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Abstract

Background Hidradenitis suppurativa (HS) is a chronic, inflammatory disease of the apocrine gland-rich (AGR) skin
region. The initial steps of disease development are not fully understood, despite intense investigations into immune
alterations in lesional HS skin.

Objectives We aimed to systematically investigate the inflammatory molecules involved in three stages of HS patho-
genesis, including healthy AGR, non-lesional HS and lesional HS skin, with the parallel application of multiple mRNA and
protein-based methods.

Methods Immune cell counts (T cells, dendritic cells, macrophages), Th1/Th17-related molecules (IL-12B, TBX21,
IFNG, TNFA, IL-17, IL10, IL-23A, TGFB1, RORC, CCL20), keratinocyte-related sensors (TLR2,4), mediators (S100A7,
S100A8, S100A9, DEFB4B, LCN2, CAMP, CCL2) and pro-inflammatory molecules (IL1B, IL6, TNFA, IL-23A) were inves-
tigated in the three groups by RNASeq, RT-gPCR, immunohistochemistry and immunofluorescence.

Results Epidermal changes were already detectable in non-lesional HS skin; the epidermal occurrence of antimicrobial
peptides (AMPs), IL-18, TNF-o and IL-23 was highly upregulated compared with healthy AGR skin. In lesional HS epider-
mis, TNF-o and IL-1p expression remained at high levels while AMPs and IL-23 increased even more compared with
non-lesional skin. In the dermis of non-lesional HS skin, signs of inflammation were barely detectable (vs. AGR), while in
the lesional dermis, the number of inflammatory cells and Th1/Th17-related mediators were significantly elevated.
Conclusions Our findings that non-lesional HS epidermal keratinocytes produce not only AMPs and IL-1f but also
high levels of TNF-a and IL-23 confirm the driver role of keratinocytes in HS pathogenesis and highlight the possible role
of keratinocytes in the transformation of non-inflammatory Th17 cells (of healthy AGR skin) into inflammatory cells (of
HS) via the production of these mediators. The fact that epidermal TNF-a and IL-23 appear also in non-lesional HS
seems to prove these cytokines as excellent therapeutic targets.

Received: 6 July 2021; Accepted: 2 September 2021

Conflict of interest

Regarding the submitted work the authors state no conflict of interest. CCZ reports personal fees from Idorsia, Incyte,
Inflarx, Janssen, Novartis, Regeneron and UCB outside the submitted work. His departments have received grants from
AbbVie, Inflarx, Novartis and UCB for his contribution as a clinical investigator.

Z. Dajnoki and O. Somogyi contributed equally to this work.
A. Kapitany and A. Szegedi contributed equally to this work.

JEADV 2021 © 2021 The Authors. Journal of the European Academy of Dermatology and Venereology published by John Wiley & Sons Ltd
on behalf of European Academy of Dermatology and Venereology

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.


https://orcid.org/0000-0002-7787-1002
https://orcid.org/0000-0002-7787-1002
https://orcid.org/0000-0002-7787-1002
https://orcid.org/0000-0003-1646-2608
https://orcid.org/0000-0003-1646-2608
https://orcid.org/0000-0003-1646-2608
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjdv.17779&domain=pdf&date_stamp=2021-11-26

Dajnoki et al.

Funding sources

The study received funding from Hungarian Research Grants (NKFIH K-128250 and NKFIH PD-131689), EFOP-3.6.1-16-
2016-00022 project, Janos Bolyai Research Scholarship of the Hungarian Academy of Sciences and UNKP-20-5 New
National Excellence Program of the Ministry for Innovation and Technology.

Introduction

Hidradenitis suppurativa (HS) is a chronic inflammatory, debili-
tating skin disease characteristically localized to the apocrine
gland-rich (AGR) skin regions. Although the immune pheno-
type of lesional HS skin is relatively well-characterized, little is
known about the initial drivers of inflammation during the
development of the disease.' ® Growing evidence suggests that
healthy-looking, non-lesional skin represents an intermediate
stage between healthy skin and lesional skin of patients with
immune-mediated skin diseases (e.g. psoriasis).” Non-lesional
skin displays a prediseased phenotype and provides a tissue envi-
ronment to support disease manifestation.>® The same interme-
diate stage may occur in HS, as a subclinical inflammatory state
was observed before the formation of active lesions.'® To dem-
onstrate alterations that drive disease pathogenesis, we com-
pared the immune characteristics of 3 sample groups: healthy
AGR skin, asymptomatic non-lesional HS skin (representing
subclinical inflammation during HS development) and lesional
HS skin.

