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Abstract

FAM3C/ILEI is an important cytokine for tumor progression and
metastasis. However, its involvement in inflammation remains elu-
sive. Here, we show that ILEI protein is highly expressed in psori-
atic lesions. Inducible keratinocyte-specific ILEI overexpression in
mice (K5-ILEI™) recapitulates many aspects of psoriasis following
TPA challenge, primarily manifested by impaired epidermal differ-
entiation and increased neutrophil recruitment. Mechanistically,
ILEI triggers Erk and Akt signaling, which then activates STAT3 via
Ser727 phosphorylation. Keratinocyte-specific ILEI deletion amelio-
rates TPA-induced skin inflammation. A transcriptomic ILEI signa-
ture obtained from the K5-ILE/™ model shows enrichment in
several signaling pathways also found in psoriasis and identifies
urokinase as a targetable enzyme to counteract ILEI activity. Phar-
macological inhibition of urokinase in TPA-induced K5-ILE/™ mice
results in significant improvement of psoriasiform symptoms by
reducing ILEI secretion. The ILEI signature distinguishes psoriasis
from healthy skin with uPA ranking among the top “separator”
genes. Our study identifies ILEI as a key driver in psoriasis, indi-
cates the relevance of ILEI-regulated genes for disease manifesta-
tion, and shows the clinical impact of ILEI and urokinase as novel
potential therapeutic targets in psoriasis.

Keywords ILEI/FAM3C; inflammation; keratinocyte differentiation; psoriasis;
UPA/PLAU

Subject Categories Skin

DOI 10.15252/emmm.202216758 | Received 17 August 2022 | Revised 6 May
2023 | Accepted 8 May 2023 | Published online 25 May 2023

EMBO Mol Med (2023) 15: e16758

Introduction

Psoriasis is a chronic inflammatory skin disease that affects 2-3% of
the people worldwide causing scaly, thickened, erythematous
plaques on the skin and nails (Christophers, 2001). The inflamma-
tion associated with psoriasis is not confined to skin. Psoriatic
arthritis occurs most frequently in patients with psoriasis with a
prevalence ranging from 3 to 40%. Other comorbidities, such as
cardio-metabolic disorders and chronic colitis, Crohn’s disease,
chronic kidney disease affect the patients’ quality of life (Gelfand
et al, 2007; Takeshita et al, 2017). Thus, psoriasis can be considered
as a systemic inflammatory disorder (Calautti et al, 2018). The skin
disease is characterized by several histopathological changes,
including epidermal thickening resulting from excessive keratino-
cyte proliferation, abnormal keratinocyte differentiation, and accu-
mulation of neutrophils in parakeratotic stratum corneum (Munro’s
microabscesses). The dermal infiltrate consists of CD8+ T cells
(Tcl), CD4+ T-helper (Th1) cells, Th17, Th22, and Tc22 cells (Nick-
oloff et al, 2007; Nakajima & Sano, 2018). Mouse models, mimick-
ing the psoriasis-like phenotype, proved to be a valuable tool in
providing in-depth insight into the disease mechanism, putting kera-
tinocytes and immune cells, especially T cells, as disease initiators,
into focus (Gudjonsson et al, 2007). At the molecular level, cyto-
kines, chemokines, and growth factors, such as TNFa, IL1-a, IL6,
CXCL1, and keratinocyte growth factor (KGF) produced as a result
of a tight cross talk between keratinocytes, fibroblasts, and immune
cells are considered to participate in disease manifestation (Wagner
et al, 2010; Nakajima & Sano, 2018).

The transcription factor STAT3, a member of the family of signal
transducers and activators of transcription (STAT), has emerged as
one of the key players in the pathogenesis of psoriasis (Calautti
et al, 2018). Stat3 has been identified as a genetic susceptibility
locus in human psoriasis (Ellinghaus et al, 2012; Tsoi et al, 2012).
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Transgenic mice overexpressing a constitutively active form of
STATS3 in basal keratinocytes (K5.Stat3C) develop a mild, psoriasis-
like phenotype that aggravates in response to wounding or 12-O-
tetradecanoylphorbol-13-acetate (TPA) treatment (Sano et al, 2005).
STATS3 can be activated by several extracellular stimuli (Akira, 1997;
Darnell, 1997; Boccaccio et al, 1998; Sano et al, 1999). Activation
induces STAT3 homo-dimerization and nuclear translocation depen-
dent on tyrosine phosphorylation (Yu et al, 2009). Serine phosphor-
ylation of STAT3 modulates its function by maximizing or
modifying the spectra of target gene activation and can also induce
additional non-nuclear activities (Wen et al, 1995; Andres
et al, 2013; Balic et al, 2020).

ILEL encoded by the FAM3C gene, is a member of the Family with
Sequence Similarity 3 (FAM3) cytokine family (Zhu et al, 2002). ILEI
has been described as an important cytokine for invasion, epithelial-
mesenchymal transition (EMT), and cancer metastasis (Waerner
et al, 2006; Gao et al, 2014; Halberg et al, 2016; Schmidt et al, 2021).
ILEI expression is controlled by TGFf on the translational level mak-
ing it difficult to recapitulate its prognostic potential (Chaudhury
et al, 2010a, 2010b). Additional layers of ILEI activity are controlled
by dimerization, with dimers being the active form that induces EMT
and metastasis (Jansson et al, 2017; Kral et al, 2017) and secretion
and proteolytic maturation, both regulated via the plasminogen-uPA-
uPAR system (Csiszar et al, 2014). uPA and ILEI have been described
to accumulate in the same prometastatic secretory vesicles in lung
cancer cells, thus generating an autocrine feed-forward loop on ILEI
secretion and activity (Tan et al, 2021).

ILEI signaling still remains elusive. STAT3 has been reported to
influence ILEI signaling in several contexts. Binding of ILEI to the
LIF receptor (LIFR) activates STAT3 and leads to EMT and stem cell
formation in a breast cancer model (Woosley et al, 2019). In hepato-
cellular cancer, ILEI overexpression-driven EMT acts through mech-
anisms involving PDGFR/B-catenin and PDGFR/STAT3 signaling
(Lahsnig et al, 2009). ILEI has also been linked to other pathways:
(i) the heat shock factor 1-Calmodulin-Akt signaling axis to regulate
glucose and lipid metabolism (Chen et al, 2017) and (ii) the Ras-
MAPK pathway for EMT induction in breast cancer cell lines
(Waerner et al, 2006). Recently, the ILEI/LIFR complex is also
reported to induce EMT by activating Akt and Erk pathways in renal
interstitial fibrosis (Zhou et al, 2022).

Although previous studies have linked ILEI to cancer progres-
sion, the involvement of ILEI in inflammation is not understood.
Here, we demonstrate the role and clinical relevance of ILEI in skin
inflammation with a focus on psoriasis. We found that ILEI is prom-
inently overexpressed in human psoriasis. We used a new, skin-
specific ILEI transgenic mouse model (KS-ILEI™) that recapitulated
a psoriasiform phenotype after TPA treatment. Mechanistically, we
show that ILEI acts cell-autonomously on Kkeratinocytes via
enhanced STATS3 activation through increased Ser727 phosphoryla-
tion, which was mediated by elevated Erk and Akt signaling.
Genetic deletion of ILEI abrogated TPA-induced inflammation iden-
tifying ILEI as important driver of the psoriasiform phenotype. From
the KS-ILEI™ mouse model, we identified a transcriptomic ILEI sig-
nature that included upregulation of uPA. Pharmacological inhibi-
tion of ILEI secretion in overexpressing mice by the urokinase
inhibitor UK371804 ameliorated the psoriasiform phenotype. The
ILEI signature powerfully separated psoriasis patients from healthy
controls, uPA being determined as one of the strongest “separator”
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genes. These indicate the clinical relevance of ILEI and urokinase as
novel potential therapeutic targets in psoriasis.

Results
ILEI protein is increased in human psoriatic skin

In order to explore a possible role of ILEI in inflammatory skin dis-
ease, we tested ILEI expression in psoriasis. We performed ILEI
immunohistochemistry (IHC) on skin sections of six healthy donors
and five psoriatic patients and determined ILEI protein content in
keratinocytes by IHC chromogene intensity quantification after cel-
lular stratification. While in healthy skin ILEI protein was often
restricted to basal keratinocytes, in psoriatic skin a more intense
and homogenously distributed signal was observed throughout the
whole epidermis (Fig 1A). Accordingly, keratinocytes of psoriatic
skin showed higher ILEI contents (Fig 1B) and median ILEI protein
levels of keratinocytes were significantly increased in psoriatic
patients (Fig 1C). Furthermore, ILEI intensity in keratinocytes
showed a positive correlation to epidermal thickening (Fig 1D). As a
consequence, total ILEI load of the epidermis was also significantly
increased in psoriasis patients as compared to healthy individuals
(Fig 1E). However, ILEI mRNA levels were unchanged when ana-
lyzed both in psoriatic keratinocytes at single-cell resolution
(Fig EVIA and B) and in total skin (Fig EVIC and D) using
published human psoriasis scRNA-Seq (Gao et al, 2021) and bulk
RNA-Seq datasets, respectively (Fyhrquist et al, 2019; Tsoi
et al, 2019). Known inducers of ILEI translation and secretory activ-
ity, such as TGFp, uPA, and uPAR, showed at the same time signifi-
cantly elevated expression in the same datasets (Fig EV1E and F),
being in accordance with earlier reports (Han et al, 2010; Rubina
et al, 2017) and indicating an upregulation of the ILEI translational
and secretory machinery in psoriasis. Similar observations were
made in mouse skin upon short-term treatment with imiquimod
(IMQ) or TPA that cause psoriasis-like skin inflammation. ILEI pro-
tein levels increased over time and decreased upon termination of
treatment. ILEI transcript levels remained, however, unchanged
(Fig EV2A-F). These data show that ILEI expression is upregulated
in psoriasis, exclusively at the protein level, and that upregulation
correlates with disease severity.

