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ABSTRACT
Background: Skin barrier dysfunction is central to inflammation and susceptibility to infection in atopic dermatitis (AD). 
Cutaneous T-cell lymphoma (CTCL) shares clinical similarities with AD and is also associated with a high prevalence of 
Staphylococcus aureus (S. aureus) colonisation. However, the mechanisms driving skin barrier damage in CTCL and the contri-
bution of bacteria remain poorly understood.
Methods: We investigate how the interplay between S. aureus (and staphylococcal enterotoxins (SEs)) and primary malignant- 
and non-malignant T cells affects keratinocyte expression of skin barrier proteins; in vitro, in an EL4 murine lymphoma model 
of bacteria-driven tumour progression, and in CTCL patient lesions colonised with SE-producing S. aureus before and after bac-
terial eradication by antibiotic treatment.
Results: S. aureus and SEs activate malignant and non-malignant T cells to release barrier-repressing cytokines, including 
IL-4, IL-13, IL-22, and OSM, and JAK-dependent downregulation of filaggrin and loricrin in keratinocytes. In the EL4 model, 
bacteria-colonised tumour-bearing mice show significant filaggrin loss in tumour-adjacent epidermis, whereas antibiotic-treated 
mice maintain near-normal expression. Clinically, antibiotic eradication of SE-producing S. aureus partially restores filaggrin 
and loricrin expression in three of four patients, paralleling reduced inflammatory signalling.
Conclusions: SE-producing S. aureus promotes skin barrier impairment in CTCL through cytokine-driven, JAK-dependent 
repression of structural proteins in keratinocytes. These findings identify microbial–immune crosstalk as a contributor to CTCL 
skin pathology and provide mechanistic rationale for strategies targeting S. aureus colonisation as adjunctive therapy in CTCL.
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1   |   Introduction

A healthy epithelial barrier is essential in protecting the host 
from external insults and disease [1–3]. The pathogenic role 
of a compromised skin barrier is well established in allergic 
diseases such as asthma and atopic dermatitis (AD) [1, 4–7]. 
Filaggrin proteins (filaggrin and filaggrin-2) play import-
ant roles in maintaining skin barrier integrity and function 
[5, 8–12]. Loss of function mutations of filaggrin is a major 
risk factor for AD and inflammation-driven defects of filag-
grins are associated with a compromised skin barrier function 
including increased susceptibility to Staphylococcus aureus (S. 
aureus) infections [8, 13–17].

Cutaneous T-cell lymphoma (CTCL), including Mycosis 
Fungoides (MF) and Sézary syndrome (SS), is character-
ised by malignant T cells residing in chronically inflamed 
skin lesions and also the presence of malignant cells in the 
blood for SS [18–23]. CTCL shares clinical and molecular fea-
tures with benign inflammatory diseases, in particular with 
AD [24, 25]. CTCL lesions have a deficient skin barrier as 
judged by reduced filaggrin expression and enhanced trans-
epidermal water loss compared to non-lesional skin sites 
[26–28]. Epidermotrophic malignant T cells orchestrate a 
TH2-dominated inflammatory environment that induce JAK/
STAT3-driven changes in keratinocytes suppressing filaggrin 
expression [26, 29–31].

CTCL lesions are frequently colonised by S. aureus, and CTCL 
patients have an elevated risk of sepsis and pneumonia, partic-
ularly after diagnosis [32–45]. S. aureus colonisation has been 
consistently linked to increased disease activity  [35, 46–52]. 
Yet the mechanisms by which S. aureus affects CTCL skin 
lesions and compromises the skin barrier remain poorly 
understood.

In the present study, we show that patient-derived and puri-
fied Staphylococcal enterotoxins (SEs) induce cytokine produc-
tion in CTCL cells that suppresses key skin-barrier proteins. 
Conversely, antibiotic-mediated eradication of S. aureus reduced 
cytokine expression and restored barrier proteins in three of 
four patients. These findings support a vicious cycle in which 
S. aureus colonisation activates malignant T cells, drives bar-
rier damage, and promotes further bacterial overgrowth. This 
mechanism may also be relevant to other inflammatory skin 
disorders characterised by barrier dysfunction and increased 
susceptibility to S. aureus infection.

2   |   Materials and Methods

2.1   |   Staphylococcus aureus Cultures

As described [53] S. aureus cultures isolated from SS (SA.1, SA.3) 
and MF (SA.2) patients were grown in TSB medium in a density 
OD600nm = 0.01 for 4 h with or without antibiotics (meropenem, 
8 μg/mL) or 1 μg/mL of the S. aureus targeting compounds 
Endolysin XZ.700, MEndoB, MEndoB-mutant (Micreos Group, 
The Netherlands).

2.2   |   Patient Material

Samples from two cohorts of patients were applied in the 
study. Paired non-lesional and lesional skin biopsies from 
four patients diagnosed with advanced stage MF (MF1-MF4, 
IIB-IIIA) and undergoing treatment for 24 days with antibi-
otics; 10 days with intravenous antibiotics (cephalosporin 
and metronidazole) followed by oral treatment for 14 days 
with a combination of amoxicillin and clavulanate at Aarhus 
University Hospital [35]. Patients were S. aureus positive 
(none had MRSA) and further characteristics and concomi-
tant therapies are listed in Table  S1. Biopsies were from the 
same target skin lesion before initiation (Day 0) of antibiotic 
treatment and after 2 months of antibiotic treatment (Day 60) 
[35]. Blood samples from patients diagnosed with SS (SS1-SS6) 
and one patient diagnosed with leukaemic MF were provided 
by Bispebjerg Hospital. All experiments were performed after 
informed consent from the patients and in accordance with 
the Declaration of Helsinki. Samples were obtained after ap-
proval by the Regional Ethical Committee, Denmark (1-10-72-
151-16/M-20090102/H-16025331).

2.3   |   Peripheral Blood Mononuclear Cell (PBMC) 
Culturing and Flow Cytometry Analysis

PBMCs from patients with SS or MF (CTCL cells) were iso-
lated by density gradient centrifugation and cultured in RPMI-
1640 supplemented with 10% human serum and 1% Penicillin/
Streptomycin (PBMC media) for 4 h-144 h with PBS, a pool of 
SEs (SE-pool); 50 ng/mL of each of; SEA/SEB/SEC1/SED/SEE 
or individual SEs (Toxin Technology, concentrations within 
physiological range [54, 55]). CTCL cells were cultured for 
1.5 h in 3 parts PBMC media to one part bacterial medium 
TSB, S. aureus supernatant, or supernatants derived from 
S. aureus treated with antibiotics or Endolysin, followed by 72 h 
incubation. Flow cytometry analysis on the BD-LSR-Fortessa 
flow cytometry was performed and malignant T cells were gated 
as TCRvβ18+CD26−CD3+CD4+.

2.4   |   Normal Human Epidermal Keratinocytes 
(NHEK)

Several vials of NHEK (adult, pooled donors) were cultured 
in Basal keratinocyte medium containing growth factors 
(Promocell, C20111), and 1.25 mM CaCl2 when differentiating 
prior to experiments.

2.5   |   ELA-4 Murine Model

Six C57BL/6 mice were inoculated intradermally with EL4 cells 
and three were treated with antibiotics (Neosporin (neomycin/
bacitracin/polymyxin B sulphate)) and three mice treated with 
vehicle (Vaseline petroleum jelly) as previously described [51]. 
Two healthy mice (without EL4) were included, one of which 
was treated with Neosporin and one with vehicle (Vaseline). 
Additional information and mouse characteristics are included 
in Table S2 [51].
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2.6   |   Quantitative Reverse Transcription PCR 
(RT-qPCR)

RNA purification and RT-qPCR analysis were performed as pre-
viously described [26]. β-actin was used as reference genes for 
normalisation and data was calculated according to the 2ΔΔCt 
method.

2.7   |   Cytokine Analysis

Mesoscale (MSD) V-plex assay kits and Duoset ELISA (R&D) 
were used to analyse cytokines in supernatants from CTCL cells.

2.8   |   Cellular Indexing of Transcriptomes 
and Epitopes by Sequencing (CITE-Seq)

Previously published CITE-seq. data sets of PBMCs cultured in 
the presence of PBS or SE-pool for 48 h were reanalysed for cyto-
kine expression [56, 57] as described in Supporting Information 
and elsewhere [58–60]. Malignant T cells were identified based 
on their monoclonal T-cell receptor (TCR)-β CDR3 region (from 
TCRαβ modality) and high expression of malignant-associated 
genes [61].

2.9   |   Immunohistochemistry (IHC)

For IHC studies pY-STAT3 (Tyr705, 1:800, D3A7, Cell Signalling, 
#9145L), pY-STAT1 (Tyr701, 58D6, Cell signalling), pY-STAT6 
(pY641, 18/P-STAT6, BD bioscience), filaggrin (GeneTex, 
#GTX23137, 1:50), filaggrin-2 (Aviva Biosystems, #OACD03572, 
1:4000) were used. The procedure is described in Supporting 
Information and elsewhere [35].