In our previous study, differences between healthy AGR and
lesional HS samples have been determined and 34 immune-
related cellular components and molecules were significantly
upregulated in lesional HS samples. The majority of differen-
tially expressed molecules were linked to T helper (Th)1/Th17
signalling pathways.' In another study, we detected 16 HS
markers, including proteins associated with interleukin (IL)-17
signalling, antimicrobial peptides (AMPs), S100 calcium binding
proteins S100A8 and S100A9, and serpin 3 and 4, with follicular
upregulation in HS-involved skin.'!

In the current study, occurrences of the immune alterations
were investigated in healthy AGR, non-lesional HS and lesional
HS samples (Table 1). We focused on those cellular components,
keratinocyte (KC)-related mediators and sensors, and Th1/Th17-
related mediators and transcription factors that were found signif-
icantly different earlier between healthy AGR and lesional HS
samples (Table 2).' The number of CD4™ T cells, CD11¢™ myeloid
dendritic cells (DCs) and CD163" macrophages and the expres-
sion of dermal Th1/Thl7-related molecules, KC-related factors,
pro-inflammatory molecules and chemokines were investigated
by RNASeq, quantitative real-time PCR (RT-qPCR), as well as
immunohistochemistry (IHC) and immunofluorescent staining
(IF) to detect precise localization too.

To date, a comprehensive study investigating the above-
mentioned series of molecules in the three stages of HS patho-
genesis (healthy AGR, non-lesional HS and lesional HS skin)
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with the parallel application of multiple mRNA and in situ
protein-based methods has not been reported.

Materials and methods

Skin biopsies

Skin biopsies were collected from normal skin of 8 healthy indi-
viduals (samples from axillary region representing AGR) and
from lesional and perilesional skin of 10 patients with HS, after
obtaining written, informed consent, according to the Declara-
tion of Helsinki principles (Table 1). The study was approved by
the local ethics committee of the University of Debrecen, Hun-
gary. Lesional HS skin was harvested from a nodule localized in
a Hurley stage II area with no visible sinus/fistulae formation, as
epithelial tunnels can be a source of inflammatory mediators

Table 1 Characteristics of skin samples from apocrine gland-rich
(AGR) skin regions of healthy individuals and hidradenitis suppura-
tiva (HS) patients

Healthy individuals (n = 8)

Healthy Sex Age Localization
individuals

AGR1 F 48 Axilla

AGR2 F 60 Axilla

AGR3 F 38 Axilla

AGR4 F 45 Axilla

AGR5 F 55 Axilla

AGR6 F 57 Axilla

AGR7 F 41 Axilla

AGR8 F 60 Axilla

Median 51.5

age (IQR) (42-59.25)

HS Sex Age Localization Modified
individuals sartorius
HS1 F 29 Axilla 28
HS2 F 25 Axilla 35
HS3 M 30 Axilla 30
HS4 M 26 Axilla 17
HS5 M 16 Axilla 23
HS6 F 20 Axilla 16
HS7 M 31 Axilla 28
HS8 M 43 Axilla 45
HS9 F 22 Axilla 18
HS10 F 33 Axilla 18
Median age 27.5

(IQR) (21.5-31.5)
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causing tissue heterogeneity.'>'* Clinically unaffected, normal-
appearing perilesional skin was obtained at least 5 cm away from
lesions. HS patients were included in the study according to the
following criteria: individuals (over 18 years) with clinically diag-
nosed moderate-to-severe HS with at least 6 months of disease
duration. All patients were biological therapy naive before skin
biopsy, and any previous conventional systemic therapies were
discontinued for 4 weeks while topical treatments were discon-
tinued for 4 days before skin biopsy. One part of each biopsy was
stored in RNAlater (Qiagen, Hilden, Germany) at —70°C until
RNA isolation for RT-PCR, another part of the biopsies was
formalin-fixed, paraffin-embedded and used for IHC and IF.