ILEI overexpression in keratinocytes increases epidermal
thickening upon inflammatory trigger in mice

In order to assess whether elevated ILEI expression contributes to
psoriasis-like phenotypes, we generated mice in which overexpres-
sion of ILEI can be induced specifically in keratinocytes (KS-ILEI™?).
ILEI overexpression alone did not lead to an aberrant skin pheno-
type or reduce fitness even when mice were kept on doxycycline
diet for over 200 days and analyzed for changes in body weight,
skin barrier integrity, and epidermal thickness (Appendix Fig S1A-
D). Next, we applied TPA treatment after transgene induction
(Fig 2A). As expected, all control mice developed scaly skin upon
TPA treatment. In ILEl-overexpressing mice, this phenotype was,
however, more pronounced (Fig 2B). Consistently, ILEI overexpres-
sion in keratinocytes leads to a significant increase in epidermal
thickening upon TPA treatment (Fig 2C and D). No difference was
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Psoriasis

Figure 1. ILEI protein expression is elevated in human psoriasis.
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A Representative images of ILEI immunohistochemistry on healthy (upper panels) and psoriatic (lower panels) skin sections, scale bar 100 um. Inlets show a

magnification of the marked regions, scale bar 50 pum.

B Distribution of ILEI protein content per keratinocyte (n = 5,000-15,000 cells per skin sample) in healthy and psoriatic skin. Box-and-whiskers plot: Central band shows
median, box extends from the 25 to 75" percentiles, and whiskers go from the 1% to the 99" percentiles.

C Median ILEI content of keratinocytes per person shown as mean + SEM of healthy (n = 6) and psoriasis (n = 5) conditions.

D Pearson correlation plot of median ILEI content per keratinocyte and epidermal thickness of psoriatic skin (n = 5).

E Mean + SEM of epidermal ILEI load per mm skin section in healthy (n = 6) and psoriasis (n = 5) condition. A.U., arbitrary unit.

Data information: (C, E) Statistical significance was determined by Student’s t-test and marked with asterisks (**P < 0.01).

Source data are available online for this figure.

observed in acetone-treated control mice (Fig 2B-D). Immunohisto-
chemical (IHC) analysis on both TPA- and acetone-treated skin con-
firmed high ILEI protein expression in transgenic mice on
doxycycline diet (Fig 2E). These data demonstrate that high epider-
mal ILEI levels caused increased epidermal thickening upon an
inflammatory trigger.

To test whether the effect of ILEI overexpression was specific to
TPA only, we treated mice for 5 days with imiquimod (IMQ). Simi-
lar to the TPA-induced phenotype, we observed an increase in skin
thickening in ILEI-overexpressing mice upon IMQ treatment (Appen-
dix Fig S1E-G) compared with control mice. These results show that
ILEI protein levels in the epidermis dictate the outcome of severity
upon an inflammatory trigger.

Figure 2.

ILEI overexpression triggers hyperproliferation and impairs
differentiation of keratinocytes in inflammatory conditions in a
cell-intrinsic manner

Next, we assessed whether the increase in epidermal thickening
caused by ILEI overexpression was a consequence of an increase in
inflammation-induced proliferation rate. K5-ILEI™® mice showed a
significant increase in suprabasal expression of Ki67, indicating an
elevated proliferative capacity upon induction of ILEI expression
(Fig 3A and B). This was confirmed in ex vivo cultures of primary
keratinocytes isolated from TPA-treated skin of ILEI-overexpressing
and control mice (Appendix Fig S2A and B). ILEI overexpression

also impaired epidermal differentiation, as detected by the

ILEI overexpression in keratinocytes exacerbates inflammation-triggered epidermal thickening in mice.

A Schematic view of the K5-ILE/™ psoriasis mouse model. Tet-ON inducible ILEI transgenic mice (ILE/™) were crossed with mice expressing the reverse tet-responsive
transactivator in epidermal basal keratinocytes under the control of the bovine Keratin 5 promoter (K5rtTA). TPA treatment was performed for 5 days. Three days
prior treatment start mice were switched to doxycycline diet. Dual transgenic K5-/ILEF™ mice with normal diet, ILE/™ mice with normal and doxycycline diet and
acetone treatment were used as genetic, diet, and treatment controls, respectively.

B-E (B) Macroscopic appearance, (C) hematoxylin—eosin staining with scale bar of 50 pm and (D) mean epidermal thickness + SEM of the back skin of ILE/™ and K5-
ILEI™ mice kept on normal or doxycycline diet and treated with acetone or TPA for 5 days (n = 2-5; 3 independent experiments). Statistical significance was deter-
mined by one-way ANOVA with Tukey multiple comparison test and marked with asterisks (*P < 0.05; ***P < 0.001). (E) Representative images of ILEI immunohis-
tochemistry on sections of back skin of ILE/™ and K5-ILEI™ mice kept on normal or doxycycline diet upon 5 days of treatment with acetone or TPA. Scale bar

50 um. Inlets show a magnification of the marked regions, scale bar 20 pm.

Source data are available online for this figure.
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incomplete expression of the epidermal differentiation marker Kera-
tin 10 (K10; Blanpain & Fuchs, 2006) in the epidermis of TPA-
treated murine skin sections (Fig 3C). In addition, TPA treatment of
ILEI-overexpressing skin lead to elevated expression of Keratin 16
(K16), a pathological marker, known to be upregulated also in psori-
asis (Leigh et al, 1995; Zhang et al, 2019) as analyzed in total skin
protein extracts (Fig 3D) and by qPCR on freshly sorted primary
keratinocytes (Fig 3E). Keratin 5 (K5), a marker expressed in the
basal layer of keratinocytes, did not show ILEI-dependent changes
in its transcript levels (Fig 3E). Next, we tested whether ILEI acted

© 2023 The Authors
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cell-autonomously on keratinocyte differentiation. Ex vivo cultures
of primary keratinocytes isolated from ILEI-overexpressing mice
were impaired in calcium-induced differentiation in the presence of
TPA, as indicated by a reduced K10 expression both at protein and
mRNA levels (Fig 3F and G). Impaired differentiation was also
shown by reduced loricrin expression, a marker of advanced differ-
entiation, in cultured keratinocytes (Appendix Fig S2C). Together,
these data showed that ILEI overexpression results in increased
hyperproliferation and counteracts keratinocyte differentiation in a
cell-autonomous manner after an inflammatory stimulus.
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Figure 3. ILEI overexpression leads to increased hyperproliferation and impaired differentiation of mouse epidermis upon TPA treatment.

A Representative images of Ki67 immunohistochemistry on back skin sections of K5-ILEI™ and ILE™ mice kept on normal or doxycycline diet and treated with acetone

or TPA for 5 days. Scale bar: 100 um.

B Percentage of Ki67 positive cells in the epidermis shown as mean + SEM and quantified on samples described in panel A (n = 1-5; 3 independent experiments).
Immunofluorescence for Keratin 5 (K5; red) and Keratin 10 (K10; green) expression on TPA-treated skin sections of mice described in panel A. Nuclei were counter-
stained with DAPI (blue). Scale bar: 50 um. Inlets show a magnification of the marked regions. Scale bar: 20 pm.

D Keratin 16 (K16) western blot analysis (left) and quantification (right) of proteins extracted from back skin of /LE/™ and K5-ILE/™ mice kept on doxycycline and treated

with acetone or TPA for 5 days (n = 3). Vinculin was used as loading control.

E Mean mRNA expression +SEM of K5, K10, and K16 in keratinocytes enriched for the interfollicular epithelium freshly sorted from acetone and TPA-treated back skin

of mice described in panel D (n = 3).

F Immunofluorescence for Keratin 5 (K5; red) and Keratin 10 (K10; green) on in vitro acetone and TPA-treated, doxycycline-induced, primary keratinocytes with or with-
out calcium-induced differentiation (72 h) isolated from ILE/™ and K5-ILE/™ mice. Nuclei are counterstained with DAPI (blue); scale bar, 20 um.
G Mean fold change in mRNA expression +SEM of K5 and K10 in primary keratinocytes described in panel F (n = 5-6; 2 independent experiments).

Data information: Statistical significance was determined by two-way ANOVA (G), one-way ANOVA (B, D und K16 in E) and Student’s t-test (K5 and K10 in E) at ANOVA
with Tukey multiple comparison test and marked with asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).

Source data are available online for this figure.

ILEI shapes the inflammatory immune response by increasing the
expression of cytokines and chemokines in keratinocytes in a
cell-autonomous fashion

Skin inflammation provokes extensive remodeling of the skin
immune landscape. Thus, we evaluated whether ILEI had an influ-
ence on the composition of inflammatory cells in the skin in TPA-
treated KS-ILEI™® mice. ILEI overexpression resulted in both, a sig-
nificant increase in the number of neutrophil-positive microabs-
cesses and in the abundance of neutrophils recruited to the dermis
upon TPA trigger (Figs 4A-C; Appendix Fig SS5A). Furthermore, the
number of CD8+ T cells in the epidermis was significantly higher
(Fig 4D; Appendix Fig S5B), and plasmacytoid dendritic cells (pDC)
showed also increased accumulation in ILEI-overexpressing skin
after TPA stimulus (Appendix Fig S3C). Other dendritic cell subpop-
ulations (cDC1, ¢DC2) as well as mast cells, macrophages, CD4+
and ¢80T cells remained unchanged upon ILEI overexpression
(Appendix Figs S3D and E, and S4A-G). In accordance, IL-17A and
CCL2 protein levels, known to be produced primarily by ydT cells
via IL23-driven cDC2 stimulus and involved in monocyte recruit-
ment upon inflammation (Dong, 2006; Cai et al, 2011; Wang
et al, 2019a; Novoszel et al, 2021), respectively, were not affected
by ILEI expression in TPA-treated skin (Appendix Fig S4H and I).
From this, we concluded that the major ILEl-regulated inflammatory
route was via neutrophils and not via the Th17 axis in our model.
Neutrophil recruitment in psoriasis is regulated by TNFa, IL1a,
and CXCL1; factors produced mainly by keratinocytes (Uribe-
Herranz et al, 2013; Ogawa et al, 2018). Thus, we tested whether
ILEI-overexpressing keratinocytes show elevated levels of these fac-
tors by analyzing their expression in freshly sorted keratinocytes
enriched for interfollicular (IFE) and hair-follicle (HF) epidermal
cells from vehicle and TPA-treated KS-ILEI™® mouse skin. As
expected, these factors were upregulated upon TPA treatment
(Fig 4E). More importantly, TNFo and CXCL1 showed an additional
significant upregulation upon ILEI overexpression, with even more
pronounced changes in the HF population (Fig 4E). Several growth
factors and cytokines, for example, EGFR ligands, IL17C and the
IL36 family, have been described to be overexpressed in psoriatic
keratinocytes with important roles in disease manifestation, in both
human and mouse models, among others by upregulating TNFa
production (Johnston et al, 2013; Wang et al, 2019b; Sachen
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et al, 2022). Thus, we analyzed their expression in the freshly sorted
keratinocytes of TPA-treated ILEI-overexpressing skin (Appendix
Fig S4J). While many of them showed TPA-driven upregulation,
confirming their role in skin inflammation, none of them were
increased in an ILEI-dependent manner, suggesting that ILEI did not
act via the upregulation of these factors.

