic fibrosis) (61, 62).
An unresolved question is how the skin of a patient with severe
RDEB can affect the virulence program of S. aureus differently com-
pared with patients with moderate disease. The skin environment of
RDEB imposes stress conditions on S. aureus strains (local inflam-
mation, local treatments, and antibiotics), which can have a direct
impact on the transcription of virulence factors and act as selec-
tive pressures favoring the emergence of genetic variants accumu-
lating adaptive mutations that modify their virulence profile. These
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selective pressures are strongest in severe forms of the disease. For
instance, exposure to antibiotics and disinfectants has been shown
to profoundly alter the transcriptional program of S. aureus (63-65).
In particular, cell wall-damaging antibiotics such as beta-lactams
trigger a global stress response with increased production of staphy-
lococcal exotoxins, including the key virulence factors alpha-toxin
and Panton-Valentine leukocidin (PVL). In addition, staphylococcal
virulence regulators are likely to contribute to different behaviors be-
tween S. aureus strains infecting patients with severe or moderate
disease (66, 67). However, for many S. aureus virulence regulators,
we still lack knowledge of the microenvironmental signals sensed at
infected sites.

We acknowledge that our study has certain limitations. A first
limitation lies in the lack of evaluation of tissues other than blood, in
particular the skin. It has been reported that proinflammatory cyto-
kines dominate the blister fluids of patients with EB (68). These
inflammatory cytokines could affect the local cellular immune re-
sponse and the selection of S. aureus clones, which would be inter-
esting to study. A second limitation is the limited number of patients.
For the purposes of our study, it was important to obtain S. aureus
and blood samples from each patient at the same time. This con-
straint, combined with the fact that RDEB is a rare disease, contrib-
uted to limiting the number of patients analyzed. Furthermore, it is
not possible to deduce, on the basis of these results, how or when
wounds may have been preferentially colonized by a given S. aureus
clone. Although we observed the persistence of two S. aureus clones
for at least a year, it would be important to follow longitudinally the
evolution of the strains in parallel with the evolution of the immune
response. Future work will be needed to understand the drivers of
selection of S. aureus persistent clones, the molecular mechanisms
of their inflammatory behavior including their capacity to induce a
pro-Ty17 immune response, and the long-term consequences of pa-
tient immune system stimulation by persistent clones (for example,
inflammatory and fibrotic responses and oncogenesis) in the context
of chronic skin infections.

Knowing that the use of monoclonal antibodies (mAbs) against
IL-17A, such as secukinumab, ixekizumab, and brodalumab, and
against both IL-17A and IL-17F (bimekizumab) is effective for a
number of patients with chronic skin diseases (69-72), our results
could provide a rationale to test this type of targeted therapy in pa-
tients with severe RDEB. Furthermore, untargeted approaches used
in this study could pave the way for discovery of future noninvasive
biomarkers to assess treatment efficacy.

MATERIALS AND METHODS

Study design

The goal of this study was to take advantage of a unique cohort of
patients with chronic wounds associated with S. aureus skin dysbio-
sis to better understand the relationship between patient strains and
the immune response elicited. For this, we used proteomic, immu-
nological profiling, and in vitro assays to perform an in-depth im-
mune analysis of severe and moderate clinical RDEB. On the same
day, we also obtained skin samples from 13 patients with RDEB for
selective detection, semiquantification, whole-genome sequencing,
and analysis of S. aureus. In vitro assays using secretomes from
S. aureus strains collected from the patient skin and CM from pri-
mary keratinocytes stimulated with these clinical strains were used
to stimulate circulant CD4+ and MAIT cells. Activation state and
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cytokine production by these cells in response to the stimulations
were analyzed. Each in vitro experiment was performed as indepen-
dently as possible. As such, experiments were repeated on different
days with cells from distinct donors and different S. aureus secretomes
and CM stocks.

Ethics statement

All experiments were performed in accordance with the guidelines
and regulations described by the Declaration of Helsinki and the
Huriet-Serusclat law on human research ethics. The study was regis-
tered with the AP-HP5 Department of Data Protection (reference:
no. 2023 0428174811 and NCT03776474) for the control group (with-
out skin diseases or allergy). Patients’ parents or guardians were in-
formed about the study’s objectives and procedures. The clinical
evaluation was performed by two expert clinicians for patients with
EB (CB and NB) at the French national center for patients with geno-
dermatoses MAGEC. A validated specific EB score of severity, EB-
DASI (73), was used to score the clinical severity of the patients during
the study period (April to December 2021). EBDASI is a partially
validated EB-specific instrument that assesses disease activity and
damage at 12 cutaneous sites in addition to the scalp, mucous mem-
branes, nails, and other epithelialized surfaces. Total activity (of 276)
and damage (of 230) are combined to give an overall score of 506.
Total EBDASI score ranges of 0 to 106 and 107 to 506 corresponded
to moderate and severe involvement, respectively. Patient character-
istics are described in Table 1.