RNA isolation, reverse transcription

All samples were homogenized in TriReagent solution (Sigma-
Aldrich, Dorset, UK) with Tissue Lyser (QIAGEN) using previ-
ously autoclaved metal beads (QIAGEN). Total RNA was isolated
from the biopsies. RNA concentrations and purities were measured
using a NanoDrop spectrophotometer (Thermo Scientific, Biosci-
ence, Budapest, Hungary). RNA quality was checked using an Agi-
lent 2100 Bioanalyser. Samples were treated with DNase I (Applied
Biosystems, Foster City, CA, USA). RNA was reverse transcribed
into complementary DNA (cDNA) using the High Capacity cDNA
Archive Kit (Invitrogen, Life Technologies, San Francisco, CA,
USA), according to the manufacturer’s instructions.

RNASeq

Normalization and export of whole transcriptomic data were
performed as described previously.'* The matrix data containing
the expression levels of the study target molecules were collected
manually. A heatmap was generated using Morpheus (Mor-
pheus, https://software.broadinstitute.org/morpheus).

Real-time quantitative PCR
qRT-PCR measurements were carried out in triplicate using pre-
designed FAM-MGB assays and TagMan®
Master Mix ordered from Applied Biosystems (Life Technolo-
gies). The following oligo sets were used: PPIA (Hs99999904_
ml), IL17A (Hs00174383_m1), IL10 (Hs00174086_m1), IL1B
(Hs00174097_m1), CD83 (Hs00188486_m1), IL6 (Hs00985639_
m1), TGFB1 (Hs00171257_m1), RORC (Hs01076112_m1), IL-
12B  (Hs01011518_m1), TBX21 (Hs00203436_m1), TNFA
(Hs00174128_m1), IL-23A (Hs00900829_g1), CCL2 (Hs00234140_
ml), CCL20 (Hs00355476_m1), SI00A7 (Hs00161488_m1), SI00A8
(Hs00374264_g1), S1I00A9 (Hs00610058_m1), DEFB4B (hBD-2)
(Hs00175474_m1), LCN2 (Hs01008571_m1), CAMP(LL-37)
(Hs00189038_m1), TLR2 (Hs01872448 s1), TLR4 (Hs00152939_
m1l) and IFNy (Hs00174143_m1). All reactions were performed
with a LightCycler® 480 System (Roche, Basel, Switzerland).
Relative mRNA levels were calculated using either the com-

Gene Expression

parative Ct method or based on a standard curve and normal-
ized to the expression of PPTA mRNA.
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Immunohistochemistry