2.10   |   Imaging Mass Cytometry (Hyperion)

Deparaffinised sections were treated at pH-6, stained with the 
primary filaggrin antibody, a secondary metal-conjugated an-
tibody, and subsequently an antibody mix comprising all the 
metal-conjugated antibodies. Regions of interest (1.0 mm2) 
were analysed by Hyperion imaging system. The MCD viewer 
was applied to study the images. Table  S3 lists antibodies 
included.

2.11   |   Ingenuity Pathway Analysis (IPA) 
of Cytokine Signalling

Transcriptomic profiling of CTCL patient biopsies was per-
formed using the Affymetrix GeneChip Human Transcriptome 
Array 2.0 (Rigshospitalet, Denmark) as previously described 
[35]. Cytokine pathway activity was assessed using gene-
enrichment–based analyses in Ingenuity Pathway Analysis 
(IPA, Qiagen). Upstream Regulator Analysis was applied, and 
cytokine network activity was inferred from the IPA activation 

z-score, with z > 2 indicating predicted activation and z < −2 in-
dicating predicted inhibition.

2.12   |   Statistics

All graphs and statistical analysis were performed using the 
GraphPad-Prism v8.0 software. Student's t-test and one-way 
analysis of variance were applied, followed by post hoc anal-
ysis. For qPCR results the relative expression of each inter-
vention was compared to the control. Error bars are shown as 
SEM, and the level of statistical significance was set to p-value 
< 0.05 (*).

3   |   Results

3.1   |   S. aureus- and SE- Stimulated CTCL Cells 
Repress Filaggrin Expression in Keratinocytes 
In Vitro

Cytokines have recently been linked to decreased expression 
of filaggrin in CTCL [26]. Since SEs are potent T-cell activa-
tors [54] we hypothesised that SE-induced cytokines from 
CTCL cells could repress barrier-related proteins filaggrin 
(FLG), filaggrin-2 (FLG2), and loricrin (LOR) mRNA expres-
sion in keratinocytes (NHEK) [5, 48, 62]. The experimental 
setup is illustrated in Figure 1A. Supernatants from PBMC's 
obtained from CTCL patients (CTCL cells) stimulated with 
SE-producing S. aureus isolates obtained from lesional CTCL 
skin from SS (SA.1) and MF (SA.2) were tested alongside with 
supernatants from CTCL cells cultured in the presence of a 
pool of purified SEs (SE-pool) containing the SEs; SEA, SEB, 
SEC1, SED and SEE (Figure 1A–F). Flow cytometric analysis 
of CTCL cells treated with either S. aureus supernatants, or 
the SE-pool, demonstrated activation of both malignant and 
non-malignant T cells by flow cytometry analysis as judged by 
CD25 and CD69 upregulation, which was abrogated by anti-
biotics (Figure 1B; Figure S1A). NHEK treated with superna-
tants from S. aureus-stimulated CTCL cells (both MF and SS) 
displayed a profound decrease in the expression of FLG and 
FLG2 when compared to NHEK treated with supernatant from 
control treated cells and untreated (media-treated) NHEK 
(Figure 1C). The two S. aureus isolates (SA.1 and SA.2) con-
taining SEA and also SEE for SA.1 (confirmed by ELISA) had 
similar effects whereas the non-SE producing S. aureus isolate 
(SA.3) did not affect the expression (Figure 1C). Addition of 
antibiotics or specific anti-S. aureus bacteriophage-derived 
endolysins (XZ.700 and the enhanced chimeric-endolysin 
MEndoB [63]) blocked the subsequent repression of FLG and 
FLG2 (Figure  1D; Figure  S1C). The effect was selective as 
keratin-14 (KRT14) expression by keratinocytes was largely 
unaffected (Figure S1B). In support, stimulation with an SE-
pool fully replicated the effect of supernatant from live S. 
aureus. Thus, supernatant from SE-stimulated CTCL cells re-
pressed expression of FLG, FLG2 and LOR in NHEK, without 
affecting KRT14 (Figure  1E). Moreover, both SEA and SEE 
were observed to have an effect individually (Figure S1D–F). 
The observations were confirmed on the protein level where 
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FIGURE 1    |     Legend on next page.
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expression of filaggrin and filaggrin-2 were downregulated in 
a reconstructed epidermal model (Figure S1G).

3.2   |   JAK Inhibition Largely Abrogated SE-Induced 
Repression of Filaggrins in Keratinocytes

We then assessed the effect of the pan-JAK inhibitor, Tofacitinib, 
by adding supernatants from SE-stimulated CTCL cells to 
NHEK, in the presence or absence of JAKi. As shown above, su-
pernatants from SE-treated CTCL cells significantly suppressed 
keratinocyte expression of FLG, FLG2, and LOR (Figure  1F). 
This repression was largely blocked by Tofacitinib, suggesting 
that the downregulation was primarily mediated by cytokine-
induced JAK/STAT activation.

3.3   |   SEs Induce Expression 
of Filaggrin-Repressing Cytokines in CTCL Cells

To elucidate whether SE-activated CTCL cells produce cytokines 
known to repress filaggrins in NHEK, we measured cytokines 
in supernatants from six leukaemic SS patients (SS1-SS6) (CTCL 
cells) stimulated with PBS or the SE-pool. IL-6, IL-13, IL-17, IL-
22, IFN-γ, and TNF-α accumulated over time in supernatants 
from SE-treated cultures when compared to controls (Figure 2A). 
Similar cytokines were observed when stimulating CTCL cells 
with the bacterial isolate (SA.1) and when stimulating PBMC's 
from a leukaemic MF patient with the SEpool (Figure S2A,B). 
It was not unexpected [26, 64, 65] that the kinetics and rela-
tive expression of these cytokines differed between patients, 
but overall, the cytokines in question increased over time in all 
patients tested. An OSM-specific ELISA detected high levels of 
OSM in CTCL cells stimulated with SE-pool for 72 h (Figure 2B). 
To address which cell types expressed individual cytokines, we 
analysed public CITE-sequencing data of the above mentioned 
six patients and seven additional patients—all from previously 
published studies (Figure 2C,D) [56, 57]. Both malignant/non-
malignant T cells were induced to express TH2-associated cyto-
kines (IL-13 and OSM) and TNF-α whereas IL-6 and IL-22 were 
almost exclusively seen in non-malignant cells. IFN-γ and IL-17 
were induced in both malignant and non-malignant cells, but 
generally stronger in the latter (Figure 2C,D). These findings in-
dicate that SEs induce secretion of a series of cytokines, many 

of which are linked to JAK/STAT-mediated repression of filag-
grins in keratinocytes [26, 66].

3.4   |   Improvement of Filaggrin and Loricrin 
Expression in Skin Lesions Following Antibiotic 
Treatment of CTCL Patients

As antibiotics were previously shown to decrease malignant 
T cells in CTCL skin lesions colonised by SE-producing S. 
aureus [35], we investigated the expression of filaggrins and 
loricrin in skin lesions before (Day 0) and 2 months (60 days) 
after initiation of 24-days of antibiotic treatment to eliminate 
SE-producing S. aureus in four advanced stage MF patients 
[35]. In an attempt to control for confounding factors, CTCL-
directed anticancer therapies remained unchanged from 
2 months before inclusion and during the study. Figure 3 shows 
filaggrin, filaggrin-2 and loricrin- expression in lesional and 
non-lesional skin in two MF patients (A: MF1 and B: MF2) 
before (Day 0) and after (Day 60) initiation of antibiotic treat-
ment [35]. Large areas of deficient filaggrin, filaggrin-2, and 
loricrin protein expression were observed in lesional skin prior 
to treatment when compared to non-lesional skin (Figure 3). 
Expression of filaggrin/loricrin- proteins increased after initi-
ation of antibiotic treatment (Day 60), when compared to the 
levels prior to antibiotics (Figure  3, Day 0). The increase in 
filaggrin and loricrin concurred with clinical improvement 
(Figure 3) and a previously reported improvement in clinical 
scores; subjective symptoms (VAS) and mSWAT (Table  S4) 
[35]. Similar findings were obtained for another patient (MF3) 
(Figure  S3A). In contrast, one patient (MF4) did not display 
an increase in filaggrin/loricrin expression at Day 60, but lo-
calised areas of decreased expression seemed to be more pro-
nounced in this patient (Figure S3B). Likewise, mSWAT was 
higher in this patient at day 0 compared to patient MF1-MF3, 
indicating high disease burden (Table  S4). The analytical 
Histoscore was applied to evaluate the expression of filaggrins 
and loricrin  throughout the full sections of all four patients 
(Figure S3C) and confirmed that expression of filaggrins and 
loricrin was increased after antibiotic treatment in three pa-
tients MF1-MF3, but not in patient MF4. Figure  S3D shows 
gene expression microarray (Affymetrix) data obtained from 
analysis of lesional and non-lesional skin from eight patients 
(six MF and two SS) [35] prior to (Day 0), during (Day 10), and 