Ex vivo TPA stimulation of primary keratinocytes from control
and ILEl-overexpressing murine skin was used to address the cell-
autonomous action of ILEI. We observed a significant increase in
the expression of all three factors, in an ILEI-dependent manner
(Fig 4F). To further validate the cell-intrinsic effect of ILEI on cyto-
kine and chemokine production of keratinocytes, recombinant
murine ILEI was used in increasing concentrations to treat primary
keratinocytes after TPA stimulus. Both, a dimeric (mILEI) and a
dimerization-mutant, monomeric form (mILEI®*) were used (Kral
et al, 2017). Expression analysis of the neutrophil-recruiting factors
showed that dimeric ILEI was potent to induce a dose-dependent
significant upregulation of TNFa, ILla, and CXCL1 transcripts
(Fig 4G-I) as observed in vivo and ex vivo upon ILEI
overexpression.

These findings demonstrate that a cell-autonomous action of ILEI
dimers in keratinocytes is critical for the production of neutrophil-
recruiting soluble factors (TNFa, ILlo, and CXCL1), which may
explain the increased recruitment of neutrophils observed in vivo.

ILEI acts by enhancing STAT3 transcriptional activity via Erk and
Akt-mediated elevated Ser727 phosphorylation

ILEI has been shown to act via the LIFR/ STAT3 axis to mediate EMT
in breast cancer stem cells (Woosley et al, 2019). Furthermore, sev-
eral reports link ILEI to Akt and Erk signaling in various contexts
(Waerner et al, 2006; Yang et al, 2019; Zhou et al, 2022). Thus, in
order to evaluate the signaling mechanism through which ILEI medi-
ated its effects in the epidermis, we analyzed the activation levels of
these signaling molecules in vivo. ILEI overexpression in the skin led
to an elevated phosphorylation of STAT3-Ser727, Erkl/2, and Akt
upon TPA treatment, whereas STAT3 tyrosine phosphorylation
remained unchanged, as evaluated by immunofluorescence and
immunohistochemistry of control and ILEl-overexpressing mice
(Fig SA-C; Appendix Fig S5A and B). To evaluate the timely resolu-
tion of these changes, the phosphorylation kinetics of STAT3, Erk1/2,

© 2023 The Authors
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ILEl enhances the inflammatory immune response by cell-intrinsic upregulation of pro-inflammatory factors in keratinocytes.
Representative images of MPO-positive microabscesses stained on sections of acetone and TPA-treated back skin of ILE/™ and K5-/LE/™ mice kept on normal or

Mean number + SEM of (B) neutrophil-positive microabscesses/cm skin section, (C) neutrophils (MPO+ cells)/mm? epidermal-dermal area and (D) epidermal CD8+

s Mean fold change +SEM in mRNA expression of Tnfa, Il1x, and Cxcl1 (E) in freshly sorted keratinocytes enriched for the interfollicular epithelium (IFE) and hair

follicles (HF) from acetone and TPA-treated back skin and (F) in primary keratinocyte cultures isolated from ILE/™ and K5-ILE/™ mice supplemented with doxycy-
cline and treated with acetone or TPA for 96 h (n = 3 (E), n = 6 (F); F, 2 independent experiments).

Mean fold change £SEM in mRNA expression of (G) Tnfa, (H) /l1x, and (1) Cxcl1 in primary keratinocytes treated with acetone and TPA and with increasing

concentrations (100, 250, 500, 1,000 ng/ml) of murine recombinant ILEI (mILEI) or dimerization-disabled ILEI (mILEI®*) or with empty vector (empty) for 72 h
(n = 3, standing for independent keratinocyte cultures from three mice).

Data information: In (B-I), statistical significance was determined by one-way ANOVA with Tukey multiple comparison test and marked with asterisks (*P < 0.05;
**p < 0.01; ***P < 0.001; ****P < 0.0001). If significance levels were different for the pairwise comparisons with combined marking, asterisks, valid only for a subset of

the pairs were put into brackets.
Source data are available online for this figure.
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Figure 5. ILEIl upregulates Erk and Akt activities that increase STAT3 activation via Ser727 phosphorylation.
A-C Representative images of (A) Phospho-STAT3 (Tyr727), (B) Phospho-Erk1/2 and (C) Phospho-Akt immunofluorescence on thin sections of acetone and TPA-treated

back skin of ILE/™ and K5-ILEI™ mice kept on doxycycline diet. Scale bar, 50 pm.

D Representative western blot analysis of STAT3, Akt and Erk1/2 phosphorylation levels in primary wild-type murine keratinocytes harvested after 0, 10, 30 min, 1 and
4 h upon acetone and TPA and simultaneous control (ctrl) and recombinant wild-type murine ILEI (mILEI) treatments. Vinculin was used as loading control.

E Mean STAT3 (Ser727 and Tyr705), Akt, and Erk1/2 phosphorylation levels -=SEM over time in primary keratinocytes upon TPA and recombinant ILEI treatment as
described in panel A (n = 3, standing for independent keratinocyte cultures, each a pool of isolates from two mice).

F Western blot analysis of STAT3 (Ser727 and Tyr705), Akt, and Erk1/2 phosphorylation levels in primary Dox-induced K5-ILE/™ keratinocytes treated with acetone or
TPA for 4 h in the presence of the inhibitors STATTIC (10 pM), LY92004 (10 pM) and UO126 (10 pM). DMSO was used as vehicle control. Vinculin was used as load-

ing control. Lanes are from noncontinuous parts of the same gel.

G Mean fold change +SEM in mRNA expression of TNFa in primary wild-type murine keratinocytes harvested after 7 h upon acetone and TPA and simultaneous con-
trol (ctrl) and recombinant wild-type murine ILEI (MILEI) treatments in the presence of the inhibitors STATTIC (10 uM), LY92004 (10 pM), and UO126 (10 pM).
DMSO was used as vehicle control (n = 2-3, each an independent pool of two mice). Statistical significance was determined by two-way ANOVA with Tukey multi-
ple comparison test and marked with asterisks (*P < 0.05; ***P < 0.001). If significance levels were different for the pairwise comparisons with combined marking,

asterisks, valid only for a subset of the pairs were put into brackets.

Source data are available online for this figure.

and Akt signaling molecules was analyzed in primary keratinocyte
cultures upon treatment with recombinant ILEI dimers and acetone
or TPA (Fig 5D and E). TPA stimuli had robust effect on STAT3
serine phosphorylation, Erk activation, and downregulation of
Akt phosphorylation; the high baseline levels of tyrosine-
phosphorylated STAT3 were not affected. Importantly, co-
treatment with ILEI did not show any specific effects within the
first hour after TPA stimuli. (Fig SD and E). At 4 h, however, ILEI-
dependent differences became detectable. Serine phosphorylation
of STAT3 (pSer’>’-STAT3) showed sustained higher levels in TPA-
ILEI co-treatment, while levels of tyrosine-phosphorylated STAT3
(pTyr’®5-STAT3) decreased more compared with control TPA treat-
ment (Fig SD and E). Concomitantly, Phospho-Erkl/2 showed
sustained higher levels and Phospho-Akt proteins reaccumulated
to higher levels upon TPA-ILEI co-treatment (Fig 5D and E). Of
note, recombinant ILEI induced similar changes also in the absence
of an inflammatory stimulus. The late effect of ILEI-specific
changes in signaling activities might be indicative for a regulatory
feedback loop on these signaling molecules by ILEI rather than a
direct activation by ILEI signaling.

Erk and Akt signaling are known to act on serine phosphoryla-
tion of STAT3 and thereby enhance/modulate its signaling activity
(Wen et al, 1995). However, STAT3 signaling can also contribute to
elevated Erk and Akt signaling (Gong et al, 2015). Thus, we tested
the interdependence by selectively inhibiting these pathways in
ILEI-overexpressing keratinocytes upon TPA stimulus (Fig SF).
Treatment with the STAT3 inhibitor STATTIC eliminated both,
STAT3 tyrosine and serine phosphorylation, as expected. In addi-
tion, it efficiently prevented elevated Akt and Erk phosphorylation
that was otherwise observed after TPA trigger (Fig S5F), suggesting
that STAT3 activation was a prerequisite of Akt and Erk activation.
Both, inhibition of Akt by the PI3K inhibitor LY94002 and Erk by
the Mek inhibitor UO126 resulted in a decrease of pSer’?’-STAT3 to
baseline levels without affecting STAT3 tyrosine phosphorylation
(Fig S5F), indicating that Akt and Erk might have been responsible
for STAT3 serine phosphorylation. The Mek inhibitor, in addition,
also blocked Akt activation (Fig 5F), pointing out that Mek might
have contributed to STAT3 serine phosphorylation also via PI3K/
Akt activation. To verify whether activation of the STAT3, Akt, and
Erk/MAPK pathways was important in ILEI function in Kkeratino-
cytes, the expression of the ILEI-dependent target gene TNFo was

© 2023 The Authors

analyzed in primary keratinocytes after treatment with recombinant
ILEI and TPA in the presence of the STAT3, PI3K, and Mek inhibi-
tors. Each of the inhibitors prevented ILEI-dependent upregulation
of TNFa expression, PI3K and Mek inhibitors also completely elimi-
nating any TPA-driven effects (Fig 5G). These data together show
that STAT3 activation by tyrosine phosphorylation was essential,
but not sufficient to explain ILEI’s mechanism of action. STAT3-
dependent activation of PI3K/Akt and Mek/MAPK signaling was
additionally required for full ILEI function, most probably by
enhancing STAT3 activity via phosphorylation of its Ser727 residue.