For IHC analyses, freshly prepared formalin-fixed paraffin-
embedded (FFPE) sections from HS patients and healthy control
skins were used. After deparaffinizing and rehydrating the samples,
endogenous peroxidase activity was eliminated with 3% H2O2 for
15min. Subsequently, heat-induced antigen retrieval was per-
formed. After blocking in 1% bovine serum albumin (BSA) solu-
tion, sections were incubated with primary antibodies overnight at
4°C. Primary antibodies included human IL-17 (rabbit polyclonal
IgG [bs-2140R]: Bioss Antibodies, Woburn, MA, USA), human
IFN-vy (rabbit polyclonal [NBP1-19761]: Novus Biologicals, Cen-
tennial, CO, USA), human CCL2/MCP1 (mouse monoclonal IgG1
[NBP2-22115]: Novus Biologicals), human CCL20/MIP-3-a (rab-
bit polyclonal IgG [ab9829] Abcam, Cambridge, UK), human
S100A8 (rabbit polyclonal IgG [HPA024372]: Sigma-Aldrich,
Budapest, Hungary), human lipocalin/NGAL (rabbit polyclonal
IgG [PA5-32476]: Invitrogen, Carlsbad, CA, USA), human TNF-o
(mouse monoclonal IgG [SAB1404480-100UG]: Sigma-Aldrich),
human CD4 (rabbit monoclonal IgG [ab133616]: Abcam), human
CDllc (rabbit monoclonal IgG [ab52632]: Abcam), human
CD163 (mouse monoclonal IgG [BM4041B]: Origene, Rockville,
MD, USA), human IL-10 (mouse monoclonal IgG [mab30207]:
Covalab, Bron, France), IL-1B (rabbit polyclonal IgG [ab9722]:
Abcam), IL-6 (mouse polyclonal IgG [SAB1400139-50UG]:
Sigma-Aldrich), IL-23 (rabbit polyclonal IgG [PA5-20239]:
Thermo Fisher Scientific, Waltham, MA, USA), TGFB-1 (mouse
monoclonal IgG [MA1-34093]: Invitrogen), IL-12 (mouse mono-
clonal IgG [CF808081]: Origene) and beta 2 defensin (rabbit, poly-
clonal IgG [ab63982]: Abcam). Subsequently, anti-mouse/rabbit
HRP-conjugated secondary antibodies (Dako, Santa Clara, CA,
USA) were employed. Before and after incubating with antibodies,
samples were washed 3 times with TBST for 5 min. Signals were
detected with the Vector® ImmPACT™ NovaRED™ Kit (VEC-
TOR Laboratories, Burlingame, CA, USA). The background was
stained with methylene green. The detection of each protein was
carried out on all sections in parallel to evaluate comparable pro-
tein levels. Positive, Ig and isotype controls were also used to nor-
malize staining against all proteins. Protein levels were quantified
by Pannoramic Viewer as previously described."

Immunofluorescent staining

Immunofluorescent staining was performed similarly on FFPE
sections as described in the immunohistochemistry section till
the time point of the application of secondary antibodies. After
incubating with primary antibodies against TNF-o and IL-23,
Alexa FluorTM 555 goat anti-mouse IgG (H+L) and Alexa
FluorTM 488 goat anti-rabbit IgG (H + L) secondary antibodies
were applied (Thermo Fisher Scientific).

Statistical analysis
To determine the statistical significance between the groups,
one-way analysis of variance followed by Sidak’s post hoc test

© 2021 The Authors. Journal of the European Academy of Dermatology and Venereology published by John Wiley & Sons Ltd

on behalf of European Academy of Dermatology and Venereology


https://software.broadinstitute.org/morpheus

First steps of HS pathophysiology

—-— -
rowmn owma s 5
-N M e n © ® E @
-N M e OO O ddd g T™NO T OO~ E 4 E
CCEErl E € el adadodadoad @ 2 -
E8E88E8 00000222228 §o2
vavo | g EEEEEE EE -~ HEE
wiees || ERCECEEESE EEY o HE
Ll = |7 cotss [N
| | [ RN | |
O .- e mES
L8
Thi7-related
mediatorsand | [l EEE w S
rar;:cé;:)prtsnon | | [ | IL23A -.D
[ | - HEEE oret
| | | rore [N
|| | ceL20
thireated | I - || N | |
mediators and lD . =- TBX21 ..
Apcipon -L-!l ne HE
=. .. | I | B osov B W
[ H EETTE s B W
|| EE BN N s~ H B
HEENEE N o HEN
swedlstaresd -... -. o EE - HE
sensors | ] TLR4 [ [ |
| [ | NLRP3
...-..-.-.- - ..- o v HEN
O [ | N | ™NF
AN BN EEE \.. . HE c: HE

Figure 1 Heatmap indicating keratinocytes as a possible disease driver of HS. The heatmap was generated from the normalized gene
expression levels of significantly differentially expressed target molecules derived from our RNASeq data set of healthy and non-lesional
and lesional HS samples. The highly increased expression levels in lesional HS were obvious while non-lesional HS and healthy AGR skin
seemed to be similar. KC-related AMPs were highly upregulated even in non-lesional HS skin, indicating keratinocytes as a possible dis-

ease driver cell. Abbreviations: KC, keratinocyte; Th, T helper.

(in case of normal data distribution) or Kruskal-Wallis test
followed by Dunn’s post hoc test (when data distribution was
not normal) was used (*P<0.05; **P<0.01; ***P<0.001),
focusing on comparisons of healthy AGR vs. non-lesional HS
and non-lesional HS vs. lesional HS samples. Graphs demon-
strate the mean and the corresponding 95% confidence inter-
vals (boxes). Statistical analyses were performed using
GraphPad Prism software version 8 (GraphPad Software Inc.,
San Diego, CA, USA).