FIGURE 1    |    S. aureus- and SE-stimulated CTCL cells repress filaggrin expression in keratinocytes. (A) An illustration of the experimental setup 
is presented. To stimulate CTCL patient PBMC's (CTCL cells) isolates from SE-producing S. aureus were prepared and transferred to the cells for 
1.5 h, followed by washing and further culturing for 72 h or a pool of purified SEs was transferred to the CTCL cells for 72 h. (B) Flow cytometry 
analysis demonstrating activation (CD25+ and CD69+ expression) of CTCL cells following stimulation. Malignant T cells were determined based on 
TCRvβ18+CD26−CD3+CD4+ for the one patient presented. (C) mRNA expression analysis of NHEK stimulated with CTCL media (Ctrl.), or super-
natants from CTCL cells (either from one MF or one SS patient) cultured in PBS (Pt(PBS)) or bacterial isolate SA.1 (Pt-SA.1), SA.2 (Pt-SA.2), or SA.3 
(Pt-SA.3). Data shows three independent experiments (n = 3). (D) mRNA expression analysis of NHEK stimulated with CTCL media (Ctrl. media), 
supernatants from CTCL cells (three different patients) cultured with bacterial TSB media (Pt(TSB)), supernatant from patient-derived S. aureus 
(Pt(SA)), S. aureus pre-treated with antibiotics (Pt(SA + Abx)) or S. aureus pre-treated with endolysin, XZ700, (Pt(SA + XZ)). (E) mRNA expression 
analysis of NHEK stimulated with supernatants from CTCL cells cultured with a pool of purified SEs (Pt(SE)) (five patients). (F) mRNA expression 
analysis of NHEK cultured with supernatants from SE-stimulated CTCL cells (five patients) in the presence or absence of 10 μM JAK inhibitor or 
DMSO control. (C–E) mRNA expression levels of FLG, FLG2, LOR and KRT14 using β-Actin as a reference gene were given as relative expression. 
(*) indicates statistical significance (p < 0.05).
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FIGURE 2    |     Legend on next page.
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after antibiotic treatment (Day 30). At Day 0, the expression of 
FLG, FLG2, and LOR was markedly lower in skin lesions com-
pared to non-lesional skin which was in accordance with pre-
vious reports [26, 27]. After initiation of antibiotic treatment, 
we observed an increase in FLG, FLG2 and LOR expression 
in lesional skin whereas non-lesional skin was largely unaf-
fected (Figure S3D).

3.5   |   The Presence of Immune Infiltrates 
Correlates With Reduced Expression of Filaggrin

To analyse the immune infiltrates in lesional skin before 
and after antibiotic treatment imaging mass cytometry was 
applied. Figure  4A and Figure  S4A show protein expression 
of filaggrin (magenta), E-cadherin (turquoise), CD4+ T cells 
(yellow), CD8+ T cells (blue), CD16+ (red), CD68+ (white), 
FOXP3+ T cells (green), at Day 0 and Day 60 in patients MF2, 
MF3, MF4, where tissue sections were still available. The 
expression pattern of filaggrin was very similar to the ex-
pression patterns obtained from IHC analysis (Figure 4A vs. 
Figure  3; Figure  S4A,B). Increased filaggrin was observed 
after initiation of antibiotic treatment when compared to Day 
0 in patients MF2 and MF3 (Figure 4; Figure S4A), whereas 
patient MF4 had relatively unchanged filaggrin expression at 
Day 60 confirming the above findings in IHC (Figure  4 vs. 
Figure  S3B). Interestingly, the improvement in filaggrin ex-
pression in patients MF2 and MF3 was associated with a de-
crease in immune infiltrates and in particular CD4+ T cells 
(Figure 4; Figure S4A,B). An overall drop in CD4+ T cells was 
also observed at Day 60, but in contrast to patients MF2 and 
MF3, patient MF4 displayed a large intra-epidermal infiltrate 
of CD4+ T cells adjacent to an area of the epidermis with an al-
most complete absence of filaggrin staining (Figure 4, arrow).

3.6   |   Antibiotic Treatment Improves 
Filaggrin Expression in the Murine EL4 T Cell 
Lymphoma Model

The EL4 murine T cell lymphoma model of bacteria-driven 
tumour progression was used to assess epidermal filaggrin ex-
pression in skin from mice that were treated with and without 
antibiotics as described elsewhere [51]. Six mice were inoculated 
intradermally with EL4 cells, and three were treated with an-
tibiotics (Neosporin (neomycin/bacitracin/polymyxin B sul-
phate)), and three mice treated with vehicle control (Vaseline) 
[51]. Filaggrin expression was compromised in skin adjacent to 
tumour areas (when compared to non-lesional skin) in all the 
three vehicle control mice (Figure  4B, left), whereas filaggrin 
expression was near-normal in keratinocytes in skin areas ad-
jacent to tumour cells in the antibiotic treated mice (Figure 4B, 
right). A similar difference was observed when assessing the 

overall histoscores on keratinocyte expression of filaggrin 
(Figure S4C). In contrast, antibiotics had no effect on the base-
line expression of filaggrin in skin from healthy control mice 
(Figure S4D).

3.7   |   Decreased STAT1, STAT3 and STAT6 
Activation After Antibiotic Treatment

Lesional skin biopsies from patients MF1-MF4 were stained 
for activated (pY)-STAT3, pY-STAT1 and pY-STAT6. IHC anal-
ysis demonstrated strong positive pY-STAT3 staining in the 
tumour microenvironment, that is, in both dermal and epider-
mal layers of lesional skin (Figure 5; Figure S5A,B), whereas 
the corresponding non-lesional skin stained negative as previ-
ously published (Figure S5C) [26]. Two of four patients (MF1 
and MF4) stained positive for epidermal pY-STAT1 as well 
as areas of pY-STAT1 in immune infiltrates but not in non-
lesional keratinocytes (Figure  5; Figure  S5A–C). pY-STAT1 
staining was predominantly positive in local areas as com-
pared to pY-STAT3 staining which was broadly distributed. 
In three of four patients (MF1, MF2, MF4) local pY-STAT6 
expression was observed, varying from very local staining 
to a broader staining pattern (Figure  5; Figure  S5A,B). The 
four patients differed in intensity and staining patterns before 
and after initiation of antibiotics but overall STAT1, STAT3, 
and STAT6 activation decreased from Day 0 to Day 60 in pa-
tients (MF1-MF3), which displayed a concomitant increase 
in filaggrin/loricrin expression. In contrast, a clear decrease 
in STAT activation was not observed in patient MF4. On the 
contrary, pY-STAT1 and pY-STAT6 staining was increased lo-
cally in some areas of the epidermis in this patient and pY-
STAT3 staining was increased as visualised by the histoscore 
(Figure S5B; Table S4) suggesting a possible explanation why 
the filaggrin/loricrin expression remained compromised at 
Day 60 in this patient.

3.8   |   Upstream Cytokine Signalling Decreases 
After Antibiotic Treatment

Next, we further reanalysed gene expression microarray 
(Affymetrix) data from the skin lesions (MF1-MF4) obtained 
before and 60 days after initiation of antibiotics [35] by per-
forming upstream signalling pathway analysis for cytokines 
(due to a low content of specific cytokine mRNA). Upstream 
signalling was highly activated at Day 0 in lesional com-
pared to non-lesional skin samples from all four patients 
(Figure 6A). Interestingly, in three patients (MF1 (pink), MF2 
(red), MF3 (purple)) lower z-activation scores were detected 
after antibiotics (Figure  6A) whereas the values remained 
largely unchanged at Day 60 in patient MF4 (blue, Figure 6A). 
In two patients (MF3 and MF4), we were able to obtain enough 

FIGURE 2    |    SEs induce expression of filaggrin-repressing cytokines in CTCL cells. (A) Mesoscale analysis to detect the presence of cytokines in 
the supernatants collected from PBMCs obtained from six SS patients (CTCL cells, SS1-SS6) stimulated with PBS or a SE-pool for 4, 24, 48, 72, 144 h. 
The values illustrated in the heatmap were given as log10 pg/mL. (B) OSM protein (pg/mL) ELISA of supernatants from three of the CTCL patients 
stimulated with a SE-pool for 72 h. (C) UMAPs illustrating re-analysis of single-cell RNA-sequencing data for the six CTCL patients (SS1-SS6) as well 
as seven additional patients stimulated with the SE-pool for 48 h. (D) Cite-seq. data of cytokine expression within malignant and non-malignant cell 
types was visualised as transcripts per million (TPM).
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FIGURE 3    |     Legend on next page.
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9Allergy, 2026

mRNA to perform RT-qPCR analysis for IL-4, IL-13, IL-17A 
and IL-22, which showed a similar pattern of cytokine expres-
sion as indicated by the analysis above (Figure 6B,C). Thus, 
the presence of cytokine signalling after antibiotic treatment 
is consistent with the lack of filaggrin/loricrin improvement 
in patient MF4.