ILEI knockout in keratinocytes ameliorates TPA-induced skin
inflammation

ILED’s pro-inflammatory role in skin inflammation upon overex-
pression in keratinocytes raised the question, if lack of ILEI would
ameliorate inflammation and thus, be of therapeutic value. To test
this, mice with keratinocyte-specific ILEI deletion (ILEI“®P) were
generated by crossing ILEI'V"' mice to KScre transgenic mice (Taru-
tani et al, 1997). ILEI*®P mice were fertile and showed no aberrant
skin phenotype at homeostatic conditions (Fig 6A), indicating that
the gene had no essential function in skin development and tissue
maintenance. Importantly, however, we observed a significant
decrease in epidermal thickening in TPA-treated ILEI*® mice
(Fig 6A-C) compared with control littermates. Keratinocyte-
specific deletion was confirmed by IHC (Fig 6D). In contrast to our
ILEI overexpression mouse model, the keratinocyte differentiation
marker K10 showed a mosaic pattern of expression in the basal
compartment of ILEI-deficient epidermis (Fig 6E), and the number
of microabscesses and the abundance of neutrophils was signifi-
cantly lower in ILEIEP skin compared with control littermates
(Fig 6F-H).

During our study, we observed ILEI expression in several
immune cell populations both locally in the skin and systemically.
To test whether inhibition of ILEI function in the immune system
would have any influence on overall fitness and inflammation,
which would potentially also prohibit therapeutic considerations,
we generated ILEI*"®™ mice bearing ILEI deletion in all hematopoi-
etic cells by crossing ILEI'V" mice to Vavicre transgenic mice
(Georgiades et al, 2002). ILEI deletion in ILEI“"®™ mice was effi-
cient, as assessed on spleen protein extracts (Appendix Fig S6A)

EMBO Molecular Medicine 15: 1675812023 9 of 24
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Figure 6. ILEI deletion in the skin ameliorates the psoriasiform phenotype.

A-C (A) Macroscopic appearance, (B) hematoxylin—eosin staining with a scale bar of 50 um and (C) mean epidermal thickness £ SEM of the back skin of ILEM7 and
ILEI*® mice treated with acetone or TPA for 5 days (n = 3-8; 3 independent experiments).
D Representative images of ILEI immunohistochemistry on thin sections of back skin of ILEFT and ILEI*®P mice treated with acetone or TPA for 5 days. Scale bar

50 um. Inlets show a magnification of the marked regions, scale bar 20 um.

E Immunofluorescence for K5 (red) and K10 (green) expression on TPA-treated skin sections of ILEM™f and ILE/EP mice. Nuclei were counterstained with DAPI (blue).
Scale bar, 50 pum. Inlets show a magnification of the marked regions, scale bar 20 um.

F-H (F) Representative images of MPO+ microabscesses and neutrophils, (G) mean number & SEM of MPO-positive microabscesses/cm skin section and (H) mean num-
ber of neutrophils (MPO+ cells)/mm? epidermal-dermal area + SEM on thin sections of acetone and TPA-treated back skin of ILE/? and ILE/*®” mice (n = 6-8 (G)

and n = 2-8 (H); 3 independent experiments). Scale bar, 100 pum.

Data information: In (C, G, and H), statistical significance was determined one-way ANOVA with Tukey multiple comparison test (C, H) or by Student’s t-test (G) and
marked with asterisks (*P < 0.05; **P < 0.01; ****P < 0.0001). If significance levels were different for the pairwise comparisons with combined marking, asterisks, valid

only for a subset of the pairs were put into brackets.
Source data are available online for this figure.

and did not cause alterations in the relative abundance of different
immune subpopulations, as analyzed in the spleen by flow cyto-
metry (Appendix Fig S6B). Similarly, hematopoietic ILEI deletion
had no effect on skin homeostasis (Appendix Fig S6C-E), nor did
it have an effect on the severity of skin inflammation and thicken-
ing upon TPA treatment (Appendix Fig S6C-E). Thus, ILEI loss in
immune cells was well tolerated both at homeostatic conditions
and in a first test of a local inflammatory trigger. These prelimi-
nary data make ILEI a potentially feasible therapeutic candidate
for psoriasis.

10 of 24 EMBO Molecular Medicine 15: 16758 | 2023

Transcriptomic profile of TPA-treated K5-ILEI™ mouse skin is
enriched in pathways associated with human psoriasis

To get a deeper understanding of ILEI-regulated genes and path-
ways in skin inflammation with potential therapeutical implica-
tions, RNA sequencing of TPA-treated skin from ILEI-
overexpressing and control mice was performed. Transcriptomic
profiling of K5-ILEI"™ mouse skin revealed a set of 61 differentially
expressed genes (DEG) with 14 genes downregulated and 47 genes
upregulated (including Fam3c, confirming expression of the ILEI

© 2023 The Authors
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Figure 7. Transcriptomic profiling of the K5-ILEF™ mouse model identifies uPA as therapeutic target in reducing epidermal thickening.

Heatmap of nonsupervised hierarchical clustering of differentially expressed genes (DEGs) in the back skin of K5-ILE™ vs ILEF™ mice kept on doxycycline diet and

A
treated with TPA for 5 days (n = 3). Gene list was filtered for an adjusted P-value of < 0.05 and a log fold change of > 1. Arrows mark Fam3c/ILEl and Plau/uPA.

B, C Significantly enriched (B) pathways of the Hallmark database ranked according to their normalized enrichment score and (C) terms of the GO:term database
plotted in clusters after dimensionality reduction with indicated lead terms in TPA-treated K5-ILE™ mouse skin computed from the gene expression profiling
described in panel A.

D-F Mean fold change +=SEM in mRNA expression of uPA and uPAR (D) in freshly sorted keratinocytes enriched for the interfollicular epithelium from acetone and TPA-
treated back skin, (E) in primary keratinocytes isolated from ILEI™® and K5-ILE™ mice, supplemented with doxycycline and treated with acetone or TPA for 96 h,
and (F) in primary wild-type keratinocytes treated with acetone and TPA and with murine recombinant wild-type ILEI (mILEI) for 8 and 96 h (n = 3 (D), n = 6 (E,F);
1-2 independent experiments).

G Schematic drawing of the protocol used for TPA and UK371804 combination treatment. The two compounds were topically applied daily in a 5-6-h interval for
5 days.

H-K (H) Macroscopic appearance, () hematoxylin—eosin staining, (J) mean epidermal thickness and (K) mean uPA activity +SEM of the back skin of /LE/™ and K5-ILE/™
mice kept on doxycycline diet and treated with the protocol shown in (G) (n = 3-9 (J), n = 3-7 (K); 3 independent experiments). Scale bars, 100 um.

L ILEl Western blot analysis of conditioned media harvested from primary keratinocytes of ILE/™ and K5-ILE/™ mice after 48-h doxycycline induction and treatment

with TPA and DMSO or indicated concentrations of UK371804. Loading was normalized to cell count, numbers indicate relative intensities. Lanes are from noncon-
tinuous parts of the same gel.

Data information: In (D, E, F, J, K) Statistical significance was determined by one-way ANOVA with Tukey multiple comparison test and marked with asterisks (*P < 0.05;

Barizah Malik et al

**p < 0.01; ***P < 0.001; ****P < 0.0001).
Source data are available online for this figure.

transgene; Fig 7A). Among the downregulated genes, Krt2 and
Bcl1b were found that play an important role in keratinocyte dif-
ferentiation (Zhang et al, 2012). Among the upregulated genes, we
found B4galt5, linked to TNFa signaling (Parker et al, 2016),
Gbp4, involved in interferone responses (Tretina et al, 2019) and
interestingly, Plau, the protease involved in ILEI maturation and
secretion (Csiszar et al, 2014). Enrichment analysis with Hallmark
pathways (Liberzon et al, 2011) showed the highest enrichment
for myogenesis, an indication of fibroblast activation, for EMT, a
known function of ILEIL, but also several immune regulating path-
ways including TNFo signaling via NFkB, the interferon-gamma
response and IL6-JAK-STATS3 signaling (Fig 7B), correlating with
our experimental mechanistic findings on elevated TNFa expres-
sion, neutrophil recruitment, epithelial CD8+ T cell accumulation,
and increased STATS3 signaling activity. Gene set enrichment anal-
ysis (GSEA) with GO terms showed 212 terms significantly
(P < 0.05) enriched for KS-ILEI™® skin including lead terms for
keratinocyte differentiation, interferon-gamma response and terms
linked to cell division and proliferation (Fig 7C), further
confirming our phenotypic findings on impaired epidermal differ-
entiation and increased hyperproliferation. TPA treatment itself
provoked a similar enrichment pattern (Fig EV3A-C), indicating
that ILEI overexpression might not induce primarily alternative
mechanisms, but rather increase the amplitude of inflammation-
activated pathways. Differential gene expression and GSEA of two
independent human psoriasis datasets (E-MTAB-8149 and GSE-
121212; Fyhrquist et al, 2019; Tsoi et al, 2019) further confirmed
the relevance of the pathways identified in the murine model
(Fig EV3D-I). Of note, the two human psoriasis cohorts showed
some variance in GO terms enriched at disease condition with a
71% (802/1,125 or 1,110) overlap (Fig EV3J). Importantly, how-
ever, out of the 113 GO terms of the murine data that were shared
with at least one of the human datasets (113/212, 52%), over
90% (88/113) overlapped with both human psoriasis cohorts
(Fig EV3J), indicating that ILEI-linked processes hit core pathways
commonly appearing in independent human psoriasis studies.
Transcriptomic profiling of the K5-ILEI"® model revealed a TPA-
dependent upregulation of TGFB and uPA (Fig EV4A), providing a
possible explanation how topical inflammatory triggers upregulated

12 of 24 EMBO Molecular Medicine 15: €16758 | 2023

ILEI only at protein level in murine skin (see Fig EV2A-F). Some
regulatory genes of ILEI translation, secretion, and proteolytic
processing showed additional increase upon ILEI overexpression
(e.g., Plau, see also above; Fig EV4A), indicating a feed-forward reg-
ulation of ILEI on its own activity after inflammatory stimulus.
Transcriptome data confirmed earlier findings on the strong link
between TPA stimulus and the upregulation of EGFR ligands, IL17-
and IL36-family cytokines to propagate epidermal hyperproliferation
and Th17 inflammatory response. At the same time, they also vali-
dated our mechanistic studies that ILEI overexpression did not affect
the expression of these factors and the processes they regulate
(Fig EV4B and C).