Results

RNASeq investigation of the immune characteristics in
healthy AGR, non-lesional and lesional HS skin samples
First, we collected the normalized gene expression levels of the
previously mentioned target molecules from our newly
assessed RNASeq data set derived from the 3 sample groups
(Fig. 1, Table 2). The details of the whole transcriptomic analy-
sis are not the subject of our current publication (manuscript
mRNA

under preparation). According to the heatmap,
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expression of most target molecules was similar at first glance
between non-lesional HS and healthy AGR skin (Fig.1).
Among KC-related mediators and sensors, the mRNA levels of
S100A7, S100A8 and S100A9 AMPs were highly and signifi-
cantly upregulated, while TLR4 was significantly lower in non-
lesional HS skin compared with healthy AGR skin (Fig. 1,
Table 2). No significant differences were found in the immune
cell surface markers (CD4, CD1lc, CD83 and CDI163) and
Th1/Th17-related mediators and transcription factors between
the two groups, except for the slightly but significantly down-
regulated TGFB1 in non-lesional HS compared with healthy
AGR skin (Fig. 1, Table 2).

The differential expression of target molecules was obvious
when comparing lesional HS and non-lesional HS samples (Fig.
1). The KC-related mediators and sensors were highly and sig-
nificantly upregulated in lesional HS, except for LCN2 and
CAMP where the difference was not significant (Fig. 1, Table 2).
Similarly, mRNA levels for cell surface markers and Th1/Th17-
related mediators and transcription factors were significantly ele-
vated in lesional HS compared with non-lesional HS samples,
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Figure 2 Representative images for immunostaining and epidermal quantification of KC-related mediators in healthy AGR, non-lesional
HS and lesional HS skin samples. Protein levels were blindly analysed by Pannoramic Viewer software. Negative control staining is pre-
sented in the bottom right corner of lesional HS images. In the last column, representative images for the follicular epidermal pattern of
KC-related mediators in non-lesional HS skin samples were demonstrated. Abbreviations: hBD-2, human beta-defensin-2; IL, interleukin;
LCN2, lipocalin 2; TNF, tumour necrosis factor. Size bars = 100 um. The graphs show the median + 95% confidence interval of measured
protein levels (*P < 0.05; **P < 0.01; ***P < 0.001, as determined by one-way analysis of variance followed by Sidak’s post hoc test in
case of normal distribution or Kruskal-Wallis test followed by Dunn’s post hoc test when data distribution was not normal). Abbreviations:
AGR, apocrine gland-rich; HS, Hidradenitis suppurativa; HS-L, HS lesional skin; HS-NL, HS non-lesional skin; IL, interleukin; KC, kerati-
nocyte; TNF, tumour necrosis factor.

including an 8.77-fold increase in TBX21, the master transcrip- non-inflammatory Th17 cells'> RORC changed in the opposite
tion factor of inflammatory Th17 and Thl cells'® (Fig. 1, Table  direction and decreased 6.26-fold in HS lesions compared with
2). Notably, the expression of the master transcription factor of non-lesional HS skin (Fig. 1, Table 2).
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First steps of HS pathophysiology

Comparison of non-lesional HS and healthy AGR skin by
RT-gPCR and IHC
To further investigate the initial drivers of inflammation during
HS development, healthy AGR and non-lesional HS skin sam-
ples were compared using RT-qPCR and IHC. No significant
differences were detected in the number of dermal cellular com-
ponents, including T cells, DCs and macrophages. In addition,
the expression levels of mediators related to Th1/Th17 signalling
were similar at the mRNA and protein levels (Table 2, Figs S1, S3
and S4, Supporting Information). In contrast, all investigated
KC-related AMPs were highly upregulated at the mRNA level
with four of them reaching a significant level (Table 2, Fig. S2,
Supporting Information). In addition, the presence of S100A8,
LCN2 and human B-defensin-2 (hBD-2) was prominent in the
interfollicular epidermis of non-lesional HS; however, the differ-
ences were not significant (Table2, Fig.2). Regarding pro-
inflammatory cytokines, beside the significantly upregulated epi-
dermal occurrence of IL-1p, the levels of TNF-a and IL-23 were
significantly increased in the non-lesional HS interfollicular epi-
dermis (Table 2, Fig. 2) but not in the dermis.