4   |   Discussion

Here we provide the first evidence that SE-producing S. au-
reus can exacerbate skin barrier defects in CTCL by induc-
ing filaggrin/loricrin-repressive cytokines from CTCL cells, 
and, inversely, that bacterial elimination is associated with an 

FIGURE 3    |    Recovery of filaggrin and loricrin expression in skin lesions following antibiotic treatment of CTCL patients. (A, B) IHC analysis of 
lesional and non-lesional skin site biopsies obtained from two MF patients (A: MF1, B: MF2) before initiation of antibiotic treatment (Day 0) and after 
treatment (Day 60). Samples were stained for filaggrin, filaggrin-2, and loricrin. IHC images were scanned by the Zeiss Axio Scan.Z1 in 20×, and a 
size bar of 200 μm is included.

FIGURE 4    |    Recovery of filaggrin analysed using Imaging mass cytometry and the EL4 mouse model. (A) Imaging mass cytometry (Hyperion) 
analysis of lesional skin biopsies of two patients MF2 and MF4 before and after antibiotic treatment. Samples were stained for filaggrin (magenta), 
E-cadherin (turquoise), CD4+ (yellow), CD8+ (blue), CD16+ (red) CD68+ (white) and FOXP3+ (green) and images were scanned using imaging mass 
cytometry (Hyperion). The software MCD viewer was applied to analyse the data and a size bar of 200 μm is included in the images. (B) IHC analysis 
of non-lesional and lesional (tumour-region) skin site biopsies obtained from six mice inoculated with EL4 cells—three mice treated with Vaseline 
(mouse 1,2,3) and three mice treated with Neosporin (mouse 4,5,6). Samples were stained for filaggrin and IHC images were scanned by the Zeiss 
Axio Scan.Z1 in 20× and a size bar of 100 μm is included.
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10 Allergy, 2026

FIGURE 5    |    Decreased STAT1, STAT3 and STAT6 activation after antibiotic treatment. (A, B) IHC analysis of lesional skin site biopsies obtained 
before (Day 0) and after (Day 60) initiation of antibiotic treatment from two MF patients (A: MF1 and B: MF2). Samples were stained for pY-STAT1, 
pY-STAT3 and pY-STAT6. Images were scanned by the Zeiss Axio Scan.Z1 in 20× and a size bar of 200 μm is included.
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FIGURE 6    |     Legend on next page.
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improved expression of skin barrier proteins in lesional skin in 
three of four investigated CTCL patients. SE-producing S. au-
reus isolated from MF and SS patients stimulated malignant T 
cells to secrete factors that suppressed filaggrin expression in 
keratinocytes in vitro—an effect reversed by antibiotics or S. au-
reus targeting endolysins. Notably, purified SEs fully replicated 
the impact of S. aureus supernatants.

Upon exposure to SEs both malignant and non-malignant CTCL 
cells displayed a cytokine–expression profile resembling that 
seen in skin lesions [26, 30, 48, 67, 68]. Accordingly, we hypothe-
sise that SE-stimulation may replicate (some of) the stimuli that 
malignant T cells encounter in the tumour microenvironment 
in lesional skin. Indeed, although we used an extracutaneous 
source of malignant T cells for the setups, it was highly remark-
able that SEs triggered expression of a series of cytokines, which 
are expressed in skin lesions from CTCL patients. Of notice, 
IL-13, IL-17, IL-22, IFN-γ and OSM (which were all induced by 
SEs) have previously been detected in situ in CTCL skin lesions 
and linked to filaggrin repression in CTCL and/or inflamma-
tory skin diseases. These cytokines, previously linked to JAK/
STAT-mediated filaggrin repression in CTCL and inflammatory 
skin diseases, mirrored the cytokine profile observed in CTCL 
lesions [26, 30, 31, 66–71] and JAK inhibition largely abrogated 
SE-induced repression of filaggrins and loricrin in keratinocytes 
supporting the notion above that S. aureus-derived SEs drive a 
cytokine-mediated, JAK/STAT-dependent repression of filag-
grin and loricrin in CTCL.

In a previous clinical pilot study, antibiotic treatment reduced 
disease activity and the proportion of malignant T cells in situ in 
patients with SE-producing S. aureus colonisation [35]. In four 
patients sampled before (Day 0) and after intensive antibiotic 
treatment (Day 60) [35] (concomitant CTCL-directed treatment 
remained unchanged), three patients (MF1-MF3) showed in-
creased filaggrin, filaggrin-2, and loricrin expression at Day 60, 
alongside with reduced STAT1, STAT3, and/or STAT6 activation 
and decreased cytokine activity (based on upstream pathway 
analysis of gene expression microarray data) [35]. In contrast, 
patient MF4 did not exhibit increased filaggrin/loricrin expres-
sion post-treatment and persistent CD4+ epidermotropic T-cell 
infiltrates were observed, suggesting that malignant T cells 
(independent of S. aureus) may drive filaggrin suppression in 
this patient. Consistently, a previous study reported skin barrier 
defects near CD4+ T-cell infiltrates, even in patients without S. 
aureus colonisation [26]. Moreover, the non-responsive patient 
(MF4) had a higher mSWAT value at Day 0 compared to the re-
sponsive patients (MF1-MF3 patients) indicating a more severe 
disease burden in patient MF4 prior to antibiotic treatment. 

Indeed, at Day 60, the mSWAT value for MF4 was still high 
compared to MF1-MF3. Reversely, STAT3 activity (pY-STAT3) 
increased from Day 0 to Day 60 in MF4 whereas it dropped in 
MF1-MF3. Taken together, these findings suggest that patient 
MF4 displayed a more severe disease burden at start and has 
higher levels of pY-STAT3 after antibiotic treatment, which 
aligns with a continued filaggrin/loricrin deficiency at Day 60.

The improved filaggrin expression following antibiotic treat-
ment in the EL4 tumour mouse model aligned with our prelim-
inary clinical findings supporting our hypothesis that S. aureus 
exacerbates CTCL-driven skin barrier dysfunction. As we ob-
serve inter-individual viability, larger cohorts of SS- and MF-
patients are needed to substantiate this hypothesis and if they 
do, treatment and prevention of S. aureus colonisation could rep-
resent a key adjuvant strategy (together with tumour-targeting 
treatments) to restore skin barrier integrity in CTCL.

In conclusion, we identify a mechanism in which S. aureus 
drives cytokine production leading to skin barrier damage. 
Our findings suggest that eradicating S. aureus reduces SE-
driven inflammation and partially reverses barrier impair-
ment. This supports the existence of a vicious cycle in which 
SE-producing S. aureus amplifies T-cell activation, further 
weakens the barrier, and promotes renewed colonisation. 
Breaking this cycle may require combined strategies targeting 
malignant T cells, the inflammatory microenvironment, and 
selective anti-bacterial approaches.

Author Contributions

Concept and design: M.G., T.B.B., and N.Ø. Acquisition, analysis, or 
interpretation of data: All authors. Drafting of the manuscript: M.G. 
and N.Ø. Critical revision of the manuscript for important intellectual 
content: All authors. Obtained funding: N.Ø. Administrative, technical, 
or material support: M.G., E.P., C.K.V., M.N., Z.Z., L.M.R.G., L.Y., S.A., 
L.M.L., M.B., M.R.K., S.D., S.R.O., E.S., P.R., C.M.B., C.G., A.W., R.L., 
L.I., P.W., T.L., T.B.B., N.Ø. Supervision: T.B.B. and N.Ø.

Acknowledgments

We acknowledge TBC core facilities, namely the Single-Cell Omics 
and Cell Imaging and Cytometry Core Facility, supported by Biocenter 
Finland, for their assistance. This research was funded by LEO 
Foundation through the LEO Foundation Skin Immunology Research 
Center, Dr. Abildgaard Fellowship (LF-FE-23-700015; T.B.B.), the 
Danish Cancer Society (Kræftens Bekæmpelse; C.K.V. and N.Ø.) the 
Fight Cancer Program (Knæk Cancer; R132-A8475; NØ) and dona-
tion from Fabrikant Vilhelm Pedersen og Hustrus Legat (Kræftens 
Bekæmpelse R374-A22434); Novo Nordisk Research Foundation (N.Ø.), 
Novo Nordisk Foundation Tandem Program—NNF210C0066950 in 

FIGURE 6    |    Upstream cytokine signalling decreases after antibiotic treatment. (A) Upstream cytokine pathway analysis based on gene enrich-
ment was studied for the cytokines IL-4, IL-6, IL-13, IL-17, IL-22, IFN-γ, OSM and TNF-α in lesional compared to non-lesional skin samples as well 
as in lesional sites following antibiotic treatment. Transcriptomic data from samples obtained before (Day 0) and after treatment (Day 60) with anti-
biotics from patient MF1 (pink), MF2 (red), MF3 (purple) and MF4 (blue) were studied. The Regulator Analysis in IPA was applied and the activation 
state was predicted as activated for z-score > 2 (activation of upstream cytokine signalling), and predicted as inhibited for z-score < −2. (B) mRNA 
expression analysis of IL-4, IL-13, IL-17 and IL-22 in skin samples from MF3 (purple) and (C) MF4 (blue) using GAPDH as a reference gene. mRNA 
from lesional samples from Day 0 was first compared to NL samples and then mRNA from lesional samples Day 0 were compared to lesional Day 60. 
L, lesional; NL, non-lesional.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70292 by U

niversity of T
urku, W

iley O
nline L

ibrary on [30/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



13Allergy, 2026

the call “Tandem Programme 2021” (N.Ø.), the Danish Council for 
Independent Research (Danmarks Frie Forskningsfond, grant number: 
0134-00385B and grant https://​doi.​org/​10.​46540/​​3165-​00211B; N.Ø.). 
R.L. was funded by Reserach Council of Finland grant 331793 and The 
Sigrid Jusélius Foundation. Role of the funding source: The funding 
source had no influence on the design and conduct of the study; collec-
tion, management, analysis, and interpretation of the data; preparation, 
review, or approval of the manuscript; and decision to submit the man-
uscript for publication.