To delineate primary cell-intrinsic ILEI-dependent events in skin
epidermis after TPA treatment, we also performed transcriptional
profiling on freshly sorted keratinocytes enriched for IFE 24 h after
TPA treatment of KS-ILEI™ and ILEI™® mice. We found a set of 166
differentially expressed genes (DEG) with 66 genes downregulated
and 100 genes upregulated (including Fam3c, confirming expression
of the ILEI transgene; Fig EV4D). Keratin1l0 (K10) was among the
top 10 downregulated genes, further confirming the importance
of ILEI in inhibiting keratinocyte differentiation (Fig EV4D).
Similarly strikingly, we refound Plau among the upregulated genes
(Fig EV4E), indicating that ILEI’s feed-forward trigger on its own
secretion might occur in an autocrine fashion. While none of the
EGFR ligands, IL17 and IL36 family genes showed ILEI dependency
(Fig EV4F), Tnfa, Il1a, and Cxcl3 as main neutrophil-recruiting fac-
tors were upregulated upon ILEI overexpression (Fig EV4G),
confirming our primary keratinocyte studies and pinpointing once
more the early upregulation of these genes. Interesting additional
hits, most probably masked in the total skin profiling, were (i) the
upregulation of S100A8 and 9, strong inflammatory modulators,
described to be the most upregulated proteins in psoriatic epidermis
(Schonthaler et al, 2013; Wang et al, 2018) and (ii) Defbl, an anti-
microbial peptide, highly upregulated in psoriasis with a strong
genomic association between its increased gene copy number and
the risk of psoriasis (de Jongh et al, 2005; Hollox et al, 2008). These
additional hits with high and specific relevance in psoriasis further
strengthen the importance of a direct regulatory role of ILEI in psori-
atic disease manifestation.

© 2023 The Authors
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uPA is upregulated in inflamed skin upon ILEI stimulus and
serves as a drugable therapeutic target

In our transcriptomic profiling, we found urokinase plasminogen
activator (uPA) to be upregulated in TPA-treated ILEI-
overexpressing mouse skin and keratinocytes (Figs 7A and EV4E).
We also found uPA/PLAU upregulated in psoriasis patients, interest-
ingly also in nonlesional skin, albeit more moderately than in
lesions (see Fig EVIE and F), indicating that it might represent an
early disease marker or potential risk factor tightly linked to ILEI
expression. These data encouraged us to consider uPA inhibition as
a method to block ILEI function in a therapeutic setting, as uPA is
involved in the regulation of ILEI secretion and proteolytic matura-
tion—both required for ILEI activity (Csiszar et al, 2014).

First, we verified whether uPA and its receptor (uPAR/PLAUR)
were upregulated in keratinocytes in an ILEl-dependent manner
upon inflammation. Importantly, we found the levels of both uPA
and uPAR to be significantly higher upon ILEI overexpression at
inflammatory conditions in both freshly sorted and primary cultured
keratinocytes and in wild-type keratinocytes treated with recombi-
nant ILEI (Fig 7D-F). With the recombinant protein, we also
observed timely changes in uPA and uPAR regulation. Both were
initially upregulated, uPA further showed an increase over time,
whereas uPAR decreased to baseline after 96 h, indicating a receptor
desensitization (Fig 7F). These data verified our keratinocyte tran-
scriptomic data that ILEI has an autocrine feed-forward loop on its
own activity in keratinocytes by upregulating uPA expression upon
inflammation, which makes uPA a promising therapeutic target in
ILEI-linked skin inflammatory diseases.

Next, we tested the effect of uPA inhibition on the disease out-
come in our TPA-induced ILEI-overexpressing skin inflammation
mouse model. As systemic inhibition of uPA has highly pleiotropic
effects (Bevan & Mala, 2008; Masucci et al, 2022), we used topical
application of the small molecule peptide inhibitor UK371804 and
followed a treatment protocol depicted in Fig 7G. The augmented
epidermal thickening observed in ILEIl-overexpressing mice upon
TPA treatment was completely reverted to control levels upon inhi-
bition of uPA (Fig 7H-J). Inhibition of uPA enzymatic activity was
confirmed by a fluorometric activity assay on protein extracts of
treated skin (Fig 7K). Mechanistically, UK371804 treatment showed
a dose-dependent inhibition of ILEI secretion in TPA-treated ex vivo
cultures of wild-type and ILEI-overexpressing primary keratinocytes
(Fig 7L). These data show that uPA inhibition ameliorates ILEI-
dependent epidermal thickening in inflamed mouse skin by reduc-
ing ILEI secretion and indicates uPA inhibition as a potential thera-
peutic target for ILEI-linked chronic inflammatory conditions, such
as psoriasis.

ILEI gene signature analysis separates psoriasis from normal
condition and predicts uPA as clinically relevant therapeutic
target

To evaluate the human relevance of our findings in the murine
model, we tested the effect of recombinant human ILEI stimulus
combined with TPA treatment in human primary Kkeratinocyte cul-
tures. We confirmed the dose-dependent effect of recombinant ILEI
on TNFa expression (Appendix Fig S7A) and recapitulated rapid
ILEI-dependent upregulation (after 8-h stimulus) of TNFa, ILla,
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CXCL1, and uPA in cultures of three independent donors (Appendix
Fig S7B and C). uPAR and a selection of validated nontarget genes,
such as Hbegf, IL17C, and IL36A, showed only TPA-dependent
increase, without an ILEI effect (Appendix Fig S7C and D). Of note,
differences in the amplitude of TPA and/or ILEI responsiveness of
the individual donors were very high, reflecting the individual het-
erogeneity of human primary cells compared with mouse models.
These results show that the identified ILEI functions in the murine
system were translatable to human with maintained specificity and
selectivity of the responses.

These findings encouraged us to evaluate the clinical relevance
of our ILEI overexpression model. Thus, we tested the power of the
61 ILEI-linked DEGs of the mouse back skin transcriptome as a pso-
riasis signature. Strikingly, this ILEI gene signature was able to sepa-
rate psoriasis from healthy skin in a combined cohort of two human
datasets comprising psoriasis and atopic dermatitis (AD) patients
and healthy controls (Fig 8A). The discrimination rate for each of
the three conditions was high, above 0.9, normal state being almost
100% distinguishable from pathological conditions and psoriasis
discrimination being superior to AD with rates of 0.99 and 0.93,
respectively (Fig 8B).

To identify the genes with strongest separation power and by this
potentially highest clinical impact for psoriasis, we further refined
the signature and determined a minimum set of 29 genes that was
still able to maintain optimal separation (Fig 8C). uPA/PLAU was
among the few targetable genes of this gene list, and relevance net-
work analysis ranked it as top third “separator gene” of the ILEI sig-
nature genes upregulated in psoriasis (Fig 8D). These findings show
the relevance and predictive power of an ILEI-driven gene signature
in hyperproliferative inflammatory skin conditions, especially psori-
asis. In addition, it indicates that the therapeutic effect of uPA dem-
onstrated in our KS-ILEI"® psoriasiform mouse model has a high
potential clinical impact in psoriasis therapy.

Treatment-induced changes in disease severity are accompanied
by changes in uPA mRNA levels

IHC analysis indicated that ILEI protein levels correlate with psoria-
sis severity (Fig 1D). The identified transcriptional control of ILEI on
uPA prompted us to address whether uPA levels also show a similar
correlation. Expression of uPA in psoriasis was assessed by IHC on
the panel of healthy and lesional skins as described for ILEI. uPA
showed elevated levels in psoriatic epidermis (Fig EV5A), resem-
bling the pattern of ILEI localization. Like ILEI, uPA was mainly
restricted to basal keratinocytes in healthy skin, whereas it was
homogenously distributed throughout the whole epidermis with a
dotted perinuclear subcellular accumulation indicative for secretory
structures in psoriatic skin (Fig EVSA, inlets). However, keratino-
cytes were not the major source of uPA in the skin, and its higher
abundance in many other cell types, partially intercalating into the
epidermal compartment, did not allow IHC-based quantification and
correlation analysis on severity. To overcome this, we utilized two
independent transcriptomics datasets with the limitation that they
lacked annotation on clinical severity scores. Therefore, Keratin 6
(K6) and Keratin 16 (K16), described as close molecular correlates
of psoriasis severity (Wang & Chang, 2003), were used. uPA/PLAU
showed strong positive correlation to both of the “psoriasis sever-
ity” marker genes in both analyzed cohorts, and the two-gene
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Figure 8. “ILEI signature” of the mouse model separates psoriasis from normal condition with uPA ranking among the top separator genes.

A Principal component analysis of MINT-integrated data of the two human datasets E-MTAB-8149 and GSE121212 consisting of psoriasis, atopic dermatitis (AD)
patients and healthy controls based on the “ILEI signature” obtained from the mouse dataset. Circles mark clusters.

B Performance of the “ILEI signature”-based classification model on the three disease

states (normal, psoriasis and AD) of above two human datasets after MINT-

PLSDA-based data integration plotted on a ROC curve. Discrimination ratio between given status versus both other states is marked in the legend.
C Heatmap of nonsupervised hierarchical clustering of the 29 “core separator genes” on MINT transformed expression data of normal and psoriasis conditions of the
two human cohorts determined from the “ILE| signature” as number of genes necessary for optimal classification with lowest error rate tested by leave-one-out

cross-validation.

D Relevance network of the “core separator genes” for normal and psoriasis conditions ranked according to the strength of regulation, considering UP as positive,

DOWN as negative scores. Width of the edges depicts the strength of regulation, col

combinations separated normal from psoriasis samples, confirming
the power of uPA as a psoriasis signature gene (Fig EV5B and C, left
panels). In psoriatic lesions alone, the correlation strength of uPA to
K6 and K16 was, however, very different in the two analyzed
cohorts, strong and significant in GSE121212, but overall weak in E-
MTAB-8149 (Fig EV5B and C, right panels). To reduce the effect of
disease/dataset heterogeneity on severity correlation studies, we uti-
lized a transcriptomic dataset on matched skin biopsies repeatedly
taken from the same cohort of psoriasis patients before and after
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or marks the direction of regulation. PLAU is highlighted in bold.

therapy with the anti-IL17R antibody Brodalumab (Russell
et al, 2014). This clinical study reported a dose-dependent improve-
ment in the clinically used PASI severity index (Papp et al, 2012), as
well as the dose-dependent conversion of the lesional psoriasis tran-
scriptome to a nonlesional signature, including the validation of a
strong positive correlation of K6 and K16 with the PASI score (Papp
et al, 2012; Russell et al, 2014). Using these data, we could confirm
elevated uPA/PLAU expression in psoriatic lesions compared with
nonlesional skin at treatment start, albeit it showed high variance

© 2023 The Authors



Barizah Malik et al

between the different randomized treatment subsets (Fig EVSD).
While placebo, low- and mid-dose treatments did not cause any
decrease in the median expression of uPA, high-dose therapy lead to
a gradual decrease of uPA mRNA levels over time (Fig EV5D). This
was in line with the reported observation that lower exposures
showed transient or incomplete molecular responses (Russell
et al, 2014). uPA/PLAU expression showed significant positive cor-
relation in this cohort with both “severity markers”, K6 and K16
(Fig EVSE and F), and importantly, samples with decreased uPA
levels after high-dose therapy associated with decreased K6 and K16
expression, specifically mapping to the profile of nonlesional skin
samples (Fig EVSE and F). These preliminary data indicate that
(therapy-induced changes in) disease severity is accompanied by
concomitant changes in uPA expression. Future studies are needed
to delineate the strength of this relationship.