Regarding the staining patterns in the follicular epidermis,
the above-mentioned molecules showed strong positivity in

HS NL
epi.

HSNL |
dermis

HSL
epi

HSL
dermis

Figure 3 Immunofluorescent staining further confirms the epider-
mal presence of IL-23 and TNF-a in HS. The presence of IL-23 and
TNF-a in non-lesional HS samples was validated by the parallel
application of IHC and IF staining in HS samples. IL-23 and TNF-a
staining was prominent in the epidermis of non-lesional HS, while
their dermal occurrence was weak. In lesional HS, IL-23" and TNF-
o' dermal cell counts were remarkable, while epidermal presence
became even more pronounced. Negative control staining is pre-
sented in the bottom right corner of images in the third row.
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non-lesional HS. In addition, although protein levels in the fol-
licular epithelia could not be quantified due to the uneven dis-
tribution of hair follicles in the skin specimens, their levels
tended to increase compared with interfollicular epidermis (see
also the last column in Fig. 2).

Comparison of lesional and non-lesional HS skin by RT-
qPCR and IHC

When comparing non-lesional and lesional HS skin samples by
RT-qPCR and IHC methods, the majority of KC-related factors,
which were already highly upregulated in non-lesional HS (AMP
mRNA levels, ILIB, TNFA and IL23) further increased in
lesional HS at the mRNA level; however, the changes were not
significant in the cases of TNFA and CAMP (Table 2, Fig.S2,
Supporting Information). Regarding IL-1B, IL-23 and TNF-o
protein levels in the interfollicular epidermis, IL-23 tended to
increase while TNF-o and IL-1P expression remained at high
levels without further increases compared with non-lesional
skin, probably indicating a decline in the speed of their expres-
sion (Table 2, Fig. 2). Parallel with these changes, in the dermis,
the number of T cells, DCs and macrophages and the expression
of Th1/Thl7-related mediators (CD83, IFNG, IL-17A, IL-10,
IL23A and TGFBI) and IL-12%, IFN-y', TNF-o, IL-17A", IL-
107, IL-23", TGFB" and CCL20" cell counts were significantly
elevated in lesional HS skin compared with non-lesional HS skin
(Table 2, Figs S1, S3 and S4, Supporting Information). Since, as
a consequence of robust immune activation, the disruption of
hair follicles characterizes lesional HS skin, we were unable to
assess follicular staining patterns.

Immunofluorescent detection of IL-23 and TNF-a in HS
epidermis

The unexpected early epidermal presence of IL-23 and TNF-a in
non-lesional HS samples led us to confirm these results with IF
to demonstrate the staining pattern of these proteins more pre-
cisely in a Horseradish peroxidase-independent system (Fig. 3).
IF studies confirmed the increased IL-23 and TNF-a epidermal
expression in non-lesional HS samples, while their dermal
occurrence was less prominent. According to our morphological
findings, TNF-o was localized mostly in the upper, apical part of
the epidermis with decreasing levels towards the basal epidermal
layer. In contrast, the proliferating basal KC layers showed
strong cytoplasmic staining for IL-23, while slight positivity
could be detected through the whole epidermis (Fig.3). In
lesional HS, remarkable numbers of IL-23" and TNF-o/" dermal
infiltrate were present with similar epidermal staining.