Funding

This research was funded by LEO Foundation through the LEO 
Foundation Skin Immunology Research Center, Dr. Abildgaard 
Fellowship (LF-FE-23-700015; T.B.B.), the Danish Cancer Society 
(Kræftens Bekæmpelse; C.K.V. and N.Ø.) the Fight Cancer Program 
(Knæk Cancer; R132-A8475; NØ) and donation from Fabrikant Vilhelm 
Pedersen og Hustrus Legat (Kræftens Bekæmpelse R374-A22434); 
Novo Nordisk Research Foundation (N.Ø.), Novo Nordisk Foundation 
Tandem Program—NNF210C0066950 in the call “Tandem Programme 
2021” (N.Ø.), the Danish Council for Independent Research (Danmarks 
Frie Forskningsfond, grant number: 0134-00385B and grant https://​doi.​
org/​10.​46540/​​3165-​00211B; N.Ø.). RL was funded by Reserach Council 
of Finland grant 331793 and The Sigrid Jusélius Foundation. Role of the 
funding source: The funding source had no influence on the design and 
conduct of the study; collection, management, analysis, and interpreta-
tion of the data; preparation, review, or approval of the manuscript; and 
decision to submit the manuscript for publication.

Conflicts of Interest

Niels Ødum has received consulting honoraria from Micreos Human 
Health. Lise Mette Rahbek Gjerdrum has received consulting fees from 
Kyowa Kirin. Thomas Litman is funded by LEO Pharma. The remain-
ing authors declare no conflicts of interest.

Data Availability Statement

Previously published Single-cell RNA-seq data and microarray data are 
available from Gene Expression Omnibus at accesssions GSE284075 
and GSE122934, respectively.

References

1. Y. Pat, D. Yazici, P. D'Avino, et al., “Recent Advances in the Epithelial 
Barrier Theory,” International Immunology 36 (2024): 211–222, https://​
doi.​org/​10.​1093/​intimm/​dxae002.

2. C. A. Akdis, “Does the Epithelial Barrier Hypothesis Explain the In-
crease in Allergy, Autoimmunity and Other Chronic Conditions?,” Na-
ture Reviews. Immunology 21, no. 11 (2021): 739–751, https://​doi.​org/​10.​
1038/​s4157​7-​021-​00538​-​7.

3. N. Sun, I. Ogulur, Y. Mitamura, et al., “The Epithelial Barrier The-
ory and Its Associated Diseases,” Allergy 79, no. 12 (2024): 3192–3237, 
https://​doi.​org/​10.​1111/​all.​16318​.

4. E. Guttman-Yassky, Y. Renert-Yuval, and P. M. Brunner, “Atopic Der-
matitis,” Lancet 405, no. 10478 (2025): 583–596, https://​doi.​org/​10.​1016/​
S0140​-​6736(24)​02519​-​4.

5. N. Stefanovic and A. D. Irvine, “Filaggrin and Beyond,” Annals of Al-
lergy, Asthma & Immunology 132, no. 2 (2024): 187–195, https://​doi.​org/​
10.​1016/j.​anai.​2023.​09.​009.

6. I. Ogulur, Y. Mitamura, D. Yazici, et al., “Type 2 Immunity in Allergic 
Diseases,” Cellular & Molecular Immunology 22, no. 3 (2025): 211–242, 
https://​doi.​org/​10.​1038/​s4142​3-​025-​01261​-​2.

7. Y. Mitamura, M. Reiger, J. Kim, et  al., “Spatial Transcriptomics 
Combined With Single-Cell RNA-Sequencing Unravels the Complex 

Inflammatory Cell Network in Atopic Dermatitis,” Allergy 78, no. 8 
(2023): 2215–2231, https://​doi.​org/​10.​1111/​all.​15781​.

8. A. Sandilands, C. Sutherland, A. D. Irvine, and W. H. I. McLean, 
“Filaggrin in the Frontline: Role in Skin Barrier Function and Disease,” 
Journal of Cell Science 122, no. 9 (2009): 1285–1294, https://​doi.​org/​10.​
1242/​jcs.​033969.

9. V. Pendaries, J. Malaisse, L. Pellerin, et al., “Knockdown of Filaggrin 
in a Three-Dimensional Reconstructed Human Epidermis Impairs Ke-
ratinocyte Differentiation,” Journal of Investigative Dermatology 134, 
no. 12 (2014): 2938–2946, https://​doi.​org/​10.​1038/​jid.​2014.​259.

10. V. Pendaries, M. Le Lamer, L. Cau, et al., “In a Three-Dimensional 
Reconstructed Human Epidermis Filaggrin-2 Is Essential for Proper 
Cornification,” Cell Death & Disease 6, no. 2 (2015): e1656, https://​doi.​
org/​10.​1038/​cddis.​2015.​29.

11. Z. Wu, B. Hansmann, U. Meyer-Hoffert, R. Gläser, and J. M. 
Schröder, “Molecular Identification and Expression Analysis of Filag-
grin-2, a Member of the S100 Fused-Type Protein Family,” PLoS One 4, 
no. 4 (2009): e5227, https://​doi.​org/​10.​1371/​journ​al.​pone.​0005227.

12. S. Kezic, P. M. J. H. Kemperman, E. S. Koster, et  al., “Loss-Of-
Function Mutations in the Filaggrin Gene Lead to Reduced Level of 
Natural Moisturizing Factor in the Stratum Corneum,” Journal of In-
vestigative Dermatology 128, no. 8 (2008): 2117–2119, https://​doi.​org/​10.​
1038/​jid.​2008.​29.

13. M. D. Howell, B. E. Kim, P. Gao, et  al., “Cytokine Modulation of 
Atopic Dermatitis Filaggrin Skin Expression,” Journal of Allergy and 
Clinical Immunology 124, no. 3 (2009): R7–R12, https://​doi.​org/​10.​
1016/j.​jaci.​2009.​07.​012.

14. H. Miajlovic, P. G. Fallon, A. D. Irvine, and T. J. Foster, “Effect of 
Filaggrin Breakdown Products on Growth of and Protein Expression 
by Staphylococcus Aureus,” Journal of Allergy and Clinical Immunol-
ogy 126, no. 6 (2010): 1184–1190.e3, https://​doi.​org/​10.​1016/j.​jaci.​2010.​
09.​015.

15. C. N. A. Palmer, A. D. Irvine, A. Terron-Kwiatkowski, et  al., 
“Common Loss-Of-Function Variants of the Epidermal Barrier Pro-
tein Filaggrin Are a Major Predisposing Factor for Atopic Derma-
titis,” Nature Genetics 38, no. 4 (2006): 441–446, https://​doi.​org/​10.​
1038/​ng1767.

16. P. D'Avino, J. Kim, M. Li, et al., “Distinct Roles of IL-4, IL-13, and IL-
22 in Human Skin Barrier Dysfunction and Atopic Dermatitis,” Allergy 
81 (2025): 480–497, https://​doi.​org/​10.​1111/​all.​70060​.

17. T. Montero-Vilchez, J. A. Rodriguez-Pozo, P. Diaz-Calvillo, et al., 
“Dupilumab Improves Skin Barrier Function in Adults With Atopic 
Dermatitis: A Prospective Observational Study,” Journal of Clini-
cal Medicine 11, no. 12 (2022): 3341, https://​doi.​org/​10.​3390/​jcm11​
123341.

18. R. Dummer, M. H. Vermeer, J. J. Scarisbrick, et al., “Cutaneous T 
Cell Lymphoma,” Nature Reviews. Disease Primers 7, no. 1 (2021): 61, 
https://​doi.​org/​10.​1038/​s4157​2-​021-​00296​-​9.