ILEI protein levels are also elevated in lesions of other skin
diseases linked to chronic inflammation.

The ILEI gene signature was able to separate not only psoriasis but
also AD from healthy skin with a high discrimination rate. This
encouraged us to test whether ILEI protein expression was increased
also in other chronic inflammatory skin diseases. Besides AD, myco-
sis fungoides and lupus erythematosus skin biopsies were analyzed
by IHC (Appendix Fig S8). Each of the diseases showed increased
ILEI protein levels compared with normal skin both in the epidermis
and in dermal infiltrates at variable levels between individual sam-
ples (Appendix Fig S8). This indicates that our findings on ILEI’s
role in psoriasis might have a broader relevance for inflammatory
skin diseases.

Discussion

Inflammatory skin diseases manifest through the involvement of
several cells, such as keratinocytes, immune cells, fibroblasts, endo-
thelial cells and the cytokines and chemokines released by these
cells in the skin. Psoriasis has been widely studied in the last few
decades, and several therapeutic approaches were developed to tar-
get specific cells (T cells), chemokines (TNFa), and interleukins (IL-
17 and IL-23) for treatment. However, there is still more to be
explored in the context of the disease mechanism.

ILEI, a pro-inflammatory cytokine, has been shown to be prog-
nostic in several human cancers (Waerner et al, 2006; Gao
et al, 2014; Yin et al, 2018). However, the role of ILEI in inflamma-
tory diseases has not been mechanistically explored so far. In this
study, we demonstrate the relevance of ILEI in skin inflammation
here exemplified in human psoriasis and in a novel ILEI-
overexpressing murine psoriasiform disease model.

Several genetically engineered mouse models with an epidermal
manipulation of gene expression develop psoriasis-like skin lesions
upon or without an inflammatory trigger (Wagner et al, 2010; Swin-
dell et al, 2011; Nakajima & Sano, 2018). Here, we used transgenic
mice with inducible keratinocyte-specific ILEI overexpression (K5-
ILEI™) combined with TPA treatment to investigate the mechanistic
involvement of ILEI in psoriasis. KS-ILEF™® mice showed no apparent
altered phenotype at homeostatic conditions, an inflammatory agent
(TPA and IMQ) was required for the development of the psoriasiform
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phenotype. This is distinctive to some other murine psoriasis models,
for example, induced epidermal deletion of cJun/JunB, where deletion
of these AP-1 proteins in keratinocytes is sufficient for spontaneous
disease development (Zenz et al, 2005). The KS-ILEI™ model shows
primarily an enhanced myeloid drive. Most likely, induced by the
upregulation of several neutrophil-recruiting factors, such as TNFao.
IL17A-regulated processes were not affected by ILEL. cJun“®"/junB*?
mice also show a myeloid-psoriasiform phenotype dominated by
TNFo signaling and neutrophil accumulation (Guinea-Viniegra
et al, 2009). The IMQ-induced psoriasis model acts, however, primar-
ily via the activation of a Th17 response initiated by DCs (Van der Fits
et al, 2009). K5.Stat3C mice also share some features with the KS-
ILEI"™® model. Although K5.Stat3C mice develop some psoriasis-like
symptoms over time, for adequate disease modeling, an additional
trigger is applied, such as TPA treatment or wounding (Sano
et al, 2005). As injury to the skin (Koebner phenomenon) is consid-
ered as a main trigger in psoriasis manifestation (Ji & Liu, 2019), it
will be interesting to test the effect of wounding also in the KS-ILEI™
model. Similarly, it will be interesting to investigate, how far other
psoriasis models utilize ILEI signaling as an effector axis for disease
manifestation. Our studies showed that both, TPA and IMQ, two
inflammatory agents with very different mechanisms of action (Stan-
ley et al, 1991; Van der Fits et al, 2009) upregulated ILEI protein levels
and caused a more severe psoriasiform phenotype in K5-ILEI™ mice,
indicating that ILEI overexpression could be considered as a psoriasis
risk factor model that can be investigated in diverse psoriasis driver
backgrounds.

ILEI has a strong translational control via TGFb (Waerner
et al, 2006; Chaudhury et al, 2010a), and its secretion is regulated
by the uPA-uPAR signaling axis (Csiszar et al, 2014). Indirectly,
through the regulation of proteolytic cascades, plasminogen (Plg)
and Kallkrein also play a role in ILEI secretion (Lund et al, 2006;
Sotiropoulou et al, 2009; Smith & Marshall, 2010). Plasmin, in addi-
tion, also activates ILEI by proteolytic cleavage, and other serine
proteases, for example, neutrophil elastase (NE), show also this
capacity (Csiszar et al, 2014). As our data demonstrate, ILEI signal-
ing upregulated uPA transcription, indicating that proteolytic activa-
tion of ILEI generates a feed-forward loop on its own secretion.
Thus, directly or indirectly, all these factors contribute to increased
ILEI protein levels. TGFbl has an important role in psoriasis:
Increased epidermal and serum TGFb1 levels correlate with disease
severity, and mouse models with keratinocyte-specific human
TGFb1 overexpression (K5.hTGFb1™") recapitulate the human dis-
ease (Han et al, 2010). uPA and plasmin are also upregulated in pso-
riasis (Li et al, 2011; Rubina et al, 2017), NE levels similarly
(Krasavin et al, 2019). Latter also contributes to the proteolytic mat-
uration of IL36 family cytokines, prominent factors of psoriasis
development (Henry et al, 2016). Thus, we can anticipate that NE
has a contribution also in ILEI activation in psoriasis. Our mRNA
profiling showed that some of these factors were transcriptionally
upregulated upon TPA treatment and ILEI overexpression further
boosted the expression of a subset of them, most potently of uPA.
These data support the observation that elevated ILEI protein levels
can be achieved without transcriptional upregulation in psoriasis
and also indicate that the necessity of TPA for the manifestation of a
psoriasiform phenotype in our ILEI-overexpressing model can be
partially explained by its contribution to the upregulation of the ILEI
translational and activating enzymatic machinery.
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ILEI exists both, in monomers and dimers, dimers having been
described as the ligand for LIFR and responsible in inducing EMT
and invasion (Kral et al, 2017; Woosley et al, 2019). Similarly, we
found that in keratinocytes ILEI dimers, not monomers, affected dif-
ferentiation and target gene expression. Thus, this study also
extends the panel of ILEI functions linked to its dimerization.

Several studies have shown the involvement of STAT3 activation
in psoriasis (Calautti et al, 2018; Nakajima & Sano, 2018). ILEI was
also shown to act via LIFR/STAT3 axis in inducing EMT (Woosley
et al, 2019). Recently, the ILEI/LIFR complex has been reported to
induce EMT by activating Akt and Erk pathways in renal interstitial
fibrosis (Zhou et al, 2022). Here, we demonstrate how ILEI orches-
trates the interplay of these signaling pathways upon an inflamma-
tory stimulus in keratinocytes. We propose that ILEI utilizes Ser727
phosphorylation-driven STAT3 activation to mediate its effects in
keratinocytes and that PI3K and Mek are important transducers of
this activation. Our data show that tyrosine phosphorylation was a
prerequisite of Ser727 phosphorylation, indicating that it was an
essential initiating event of further activation of the molecule. Mek
and PI3K inhibitors efficiently blocked TPA-induced elevated ILEI
target gene expression affecting, however, only Ser727, but not
Tyr705 phosphorylation on STAT3, indicating that Ser727 phosphor-
ylation was responsible for the ILEI-dependent effects. In addition,
ILEI-dependent elevated phospho-Serine727 STAT3 levels showed a
clear nuclear accumulation in the skin. Considering that many dif-
ferentially expressed genes were found similarly in ILEI-
overexpressing TPA-treated skin and upon TPA treatment alone, in
latter with a lower amplitude, suggests to us that ILEI-driven
STAT3-Ser727 phosphorylation might potentiate the activity of the
STATS3 transcription factor in keratinocytes. Thus, our study identi-
fied STAT3 serine phosphorylation as an important amplifier in ILEI
signal transduction that connects STAT3, Akt, and Erk signaling.
Future work should focus to uncover the general relevance of our
findings in ILEI-STAT3 signaling, for example, by revisiting LIFR-
STAT3 signaling axis in EMT-MET switch in cancer (Lin
et al, 2021).

Some previous studies have indicated a possible role for ILEI in
inflammation, but it has so far never been investigated mechanisti-
cally (Chaudhury et al, 2010a, 2010b). Maybe, due to its strict trans-
lational control it was overlooked before. For example, ILEI was
identified among the top 20 upregulated proteins in a secretome
study of murine macrophages, stimulated with a Stimulator of inter-
feron genes (STING) agonist, without any detectable changes at the
transcript level (Motani & Kosako, 2018). In this study, we found
ILEI being upregulated at protein level in psoriatic skin and propose
ILEI protein as a potential novel biomarker that correlates with dis-
ease severity.