Discussion

In good concordance with our previous report,'' our present
findings confirm that the activation of epidermal KCs drives
immunological events in the development of HS, since all inves-
tigated AMPs and IL-1f, IL-23 and TNF-a were expressed in the
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Lesional HS skin
vs Non-lesional HS skin

Non-lesional HS skin

Healthy AGR skin vs Healthy AGR skin

TNF-a TNF-a *e TNF-a NFI
IL-23 IL-23 29 IL-23 1
IL-1B8 IL-1B *+1 IL-1B NFI
Epidermis IL-6 Epidermis IL-6 NFI Epidermis IL-6 4
ccL2 ccL2 ) cCcL2 1t
S100A8 S100A8 ) S100A8 9
LCN2 LCN2 NFI LCN2 1
hBD-2 hBD-2 1+ hBD-2 *+19
CD4+ T cell CD4+ T cell NFI CD4+ Tcell 4
CD11c+ DC CD11c+ DC NFI CD11c+ DC 4%
ICD163+ M ICD163+ M 4 ICD163+ M 4%
IL-12 IL-12 4 IL-12 *t
IFN-y IFN-y ) IFN-y *9
Dermis TNF-a Dermis TNF-a NFI1 Dermis TNF-a 419
IL-23 IL-23 NFI IL-23 D0
IL-17 IL-17 NFI IL-17 9
IL-10 IL-10 NFI IL-10 +9
TGF-B TGF-8 NFI TGF- *+9
ccL20 CCL20 NFI CCL20 9

Figure 4 Keratinocytes can be considered as the key driver cells in HS pathophysiology According to our findings, we propose that epi-

dermal, KC-mediated immune activity is the first step in HS development since all investigated AMPs and the pro-inflammatory cyto-
kines, IL-1p, IL-23 and TNF-a, are already highly expressed in non-lesional HS skin by KCs. During the disease progression, when HS
lesions develop, the dermal production of IL-23 and TNF-a is also significantly enhanced supplemented with an increased influx of inflam-
matory cells and elevated protein levels of Th1/Th17-related cytokines and chemokines in the dermis. At the same time, the epidermal
presence of IL-1B, IL-23 and TNF-a proteins remains high without further significant increase, compared with non-lesional HS. Altogether,
these results confirm KCs as the key driver cells of HS pathogenesis. The data presented are based on our findings at the protein level.
Small red arrows mean nonsignificant upregulation with FC 2, while duplicated bigger red arrows indicate significant upregulation. NFI
means ‘no further increase’ and represents nonsignificant changes with fold change (FC) lower than 2. Abbreviations: AGR, apocrine
gland-rich; CD163+ M, CD163+ macrophage; DC, dendritic cell; HS, Hidradenitis suppurativa; HS-L, lesional HS; HS-NL, non-lesional
HS; IF, immunofluorescence; IHC, immunohistochemistry; KC, keratinocyte).

epidermis of non-lesional HS skin (Fig. 4). On the other hand,
the dermal production of IL-23 and TNF-a was significantly
enhanced only in the lesional HS skin, together with significantly
increased T cell, dendritic cell and macrophage influx and ele-
vated IL-12, IFN-y, IL-17A, IL-10, TGF-f and CCL20 expression
levels. In lesional skin, epidermal IL-1f, IL-23, TNF-a and CCL2
protein levels also remained high (without further significant
increase), while S100A8 and LCN2 levels significantly increased
even further compared with non-lesional HS. Altogether, these
results confirm KCs as drivers of HS pathophysiology (Fig. 4).
The prominent role of KCs in the early phases of HS lesions
has already been raised by other research groups. Hotz et al.
detected increased gene expression of inflammatory cytokines,
chemokines, and AMPs by RT-qPCR and Luminex assay,
although their findings were mainly based on investigations of
isolated outer root sheath KCs collected from HS patients.'®
Similarly, Coates et al. identified elevated AMP levels in HS
lesional skin and suggested that the pathogenesis of HS may be
driven by changes in AMP expression.'” AMPs in non-lesional
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and lesional HS were also investigated by other authors either at
the mRNA or protein levels; however, these studies did not con-
sequently include healthy skin samples as controls.'®'® Regard-
ing the presence of IL-18, TNF-a, and IL-23, several studies
focused only on their dermal presence without highlighting their
epidermal expression, while other studies applied methods that
were not suitable for the in situ detection of the target
molecules.'®**%!