19. A. C. Hristov, T. Tejasvi, and R. A. Wilcox, “Mycosis Fungoides, 
Sézary Syndrome, and Cutaneous B-Cell Lymphomas: 2025 Update on 
Diagnosis, Risk-Stratification, and Management,” American Journal of 
Hematology 100, no. 9 (2025): 1603–1628, https://​doi.​org/​10.​1002/​ajh.​
27735​.

20. R. Willemze, C. Assaf, M. Bagot, et al., “European Organisation 
for Research and Treatment of Cancer, United States Cutaneous Lym-
phoma Consortium and International Society for Cutaneous Lympho-
mas Consensus Recommendations for Management and Treatment 
of Cutaneous Lymphoproliferative Disorders,” British Journal of Der-
matology 193, no. 6 (2025): 1090–1100, https://​doi.​org/​10.​1093/​bjd/​
ljaf312.

21. R. Li, J. Strobl, E. F. M. Poyner, et al., “Cutaneous T Cell Lymphoma 
Atlas Reveals Malignant TH2 Cells Supported by a B Cell-Rich Tumor 

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70292 by U

niversity of T
urku, W

iley O
nline L

ibrary on [30/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.46540/3165-00211B
https://doi.org/10.46540/3165-00211B
https://doi.org/10.46540/3165-00211B
https://doi.org/10.1093/intimm/dxae002
https://doi.org/10.1093/intimm/dxae002
https://doi.org/10.1038/s41577-021-00538-7
https://doi.org/10.1038/s41577-021-00538-7
https://doi.org/10.1111/all.16318
https://doi.org/10.1016/S0140-6736(24)02519-4
https://doi.org/10.1016/S0140-6736(24)02519-4
https://doi.org/10.1016/j.anai.2023.09.009
https://doi.org/10.1016/j.anai.2023.09.009
https://doi.org/10.1038/s41423-025-01261-2
https://doi.org/10.1111/all.15781
https://doi.org/10.1242/jcs.033969
https://doi.org/10.1242/jcs.033969
https://doi.org/10.1038/jid.2014.259
https://doi.org/10.1038/cddis.2015.29
https://doi.org/10.1038/cddis.2015.29
https://doi.org/10.1371/journal.pone.0005227
https://doi.org/10.1038/jid.2008.29
https://doi.org/10.1038/jid.2008.29
https://doi.org/10.1016/j.jaci.2009.07.012
https://doi.org/10.1016/j.jaci.2009.07.012
https://doi.org/10.1016/j.jaci.2010.09.015
https://doi.org/10.1016/j.jaci.2010.09.015
https://doi.org/10.1038/ng1767
https://doi.org/10.1038/ng1767
https://doi.org/10.1111/all.70060
https://doi.org/10.3390/jcm11123341
https://doi.org/10.3390/jcm11123341
https://doi.org/10.1038/s41572-021-00296-9
https://doi.org/10.1002/ajh.27735
https://doi.org/10.1002/ajh.27735
https://doi.org/10.1093/bjd/ljaf312
https://doi.org/10.1093/bjd/ljaf312


14 Allergy, 2026

Microenvironment,” Nature Immunology 25, no. 12 (2024): 2320–2330, 
https://​doi.​org/​10.​1038/​s4159​0-​024-​02018​-​1.

22. W. Kempf, C. Mitteldorf, L. Cerroni, et al., “Classifications of Cu-
taneous Lymphomas and Lymphoproliferative Disorders: An Update 
From the EORTC Cutaneous Lymphoma Histopathology Group,” Jour-
nal of the European Academy of Dermatology and Venereology 38, no. 8 
(2024): 1491–1503, https://​doi.​org/​10.​1111/​jdv.​19987​.

23. S. Melchers, M. Roemer, J. D. Albrecht, et al., “Evaluation of Sézary 
Cell Marker Expression and Cell Death Behaviour Upon In Vitro Treat-
ment by Flow Cytometry in Sézary Syndrome Patients,” Experimental 
Dermatology 33, no. 9 (2024): e15171, https://​doi.​org/​10.​1111/​exd.​15171​.

24. P. M. Brunner, R. O. Emerson, C. Tipton, et al., “Nonlesional Atopic 
Dermatitis Skin Shares Similar T-Cell Clones With Lesional Tissues,” 
Allergy 72, no. 12 (2017): 2017–2025, https://​doi.​org/​10.​1111/​all.​13223​.

25. B. Roediger and C. Schlapbach, “T Cells in the Skin: Lymphoma 
and Inflammatory Skin Disease,” Journal of Allergy and Clinical Immu-
nology 149, no. 4 (2022): 1172–1184, https://​doi.​org/​10.​1016/j.​jaci.​2022.​
02.​015.

26. M. Gluud, E. M. H. Pallesen, T. B. Buus, et al., “Malignant T Cells 
Induce Skin Barrier Defects Through Cytokine-Mediated JAK/STAT 
Signaling in Cutaneous T-Cell Lymphoma,” Blood 141, no. 2 (2023): 
180–193, https://​doi.​org/​10.​1182/​blood.​20220​16690​.

27. H. Suga, M. Sugaya, T. Miyagaki, et al., “Skin Barrier Dysfunction 
and Low Antimicrobial Peptide Expression in Cutaneous T-Cell Lym-
phoma,” Clinical Cancer Research 20, no. 16 (2014): 4339–4348, https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​14-​0077.

28. C. Thode, A. Woetmann, H. H. Wandall, et al., “Malignant T Cells 
Secrete Galectins and Induce Epidermal Hyperproliferation and Disor-
ganized Stratification in a Skin Model of Cutaneous T-Cell Lymphoma,” 
Journal of Investigative Dermatology 135, no. 1 (2015): 238–246, https://​
doi.​org/​10.​1038/​jid.​2014.​284.

29. E. Guenova, R. Watanabe, J. E. Teague, et al., “TH2 Cytokines From 
Malignant Cells Suppress TH1 Responses and Enforce a Global TH2 
Bias in Leukemic Cutaneous T-Cell Lymphoma,” Clinical Cancer Re-
search 19, no. 14 (2013): 3755–3763, https://​doi.​org/​10.​1158/​1078-​0432.​
CCR-​12-​3488.

30. B. R. Vowels, S. R. Lessin, M. Cassin, et al., “Th2 Cytokine mRNA 
Expression in Skin in Cutaneous T-Cell Lymphoma,” Journal of Investi-
gative Dermatology 103, no. 5 (1994): 669–673.

31. T. Krejsgaard, L. M. Lindahl, N. P. Mongan, et al., “Malignant In-
flammation in Cutaneous T-Cell Lymphoma—A Hostile Takeover,” 
Seminars in Immunopathology 39, no. 3 (2017): 269–282, https://​doi.​org/​
10.​1007/​s0028​1-​016-​0594-​9.

32. L. E. Posner, B. E. Fossieck, J. L. Eddy, and P. A. Bunn, “Septicemic 
Complications of the Cutaneous T-Cell Lymphomas,” American Journal 
of Medicine 71, no. 2 (1981): 210–216.

33. P. I. Axelrod, B. Lorber, and E. C. Vonderheid, “Infections Compli-
cating Mycosis Fungoides and Sézary Syndrome,” Journal of the Ameri-
can Medical Association 267, no. 10 (1992): 1354–1358.

34. R. Talpur, R. Bassett, and M. Duvic, “Prevalence and Treatment of 
Staphylococcus Aureus Colonization in Patients With Mycosis Fungoi-
des and Sézary Syndrome,” British Journal of Dermatology 159, no. 1 
(2008): 105–112, https://​doi.​org/​10.​1111/j.​1365-​2133.​2008.​08612.​x.

35. L. M. Lindahl, A. Willerslev-Olsen, L. M. R. Gjerdrum, et al., “An-
tibiotics Inhibit Tumor and Disease Activity in Cutaneous T-Cell Lym-
phoma,” Blood 134, no. 13 (2019): 1072–1083, https://​doi.​org/​10.​1182/​
blood.​20188​88107​.

36. P. Licht, N. Dominelli, J. Kleemann, et al., “The Skin Microbiome 
Stratifies Patients With Cutaneous T Cell Lymphoma and Determines 
Event-Free Survival,” NPJ Biofilms and Microbiomes 10, no. 1 (2024): 74, 
https://​doi.​org/​10.​1038/​s4152​2-​024-​00542​-​4.

37. P. B. Allen, J. Switchenko, A. Ayers, E. Kim, and M. J. Lechowicz, 
“Risk of Bacteremia in Patients With Cutaneous T-Cell Lymphoma 
(CTCL),” Leukemia & Lymphoma 61, no. 11 (2020): 2652–2658, https://​
doi.​org/​10.​1080/​10428​194.​2020.​1779259.

38. P. Allen, E. Kim, A. Ayers, and M. J. Lechowicz, “Mortality and Risk 
Factors for Bacteremia in Patients With Cutaneous T-Cell Lymphoma 
(CTCL) at Emory University,” Blood 134 (2019): 4043-4043, https://​doi.​
org/​10.​1182/​blood​-​2019-​131626.