Transcriptomic profiling of TPA-treated KS-ILEI"™® murine skin
revealed a set of 61 DEGs and GSEA showed enrichment for several
immune regulating pathways. Many of these are novel in context of
ILEI function. A substantial fraction of gene sets enriched are shared
with psoriasis and the “ILEI signature” separated psoriatic from nor-
mal skin in two independent patient cohorts. This indicates that,
although transcriptionally unchanged, ILEI’s elevated protein levels
and activity control core mechanisms of the disease and generates a
transcriptional fingerprint of high potential clinical value. It will be
interesting to explore our “ILEI signature” further to define its pre-
dictive power in making therapy decisions.
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Psoriasis treatment is now moving toward targeted therapies
using specific inhibitors and antibodies. (Campa et al, 2015; Wasi-
lewska et al, 2016). However, there is no predictive model for
treatment response in clinical use (Yiu et al, 2021). In addition,
current treatments have several side effects in patients and some-
times application must be stopped (Lebwohl et al, 2015; Wasi-
lewska et al, 2016; Lindhaus et al, 2017; Murdaca et al, 2019).
Hence, it would be clinically relevant to explore the therapeutic
potential of ILEI in psoriasis treatment further. Importantly, we
show that ILEI deletion in immune cells affects neither gross sys-
temic immune composition nor homeostasis and inflammatory
response in the skin. These findings support the idea that ILEI
could be utilized as a therapeutic target in the treatment of
psoriasis.

Currently, there are no tools available to directly block ILEI func-
tion, for example, in the form of neutralizing antibodies. Neverthe-
less, there are several inhibitors against urokinase (uPA/Plau; Fish
et al, 2007; Masucci et al, 2022). uPA was among the top upregu-
lated genes in our transcriptional profile. We validated its upregula-
tion in ILEI-overexpressing freshly sorted and ex vivo cultured
keratinocytes, as well as upon treatment with recombinant ILEI fol-
lowing TPA treatment. These data indicate that ILEI induces a feed-
forward loop on its own secretion and activation in keratinocytes in
a cell-autonomous manner and by this amplifies ILEI signaling-
linked pathological processes. Of note, the urokinase plasminogen
activator system was shown in earlier immunohistochemistry stud-
ies to be upregulated in psoriasis, and uPA and plasmin having
been proposed as potential therapeutic targets (Li et al, 2011;
Rubina et al, 2017). Encouraged by these findings, in a therapeutic
intervention, pharmacological inhibition of uPA ameliorated ILEI-
dependent epidermal thickening in inflamed mouse skin and
reduced ILEI secretion. Although uPA is involved in wound healing
processes, there it acts redundantly with its close relative tissue
plasminogen activator (tPA) and only dual deletion of the two
genes affects wound repair (Lund et al, 2006). The availability of
selective inhibitors for these two proteases ensures efficient and
specific blockage of uPA without side effects on skin integrity (Fish
et al, 2007). As only uPA, but not tPA is involved in the regulation
of ILEI secretion (Csiszar et al, 2014), selective efficient inhibition
of ILEI activity is therapeutically possible. Further refinement of the
ILEI gene signature identified uPA as top third among the 29 genes
minimally required for optimal separation of psoriasis from normal
condition. These results indicate uPA inhibition as potential thera-
peutic target for psoriasis and possibly other ILEI-linked pathologi-
cal conditions.

Indeed, preliminary IHC data on other chronic inflammatory dis-
ease, such as AD, mycosis fungoides and lupus erythematosus indi-
cate that ILEI protein levels are increased in these diseases as well.
Hence, the question arises if ILEI has any psoriasis specificity, or it
should be considered as a broad inflammatory marker. Interestingly,
the ILEI signature was not only able to distinguish psoriasis from
normal condition, but it also separated AD from both, normal and
psoriasis conditions, indicating that genes of the signature are
important in both diseases, but at the same time, they might have
different weighting in the two pathological conditions, and thus,
ILEI-linked pathways might have distinctive regulations in the dif-
ferent diseases. Thus, it will be interesting for future research with
high clinical impact, to identify commonalities and specificities of
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ILEI-driven regulatory mechanisms in the different inflammatory
skin diseases.

In conclusion, we show that ILEI protein levels are upregulated
in psoriatic skin and elevated ILEI protein levels contribute to a
more severe psoriasiform phenotype in mice. The high therapeutic
potential of ILEI and its regulator uPA found in this study will likely
open up new opportunities in psoriasis therapy.

Materials and Methods
Human material

The IHC study on psoriatic and other skin disease tissue biopsies
was approved by the Ethics Committee of the Medical University of
Vienna, Austria (EK 1783/2020). Written informed consent was
obtained from each individual before inclusion, according to the
WMA Declaration of Helsinki. Experiments conformed the Depart-
ment of Health and Human Services Belmont Report. From
formalin-fixed, paraffin-embedded 4 mm full-thickness punch biop-
sies taken from lesional skin of patients for diagnostic reasons (pso-
riasis n=5, AD n =4, mycosis fungoides n =4, lupus
erythematosus n = 2), after finalizing the medical report, 4-um-
thick sections were cut. After deparaffinization, sections were
subjected to antigen retrieval (citrate buffer pH 6), incubated with
primary anti-ILEI (HPA050548, 1:1,000, Human Protein Atlas; all
cases) and anti-PLAU (HPA070796, 1:700, Human Protein Atlas;
psoriasis) antibodies followed by secondary HRP-coupled antibody
(Cell Signaling Technology), DAB reaction and hematoxylin coun-
terstain. Stained slides were scanned using Pannoramic MIDI slide
scanner (3DHISTECH).

The study on human primary keratinocyte cultures was approved
by the ethics committee of the Medical University of Vienna, Austria
(Vote 1969/2021). All donors (n = 3) gave their written informed
consent.

ILEI IHC cellular quantification

Quantification was performed by cellular segmentation followed by
the calculation of 3,3’-diaminobenzidine (DAB) chromogen intensi-
ties. Briefly, the analysis of the stained human skin sections was
performed using a Fiji Macro. As additional plugins we used “Star-
dist”  (https://github.com/stardist/stardist) and “MorpholibJ”
(https://imagej.net/MorphoLibJ). Smaller subsets from the tissue
scans were exported for the analysis. A manual region of interest
was drawn on each image to define the borders of the epidermal tis-
sue. For measuring individual cells, the stained nuclei were detected
via the “Stardist” deep learning plugin using the predefined model
for bright-field sections. These segmented nuclei could be manually
modified if needed and were then used to define the whole cells via
growing into the surrounding tissue using the “Marker controlled
watershed”—algorithm of “MorpholibJ.”

For quantifying the ILEI staining, the “Fiji color deconvolution
plugin” was used to create separate channels via the predefined
setup for DAB and hematoxylin staining. The resulting DAB channel
was inverted to measure mean and sum intensities within the previ-
ously defined cell borders. In addition to the cellular measurement,
intensities were also measured over the whole-defined region.
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Isolation, cultivation, and treatment of human primary
keratinocytes

Fresh human skin specimens from surgery were taken, and the epi-
dermis and dermis were separated by incubating in Dispase II
(2.4 U/ml; Roche Diagnostics GmbH, Mannheim, Germany) over-
night at 4°C. Single keratinocytes (KCs) were obtained by digesting
the epidermis with 0.05% Trypsin—-EDTA (Thermo Fisher Scientific,
Waltham, MA) and DNAse I (Sigma-Aldrich, St. Louis, MO) for
7 min at 37°C. Primary KCs were cultured in KC Growth Medium-2
(PromoCell) at 37°C, in 5% carbon dioxide, and 95% relative
humidity, expanded for up to 10 days in the first passage, after
which they were frozen and then thawed for the experiments. For
stimulation, 1 x 10° cells were seeded in 12-well plates and cultured
for 24 h, followed by media change to KC Basal-Medium-2 (Promo-
Cell) for 15 h before treatments. Purified recombinant human ILEI
(hILEL Kral et al, 2017) was added for dose-response studies at con-
centrations of 100, 250, and 500 ng/ml and for other treatments at
500 ng/ml. Co-treatments with TPA and acetone as vehicle control
were performed at a concentration of 20 ng/ml. After 8 h of treat-
ment, cells were harvested and total RNA was isolated.

Mice

Mice were kept in the animal facility of the Medical University of
Vienna in accordance with institutional policies and federal guide-
lines. Animal experiments were approved by the Animal Experimen-
tal Ethics Committee of the Medical University of Vienna and the
Austrian Federal Ministry of Science and Research (animal license
numbers: GZ BMWFW-66.009/0319-V/3b/2019). KS-ILEF™ mice
were generated using the tetracycline-inducible reverse transacti-
vator (rtTA; tet-ON) approach. For this, K5rtTA mice (Vitale-Cross
et al, 2004) were crossed to mice expressing a C-terminally FLAG
epitope-tagged version of an ILEI transgene under the control of the
tet-operon (ILEIi”d; Schmidt et al, 2023). To induce ILEI over-
expression, doxycycline diet was administered at a dose of
1,000 mg/kg starting 3 days prior to treatments. For conditional
deletion of ILEI, transgenic mice were generated inserting loxP sites
flanking exons 2 and 3 of the FAM3C/ILEI gene locus (ILEF'").
ILEP*P mice were generated by crossing ILEI'V" mice to transgenic
mice expressing Cre recombinase under the control of bovine K5
promoter (KSCre; Lichtenberger et al, 2010). ILEI*e™ mice were
generated by crossing the ILEI'"" mouse strain to Vavl-Cre trans-
genic mice (Georgiades et al, 2002). Primers for genotyping are
listed in Appendix Table S1.

TEWL measurement

TEWL of back skin was measured with Tewameter® TM 300 probe
attached to the MDD4-display device (Courage + Khazaka)
according to the manufacturer’s recommendations.

Treatments of mice

Female KS-ILEI"® mice and control littermates at the age of 7—
8 weeks were shaved on the back skin with an electrical animal
razor (AESCULAP GT608). 12-O-tetradecanoylphorbol-13-acetate
(TPA) treatment was performed by pipetting 100 ul of a 0.1 mM
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solution onto the back skin for five consecutive days. Acetone treat-
ment was used as vehicle control. If litter size allowed, both treat-
ments were included for both, control and overexpressor genotypes.
For imiquimod (IMQ) treatment, the same schedule was used at a
daily dose of 5 mg of a 5% cream formulation (Aldara, Meda
Pharma). For the combined treatment of TPA with the uPA inhibitor
UK371804 or its respective vehicle control DMSO: UK371804 was
applied daily 5-6 h after TPA treatment over a time of 5 days by
pipetting 40 ul of a 50 mM solution onto the back skin. Mice were
sacrificed and tissues dissected for further analysis on Day 6. Macro-
scopic changes observed on the back skin were photographically
recorded.