In our current investigation, the activity of KCs in non-
lesional HS skin was very pronounced not only in the interfolli-
cular epidermis, but also in the follicular epidermis. The promi-
nent role of follicular KCs in the pathogenesis of HS has been
suggested in our previous study. This previous study provided
the first evidence that dysregulation of the immune response of
follicular KCs could be a key driver of HS, focusing on follicular
AMP production in lesional and non-lesional HS'' (see also Fig.
2).

Our current findings are in line with the above-mentioned
studies, even more, our approach may provide evidence that
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molecular alterations in KCs precede dermal activation. By com-
paring healthy, non-lesional HS and lesional HS skin samples
and applying morphological staining methods parallel with
RNASeq and RT-qPCR, we could observe the localization of
immunological changes that characterize the three stages of dis-
ease pathogenesis. In the case of psoriasis, healthy-looking, non-
lesional skin represents an intermediate stage between healthy
and lesional skin and displays a prediseased phenotype. By
applying this same concept in the present study, we not only dif-
ferentiated the epidermal and dermal localization of mediators
in skin tissue, but also detected the possible order of immune-
related alterations during HS evolution.”® Our findings also
emphasize the importance of the combined application of RNA
and in situ protein-based methods, instead of their separate use;
these results supplement each other and offer valuable compre-
hensive data.

In our previous study, high numbers of non-inflammatory
Th17 cells were detected in healthy AGR skin, while in lesional HS
skin, the dominant presence of inflammatory type Th17 cells was
demonstrated.! In good concordance with the previous study, our
current findings suggest that the enhanced epidermal production
of IL-1pB and IL-23 may initiate the phenotypic switch of resident
T cells from IL-17/IL-10-producing non-inflammatory Th17
[Th17(B)] to IL-17/IFN-y-producing inflammatory Th17 [Th17
(23)] cells. This switch was also confirmed by the RNASeq data
(heatmap) showing highly downregulated mRNA levels of RORC,
the master transcription factor of Th17(B) cells, while the gene
expression level of the master transcription factor of Th17(23)
cells, TBX21, was prominently upregulated (Fig.1). Several
authors published that parallel with the high occurrence of
inflammatory Th17 cells, the effector Th17/T,., ratio becomes
imbalanced and increased in HS and can be considered as an
important step of disease pathogenesis.>**> On the other hand,
the epidermal production of TNF-o can increase the inflamma-
tory potential of IL-17 since recent immunological data proved
that the combined presence of TNF-o and IL-17 is a strong
inducer of inflammatory mediators in a synergistic manner while
IL-17 alone cannot initiate inflammation effectively.?*

The importance of TNF-a and IL-23 cytokines is strengthened
by the approval of biologicals against TNF-a for HS therapy,
while anti-IL-23 monoclonal antibodies are under clinical inves-
tigation. Although these therapeutics possess significant efficacy
in HS patients, their effectiveness is not as strong as their superb
efficacy in psoriasis patients. The cause of this phenomenon is
unknown. However, in addition to the extremely high dermal
TNF-o and IL-23 production in HS, another explanation can be
their high epidermal production. A detailed investigation of the
retrograde penetration of these high-molecular-weight (anti-
TNF: 148 kDa; anti-IL-23: 143 kDa) monoclonal antibodies into
the epidermis in HS would be beneficial.

In summary, we performed a comprehensive analysis of
healthy AGR, non-lesional HS and lesional HS skin by multiple
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mRNA and protein-based methods to better understand the
pathogenesis of the disease. The results highlighted the impor-
tance of KCs as drivers of HS pathology, due to their prominent
production of mediators playing key role in the switch from
non-inflammatory Th17 to inflammatory type Th17 cells and
amplify inflammation.
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version of this article:

Fig S1. Gene expression levels of Thl and Th17-related media-
tors in healthy AGR, non-lesional HS, and lesional HS skin
examined by qRT-PCR

Fig S2. Gene expression levels of KC-related mediators in
healthy AGR, non-lesional HS, and lesional HS skin examined
by qRT-PCR.

Fig S3. Representative images for immunostaining and dermal
quantification of cellular components and Th1-related mediators
in healthy AGR, non-lesional HS, and lesional HS skin samples.
Fig S4. Representative images for immunostaining and dermal
quantification of Th17-related mediators in healthy AGR, non-
lesional HS, and lesional HS skin samples.
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