39. D. A. Emge, R. L. Bassett, M. Duvic, and A. O. Huen, “Methicillin-
Resistant Staphylococcus Aureus (MRSA) is an Important Pathogen 
in Erythrodermic Cutaneous T-Cell Lymphoma (CTCL) Patients,” Ar-
chives of Dermatological Research 312, no. 4 (2020): 283–288, https://​doi.​
org/​10.​1007/​s0040​3-​019-​02015​-​7.

40. C. M. Olesen, S. M. Edslev, G. N. Aasbjerg, Y. T. Yüksel, T. Agner, 
and M. R. Kamstrup, “Subtype Specific Alterations in the Skin Micro-
biome of Patients With Cutaneous T-Cell Lymphoma,” Journal of Inves-
tigative Dermatology 145, no. 8 (2025): 2102–2105.e5, https://​doi.​org/​10.​
1016/j.​jid.​2025.​01.​009.

41. Y. Zhang, L. Seminario-Vidal, L. Cohen, et al., “Alterations in the 
Skin Microbiota Are Associated With Symptom Severity in Mycosis 
Fungoides,” Frontiers in Cellular and Infection Microbiology 12 (2022): 
850509, https://​doi.​org/​10.​3389/​fcimb.​2022.​850509.

42. E. Lebas, P. Collins, J. Somja, and A. F. Nikkels, “Causes of Death in 
Cutaneous T-Cell Lymphoma Patients,” Dermatology 239, no. 6 (2023): 
860–867, https://​doi.​org/​10.​1159/​00053​1979.

43. X. Liu, J. Sun, Y. Gao, et al., “Characteristics of Staphylococcus Au-
reus Colonization in Cutaneous T-Cell Lymphoma,” Journal of Investi-
gative Dermatology 144, no. 1 (2024): 188–191, https://​doi.​org/​10.​1016/j.​
jid.​2023.​06.​205.

44. R. Blaizot, E. Ouattara, A. Fauconneau, M. Beylot-Barry, and A. 
Pham-Ledard, “Infectious Events and Associated Risk Factors in Myco-
sis Fungoides/Sézary Syndrome: A Retrospective Cohort Study,” British 
Journal of Dermatology 179, no. 6 (2018): 1322–1328, https://​doi.​org/​10.​
1111/​bjd.​17073​.

45. L. Shea, M. Narkhede, K. Chamarti, T. Gao, A. Mehta, and G. Goyal, 
“Overall and Cause-Specific Mortality Among Patients With Cutaneous 
T-Cell Lymphoma in the United States,” eJHaem 6, no. 2 (2025): e1099, 
https://​doi.​org/​10.​1002/​jha2.​1099.

46. N. Odum, L. M. Lindahl, M. Wod, et al., “Investigating Heredity in 
Cutaneous T-Cell Lymphoma in a Unique Cohort of Danish Twins,” 
Blood Cancer Journal 7, no. 1 (2017): e517, https://​doi.​org/​10.​1038/​bcj.​
2016.​128.

47. M. H. Fanok, A. Sun, L. K. Fogli, et al., “Role of Dysregulated Cy-
tokine Signaling and Bacterial Triggers in the Pathogenesis of Cutane-
ous T-Cell Lymphoma,” Journal of Investigative Dermatology 138, no. 5 
(2018): 1116–1125, https://​doi.​org/​10.​1016/j.​jid.​2017.​10.​028.

48. A. Willerslev-Olsen, T. Krejsgaard, L. M. Lindahl, et al., “Staphylo-
coccus Aureus Enterotoxin A (SEA) Stimulates STAT3 Activation and 
IL-17 Expression in Cutaneous T-Cell Lymphoma,” Blood 127, no. 10 
(2016): 1287–1296, https://​doi.​org/​10.​1182/​blood​-​2015-​08-​662353.

49. C. A. Tegla, A. M. Herrera, A. M. Seffens, et al., “Skin Associated 
Staphylococcus Aureus Contributes to Disease Progression in CTCL,” 
Blood 134 (2019): 659-659, https://​doi.​org/​10.​1182/​blood​-​2019-​131917.

50. E. Blümel, A. Willerslev-Olsen, M. Gluud, et  al., “Staphylococcal 
Alpha-Toxin Tilts the Balance Between Malignant and Non-Malignant 
CD4+ T Cells in Cutaneous T-Cell Lymphoma,” Oncoimmunology 8, no. 
11 (2019): e1641387, https://​doi.​org/​10.​1080/​21624​02X.​2019.​1641387.

51. S. Dey, P. A. Vieyra-Garcia, A. A. Joshi, S. Trajanoski, and P. Wolf, 
“Modulation of the Skin Microbiome in Cutaneous T-Cell Lymphoma 
Delays Tumour Growth and Increases Survival in the Murine EL4 
Model,” Frontiers in Immunology 15 (2024): 1255859, https://​doi.​org/​10.​
3389/​fimmu.​2024.​1255859.

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70292 by U

niversity of T
urku, W

iley O
nline L

ibrary on [30/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41590-024-02018-1
https://doi.org/10.1111/jdv.19987
https://doi.org/10.1111/exd.15171
https://doi.org/10.1111/all.13223
https://doi.org/10.1016/j.jaci.2022.02.015
https://doi.org/10.1016/j.jaci.2022.02.015
https://doi.org/10.1182/blood.2022016690
https://doi.org/10.1158/1078-0432.CCR-14-0077
https://doi.org/10.1158/1078-0432.CCR-14-0077
https://doi.org/10.1038/jid.2014.284
https://doi.org/10.1038/jid.2014.284
https://doi.org/10.1158/1078-0432.CCR-12-3488
https://doi.org/10.1158/1078-0432.CCR-12-3488
https://doi.org/10.1007/s00281-016-0594-9
https://doi.org/10.1007/s00281-016-0594-9
https://doi.org/10.1111/j.1365-2133.2008.08612.x
https://doi.org/10.1182/blood.2018888107
https://doi.org/10.1182/blood.2018888107
https://doi.org/10.1038/s41522-024-00542-4
https://doi.org/10.1080/10428194.2020.1779259
https://doi.org/10.1080/10428194.2020.1779259
https://doi.org/10.1182/blood-2019-131626
https://doi.org/10.1182/blood-2019-131626
https://doi.org/10.1007/s00403-019-02015-7
https://doi.org/10.1007/s00403-019-02015-7
https://doi.org/10.1016/j.jid.2025.01.009
https://doi.org/10.1016/j.jid.2025.01.009
https://doi.org/10.3389/fcimb.2022.850509
https://doi.org/10.1159/000531979
https://doi.org/10.1016/j.jid.2023.06.205
https://doi.org/10.1016/j.jid.2023.06.205
https://doi.org/10.1111/bjd.17073
https://doi.org/10.1111/bjd.17073
https://doi.org/10.1002/jha2.1099
https://doi.org/10.1038/bcj.2016.128
https://doi.org/10.1038/bcj.2016.128
https://doi.org/10.1016/j.jid.2017.10.028
https://doi.org/10.1182/blood-2015-08-662353
https://doi.org/10.1182/blood-2019-131917
https://doi.org/10.1080/2162402X.2019.1641387
https://doi.org/10.3389/fimmu.2024.1255859
https://doi.org/10.3389/fimmu.2024.1255859


15Allergy, 2026

52. Y. Pang, Z. O. Thomas, L. D. Ayanruoh, et  al., “Skin Microbiota 
Differs Between Black and White Patients With Cutaneous T-Cell Lym-
phoma,” Journal of the American Academy of Dermatology 93, no. 6 
(2025): 1623–1626, https://​doi.​org/​10.​1016/j.​jaad.​2025.​08.​049.

53. E. M. H. Pallesen, M. Gluud, C. K. Vadivel, et  al., “Endolysin In-
hibits Skin Colonization by Patient-Derived Staphylococcus Aureus and 
Malignant T-Cell Activation in Cutaneous T-Cell Lymphoma,” Journal 
of Investigative Dermatology Published online March 143 (2023): 1757–
1768.e3, https://​doi.​org/​10.​1016/j.​jid.​2023.​01.​039.

54. P. Strange, “Staphylococcal Enterotoxin B Applied on Intact Nor-
mal and Intact Atopic Skin Induces Dermatitis,” Archives of Dermatol-
ogy 132, no. 1 (1996): 27, https://​doi.​org/​10.​1001/​archd​erm.​1996.​03890​
25003​7007.

55. B. Woods, S. H. Kilgore, M. Nikiciuk, et al., “Skin Levels of Toxic 
Shock Syndrome Toxin-1 Predict the Severity of Atopic Dermatitis,” 
Journal of Allergy and Clinical Immunology 156, no. 2 (2025): 480–482, 
https://​doi.​org/​10.​1016/j.​jaci.​2025.​05.​018.