Flow cytometry and T cell culture

Freshly isolated PBMCs were obtained using Ficoll-Paque density
centrifugation (1.077 g/ml; PAA Laboratories GmbH). Cells were
then resuspended and washed in fluorescence-activated cell sorting
(FACS) buffer [2% (w/v) bovine serum albumin and 0.1% NaN3 so-
dium azide in phosphate-buftered saline]. For detection of live cells,
fixable viability dye eFluor 506 (eBioscience) was used. Cells were
stained for 30 min at 4°C for surface staining. For intracellular cyto-
kine analysis allowing the identification of IL-4-, IL-13—-, IL-17A-,
IL-17F-, IL-22-, TNFa-, and IFN-y-producing T cells (gating strat-
egy in figs. S2 and S3), PBMCs were cultured for 5 hours with PMA
(25 ng/ml) and 1 pM ionomycin in the presence of brefeldin A
(10 ng/ml) (all from Sigma-Aldrich). The fluorochrome-conjugated
antibodies used are presented in table S4. MR1-5-OP-RU-PE tetra-
mers and the respective controls were kindly provided by the NIH
Tetramer Core Facility. Events were acquired on a FACS LSR Fortessa
(BD Biosciences) and analyzed using Flow]Jo software v10.8.1 (Becton,
Dickinson and Company).

Bacterial culture

Skin samples were collected from patients following the routine pro-
cedure of the dermatology department as follows: After gently clean-
ing the lesion with saline solution, an ESwab (Copan) was twirled on
the lesion area. The ESwab system, which includes a nylon-flocked
swab for sample collection and a transport tube containing 1 ml of
liquid Amies transport medium, was sent to the Necker Hospital
microbiology laboratory for processing within 2 hours of collection.
For routine semiquantitative determination of S. aureus load, a 10-pl
aliquot of ESwab liquid medium was inoculated onto CHROMID
S. aureus Elite agar selective medium (bioMérieux) and streaked in
quadrants. Positive cultures were further characterized using MALDI
Biotyper (Bruker Daltonics) identification. On the basis of visual
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inspection of the plate after 48 hours of growth at 35°C, the S. aureus
load of each sampled site was classified as follows: 0, no growth;
1, growth in the first quadrant; 2, growth in the second quadrant;
3, growth in the third quadrant; and 4, growth in the fourth quad-
rant. The final S. aureus load, ranging from 0 to 8, corresponded to
the sum of the two body sites sampled by the physician according to
the patient’s wounds.

Primary keratinocyte culture and CM preparation

Normal primary human epidermal keratinocytes (HPEKps, CELLnTEC)
were propagated in serum-free CnT-07 medium as per the manufac-
turer’s instructions (CELLnTEC). HPEKps were seeded in 96-well
microtiter plates (coated with collagen) in CnT07 and incubated for
96 hours (37°C, 5% CO,) with renewal of the medium at 48 hours.
At 96 hours, CnT07 medium was removed and either RPMI-fetal
calf serum (FCS) (to assess basal cytokine concentrations) or 1:2 di-
lution of standardized culture secretomes was added. After 4 hours
of stimulation (at 37°C, 5% CO,), CM was collected and stored at
—80°C until use.

PBMC profiling upon stimulation by BS or CM

PBMCs from four distinct healthy donors [Etablissement Frangais
du Sang (EFS)] were cultured at a density of 2.5 x 10° cells/ml in
RPMI 1640 medium supplemented with antibiotics, 10% FCS, and
200 mM glutamine (GIBCO, Fisher Scientific SAS) and IL-2 (5 ng/ml,
R&D Systems). Cells were stimulated for 24 hours with culture sec-
retomes, medium, or conditioned HPEKp medium at 1/10. Brefeld-
in A (10 pg/ml; Sigma-Aldrich) was added for the last 4 hours. Cells
were collected and immunostained to detect cytokine-producing cells
as described in the "Flow cytometry and T cell culture” section. Se-
lected S. aureus and S. epidermidis isolates were used to obtain sec-
retomes and conditioned HPEKp medium to stimulate PBMCs. Two
distinct experiments were performed. Results were pooled per exper-
iment according to the stimulation used. PBMCs cultured with me-
dium and not stained with anti-CD69 and anti-IL-17A mAbs were
used as FMO (fluorescence minus one) controls (fig. S6B).

S. aureus whole-genome sequencing and analysis

Genomic DNA of S. aureus strains was extracted using the DNeasy
Blood and Tissue Kit with lysostaphin (10 pg/ml) to facilitate bac-
terial cell wall lysis. Genomic libraries were prepared using a Nex-
tera XT kit, multiplexed, and sequenced on an Illumina MiniSeq
instrument (2 X 150 paired-end sequencing). The raw reads were
de novo assembled using Unicycler (74) and annotated using PROKKA
(75). ST assignment was performed on the Pathogenwatch online
server developed by the Center for Genomic Pathogen Surveil-
lance (https://pathogen.watch) and relies on MLST (multilocus
sequence typing) schemes provided by PubMLST. A dendrogram
performed by Pathogenwatch has been inferred on the basis of
core genome (cg) MLST clustering, by calculating distances be-
tween each assembly. The distance represents the number of dif-
ferent loci in the Pathogenwatch S. aureus cgMLST scheme. The
sequences reported here are available at NCBI’s BioProject data-
base under accession number PRJNA961692.

Statistical analysis

Differences between the groups were assessed with a two-sided
Kruskal-Wallis test. P values were adjusted for multiple hypotheses
using the Benjamini-Hochberg procedure to produce FDRs and were
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considered statistically significant when g values were less than 0.05.
Correlations between two parameters were assessed using Spearman’s
ranking correlation. GraphPad Prism 9.0 software was used for sta-
tistical tests. PLS-DA (Fig. 2A) was performed using R (version
1.2.5033), and heatmaps were performed using Qlucore Omics Ex-
plorer (version 3.7-24). Proteomics analysis was performed using R
language (www.R-project.org) and Bioconductor Project packages
(www.bioconductor.org).
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