56. T. B. Buus, C. K. Vadivel, M. Gluud, et  al., “Divergent Evolution 
of Malignant Subclones Maintains a Balance Between Induced Ag-
gressiveness and Intrinsic Drug Resistance in T Cell Cancer,” Cancer 
Discovery 15 (2025): 2036–2053, https://​doi.​org/​10.​1158/​2159-​8290.​
CD-​24-​1856.

57. C. K. Vadivel, A. Willerslev-Olsen, M. R. J. Namini, et al., “Staphylo-
coccus aureus Induces Drug Resistance in Cancer T Cells in Sézary Syn-
drome,” Blood 143, no. 15 (2024): 1496–1512, https://​doi.​org/​10.​1182/​
blood.​20230​21671​.

58. N. J. Bernstein, N. L. Fong, I. Lam, M. A. Roy, D. G. Hendrickson, 
and D. R. Kelley, “Solo: Doublet Identification in Single-Cell RNA-Seq 
via Semi-Supervised Deep Learning,” Cell Systems 11, no. 1 (2020): 95–
101.e5, https://​doi.​org/​10.​1016/j.​cels.​2020.​05.​010.

59. P. L. Germain, A. Lun, C. Garcia Meixide, W. Macnair, and M. D. 
Robinson, “Doublet Identification in Single-Cell Sequencing Data 
Using scDblFinder,” F1000Res 10 (2022): 979, https://​doi.​org/​10.​12688/​​
f1000​resea​rch.​73600.​2.

60. A. Gayoso, Z. Steier, R. Lopez, et al., “Joint Probabilistic Modeling of 
Single-Cell Multi-Omic Data With TotalVI,” Nature Methods 18, no. 3 
(2021): 272–282, https://​doi.​org/​10.​1038/​s4159​2-​020-​01050​-​x.

61. A. Herrera, A. Cheng, E. P. Mimitou, et al., “Multimodal Single-Cell 
Analysis of Cutaneous T-Cell Lymphoma Reveals Distinct Subclonal 
Tissue-Dependent Signatures,” Blood 138, no. 16 (2021): 1456–1464, 
https://​doi.​org/​10.​1182/​blood.​20200​09346​.

62. A. Willerslev-Olsen, T. Krejsgaard, L. M. Lindahl, et al., “Bacterial 
Toxins Fuel Disease Progression in Cutaneous T-Cell Lymphoma,” 
Toxins (Basel) 5, no. 8 (2013): 1402–1421, https://​doi.​org/​10.​3390/​toxin​
s5081402.

63. C. Roehrig, M. Huemer, D. Lorgé, et  al., “MEndoB, a Chimeric 
Lysin Featuring a Novel Domain Architecture and Superior Activity 
for the Treatment of Staphylococcal Infections,” MBio 15, no. 2 (2024): 
e02540-23, https://​doi.​org/​10.​1128/​mbio.​02540​-​23.

64. T. B. Buus, A. Willerslev-Olsen, S. Fredholm, et  al., “Single-Cell 
Heterogeneity in Sézary Syndrome,” Blood Advances 2, no. 16 (2018): 
2115–2126, https://​doi.​org/​10.​1182/​blood​advan​ces.​20180​22608​.

65. A. M. Gaydosik, T. Tabib, L. J. Geskin, et al., “Single-Cell Lympho-
cyte Heterogeneity in Advanced Cutaneous T-Cell Lymphoma Skin Tu-
mors,” Clinical Cancer Research 25, no. 14 (2019): 4443–4454, https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​19-​0148.

66. K. Hänel, C. Cornelissen, B. Lüscher, and J. Baron, “Cytokines and 
the Skin Barrier,” International Journal of Molecular Sciences 14, no. 4 
(2013): 6720–6745, https://​doi.​org/​10.​3390/​ijms1​4046720.

67. T. Miyagaki, M. Sugaya, H. Suga, et al., “IL-22, but Not IL-17, Dom-
inant Environment in Cutaneous T-Cell Lymphoma,” Clinical Cancer 

Research 17, no. 24 (2011): 7529–7538, https://​doi.​org/​10.​1158/​1078-​
0432.​CCR-​11-​1192.

68. A. Guglielmo, C. Zengarini, C. Agostinelli, G. Motta, E. Sabattini, 
and A. Pileri, “The Role of Cytokines in Cutaneous T Cell Lymphoma: 
A Focus on the State of the Art and Possible Therapeutic Targets,” Cells 
13, no. 7 (2024): 584, https://​doi.​org/​10.​3390/​cells​13070584.

69. A. Willerslev-Olsen, I. V. Litvinov, S. M. Fredholm, et al., “IL-15 and 
IL-17F Are Differentially Regulated and Expressed in Mycosis Fun-
goides (MF),” Cell Cycle 13, no. 8 (2014): 1306–1312, https://​doi.​org/​10.​
4161/​cc.​28256​.

70. L. J. Geskin, S. Viragova, D. B. Stolz, and P. Fuschiotti, “Interleu-
kin-13 Is Overexpressed in Cutaneous T-Cell Lymphoma Cells and Reg-
ulates Their Proliferation,” Blood 125, no. 18 (2015): 2798–2805, https://​
doi.​org/​10.​1182/​blood​-​2014-​07-​590398.

71. S. E. Packer and P. M. Brunner, “Janus Kinase Inhibitors – A Role for 
the Treatment of Cutaneous T-Cell Lymphomas?,” Oncology Reviews 19 
(2025): 1482866, https://​doi.​org/​10.​3389/​or.​2025.​1482866.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: all70292-sup-0001-Supinfo.
pdf. 

 13989995, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/all.70292 by U

niversity of T
urku, W

iley O
nline L

ibrary on [30/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jaad.2025.08.049
https://doi.org/10.1016/j.jid.2023.01.039
https://doi.org/10.1001/archderm.1996.03890250037007
https://doi.org/10.1001/archderm.1996.03890250037007
https://doi.org/10.1016/j.jaci.2025.05.018
https://doi.org/10.1158/2159-8290.CD-24-1856
https://doi.org/10.1158/2159-8290.CD-24-1856
https://doi.org/10.1182/blood.2023021671
https://doi.org/10.1182/blood.2023021671
https://doi.org/10.1016/j.cels.2020.05.010
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.12688/f1000research.73600.2
https://doi.org/10.1038/s41592-020-01050-x
https://doi.org/10.1182/blood.2020009346
https://doi.org/10.3390/toxins5081402
https://doi.org/10.3390/toxins5081402
https://doi.org/10.1128/mbio.02540-23
https://doi.org/10.1182/bloodadvances.2018022608
https://doi.org/10.1158/1078-0432.CCR-19-0148
https://doi.org/10.1158/1078-0432.CCR-19-0148
https://doi.org/10.3390/ijms14046720
https://doi.org/10.1158/1078-0432.CCR-11-1192
https://doi.org/10.1158/1078-0432.CCR-11-1192
https://doi.org/10.3390/cells13070584
https://doi.org/10.4161/cc.28256
https://doi.org/10.4161/cc.28256
https://doi.org/10.1182/blood-2014-07-590398
https://doi.org/10.1182/blood-2014-07-590398
https://doi.org/10.3389/or.2025.1482866

	Staphylococcus aureus Augments Epithelial Skin Barrier Damage Through T Cell Activation in Cutaneous T Cell Lymphoma
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Staphylococcus aureus Cultures
	2.2   |   Patient Material
	2.3   |   Peripheral Blood Mononuclear Cell (PBMC) Culturing and Flow Cytometry Analysis
	2.4   |   Normal Human Epidermal Keratinocytes (NHEK)
	2.5   |   ELA-4 Murine Model
	2.6   |   Quantitative Reverse Transcription PCR (RT-qPCR)
	2.7   |   Cytokine Analysis
	2.8   |   Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-Seq)
	2.9   |   Immunohistochemistry (IHC)
	2.10   |   Imaging Mass Cytometry (Hyperion)
	2.11   |   Ingenuity Pathway Analysis (IPA) of Cytokine Signalling
	2.12   |   Statistics

	3   |   Results
	3.1   |   S. aureus- and SE- Stimulated CTCL Cells Repress Filaggrin Expression in Keratinocytes In Vitro
	3.2   |   JAK Inhibition Largely Abrogated SE-Induced Repression of Filaggrins in Keratinocytes
	3.3   |   SEs Induce Expression of Filaggrin-Repressing Cytokines in CTCL Cells
	3.4   |   Improvement of Filaggrin and Loricrin Expression in Skin Lesions Following Antibiotic Treatment of CTCL Patients
	3.5   |   The Presence of Immune Infiltrates Correlates With Reduced Expression of Filaggrin
	3.6   |   Antibiotic Treatment Improves Filaggrin Expression in the Murine EL4 T Cell Lymphoma Model
	3.7   |   Decreased STAT1, STAT3 and STAT6 Activation After Antibiotic Treatment
	3.8   |   Upstream Cytokine Signalling Decreases After Antibiotic Treatment

	4   |   Discussion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