Quantification of epidermal thickness

Tissue biopsies from treated back skin of mice were collected, fixed
in 10% formalin, and embedded in paraffin. 4-um-thick skin sec-
tions were prepared and stained with hematoxylin and eosin (H&E;
Sigma-Aldrich). Epidermal thickness was determined blindly from
H&E stained skin sections by selecting 4 independent microscopic
fields on random areas and measuring the thickness at four interfol-
licular epidermal sections in these fields using Case Viewer (CSV,
3DHISTECH) and calculating the average of the 16 measurements.

Immunohistochemistry (IHC) and immunofluorescence (IF)

Primary antibodies listed in Appendix Table S2 were used applying
standard protocols. Briefly, 4-um sections (superadherent glass
slides, Dako, K8020) of paraffin-embedded mouse back skin were
deparaffinized and antigen retrieval was performed in a steamer for
1 h with citrate buffer (Target Retrieval S1699, DAKO). Samples
were washed with 1X PBS 3 times, treated with 3% H,0, (Sigma-
Aldrich) for 10 min, and after repeated washing incubated in Super-
block (Scy-Tek) for 6 min and subsequently for mouse antibodies
on mouse tissue in mouse-on-mouse block for 1 h (Scy-Tek). Anti-
bodies were diluted in blocking buffer (2% BSA, 10% Horse serum
and 0.1% Tween 20 in PBS) and incubated overnight at 4°C. For
IHC, samples were washed and incubated with HRP-conjugated sec-
ondary antibodies (Cell Signaling Technology) for 30 min at room
temperature, developed with DAB substrate (Dako) followed by
hematoxylin counterstain, rehydration and mounting. Slides were
digitized with a Pannoramic SCAN II slide scanner (3DHistech) in
extended focus scanning mode using a 20X plan-apochromat objec-
tive (0.8 NA) and a SMpxl sCMOS camera. Quantification was
performed using an automized histology quantification software
(Definiens Tissue studio® 4.3). Giemsa staining was performed to
identify mast cells as described previously (Lichtenberger
et al, 2013) and subsequently processed as IHC slides for imaging.
For IF, samples were washed and incubated with fluorochrome-
conjugated secondary antibodies (Guinea Pig Alexa 594, Invitrogen;
Rabbit Alexa 488, Invitrogen), counterstained with Hoechst33342
(Life technologies), and mounted (Aquamount, DAKO). IF stainings
were captured using confocal (for K5, K10; Zeiss LSM 700 point
laser confocal microscope with laser excitation, using either 40X,
Plan-NeoFluar NA 1.3 Qil or 63X Plan-pochromat NA 1.4 oil immer-
sion objectives and default (72 pm) pinhole for single frames) or
epifluorescence  (for  phosphoSer’’-STAT3,  phosphoErk1/2,
phospho-Akt; Nikon 80i (Nikon, Japan) widefield epifluorescence
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microscope using a 40X Plan Fluor NA 0.75 DIC objective, an EXFO
white light source in combination with UV-2A, FITC (465-495 nm)
DMS505 and G-2A (510-560 nm) DM575 fluorescence filters as well
as a Nikon DS Qi2 Monochrome CMOS camera for image acquisi-
tion) microscopy.

Isolation of murine primary keratinocytes, ex vivo TPA
treatments and differentiation

Keratinocytes were isolated from treated back skin or tails and ears
of the mice as mentioned previously (Lichtenberger et al, 2010) with
modifications. Briefly, back skin was cut and fat tissue was scraped
off. Tissues were kept in ice-cold PBS till the preparation of all the
tissues. PBS was exchanged with fresh PBS containing 0.8% trypsin
and incubated for 1 h at 37°C, and digestion was stopped by repla-
cing the solution with PBS supplemented with 10%FCS. Epidermal
layer was separated from the dermis. Epidermal tissue was incu-
bated in keratinocyte growth medium (Minimal Essential Medium
[MEM; Gibco] supplemented with 0.03 mg/ml bovine pituitary
extract [Promocell], 0.125 ng/ml murine EGF [Peprotech], 5 pg/ml
insulin [Sigma], 0.39 pg/ml epinephrine [Sigma], 10 pg/ml transfer-
rin [Sigma], 0.33 pg/ml hydrocortison [Sigma], 10 uM ethanol-
amine, 10 uM phosphoethanolamine [Sigma], 0.02 mM CaCl,
[Promocell], and 1x Glutamine, 1x Pen/Strep [Sigma]) supple-
mented with DNasel (250 pg/ml, Sigma) for 30 min at 37°C with
shaking at 250 rpm. Suspension was filtered through a 70 pm cell
strainer and centrifuged at 300 g for 5 min at 4°C. Cell pellet was
dissolved in KGM medium and plated at a density of 3 x 10° cells/
ml on plates precoated with KC coating medium (MEM [Gibco]
supplemented with 1% PureCol [Advanced Biometrix], 10 pg/ml
human Fibronectin [Gibco] and 1 mg/ml BSA fraction V, 20 mM
HEPES, 1 mM CaCl, [Sigma]). Keratinocytes were cultured at 32°C
and 5% CO,. Ex vivo TPA treatments with acetone as vehicle control
were performed at a concentration of 20 ng/ml for 4-96 h earliest
starting next day after seeding. To induce ILEI transgene overexpres-
sion, cells were treated with 5 mg/ml doxycycline (Sigma) at
seeding or at indicated time points. Keratinocyte differentiation was
induced by the addition of 0.3 mM CaCl, for 72 h before harvest.
Treatment for dose-response studies with recombinant murine ILEI
(mILEI) and its mutant monomeric form (mILEI®*) was performed
at concentrations of 125, 250, 500 and 1,000 ng/ml for 96 h, other
mILEI treatments with 250 ng/ml for 4-96 h.

Inhibitor treatment of murine keratinocyte cultures

Keratinocytes were pretreated with STAT3 inhibitor (STATTIC,
10 puM, Selleckchem), PI3K inhibitor (LY94002, 10 uM, Selleck-
chem), and Mek inhibitor (UO126, 10 uM, Sigma) for 30 min
followed by the simultaneous addition of mILEI (250 ng/ml) and
TPA/Acetone (20 ng/ml) in the continued presence of the inhibi-
tors. After 4 or 6 h of TPA induction, cells were harvested and
whole cell lysate was prepared or RNA was isolated, respectively.

Immunocytochemistry of murine keratinocytes
Isolated primary keratinocytes of treated or nontreated ILEI™® and

KS-ILEI™ mice were cultured in chamber slides (Nunc Lab-Tek,
Thermo Scientific). At treatment endpoint, cells were fixed in 4%
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PFA and permeabilized with 0.1% TritonX-100 in 1xPBS for 5 min.
After several washes in 1xPBS and blocking, cells were incubated
with primary antibodies diluted in blocking buffer (1xPBS with
0.1% Tween-20, 2% BSA, 5% horse serum) for 1 h followed by
washing, incubation with fluorochrome-conjugated secondary anti-
bodies and Hoechst contrastain for 30 min and embedding with
Vectashield (Vector Ltd.). Details on primary antibodies are listed in
Appendix Table S2. Images were captured using confocal micros-
copy (Zeiss LSM 700 point laser confocal microscope with laser
excitation, using either 40X, Plan-NeoFluar NA 1.3 Oil or 63X Plan-
pochromat NA 1.4 Oil immersion objectives and default (72 um)
pinhole for single frames).

Western blot analysis

Keratinocyte cultures were lysed in RIPA buffer (150 mM NacCl,
50 mM Tris pH 7.4, 1% Nonidet P40, 1% Na-deoxycholate, 1 mM
EDTA, 1 mM Na3zVO,, 25 mM NaF) supplemented with Complete
protease inhibitor cocktail (Roche). Skin tissues were homogenized
with a Precellys 24 homogenizer (Bertin) for protein extraction.
Total protein quantification in skin lysates was done by Bradford
protein assay according to the manufacturer’s protocol (Bio-Rad).
After SDS-PAGE proteins were transferred onto PVDF membrane
(Immobilon®-P). Western blot analysis was performed using pri-
mary antibodies listed in Appendix Table S2 and HRP-coupled sec-
ondary antibodies (Jackson ImmunoResearch). Blots were
developed using Clarity ECL Substrate and Chemidoc Touch device
(Bio-Rad) and quantified using ImageLab software (Bio-Rad).

FACS sorting of primary keratinocytes

Single-cell suspensions of freshly isolated keratinocytes were pre-
pared from epidermal sheet as described previously and subse-
quently blocked with anti-CD16/32 antibody (BioLegend). Cells
were stained with APC-conjugated CD45 and FITC-conjugated Ly6a/
Scal antibodies (Biolegend) for 30 min at 4°C. After incubation,
cells were washed, filtered, and stained with Zombie UV™ viability
dye (BioLegend) according to the manufacturer’s recommendation
to exclude dead cells. Keratinocytes were gated as CD45 negative
live cell population and sorted to be enriched for cells of the interfol-
licular epithelium (IFE; Ly6a/Scal positive) and of hair follicles (HF;
Ly6a/Scal negative) according to (Sakamoto et al, 2022) by a Moflo
Astrios EQ cell sorter (Beckman Coulter) at cooled conditions. Sorted
cells were directly pelleted and propagated for RNA isolation.

ELISA

100 pg of total skin protein extracts prepared in RIPA lysis buffer
was diluted in ELISA assay diluent (BioLegend) with Complete pro-
tease inhibitor cocktail (Roche), and ELISA was performed for CCL2
and IL-17A (BD Biosciences) according to the manufacturer’s
instructions. Absorbance was measured with a Tecan plate reader
(Tecan Infinite 200 Pro fluorometer).

Fluorometric uPA activity assay

uPA activity was determined using the Urokinase Activity Fluoromet-
ric Assay kit (Sigma) according to the manufacturer’s instructions.
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Briefly, 200 pg of total skin protein extracts was prepared using the
lysis buffer provided in the kit and added to the reaction. Kinetics of
absorbance was measured with a Tecan plate reader (Tecan Infinite
200 Pro fluorometer).

Flow cytometry of total skin and spleen

Single-cell suspension of freshly isolated splenocytes and total skin
was prepared as described earlier (Novoszel et al, 2021) and subse-
quently blocked with anti-CD16/32 antibody (BioLegend). Samples
were stained with following fluorophore-conjugated primary anti-
bodies (Biolegend) for 30 min at 4°C: Ly6G, CD11b, CD11c, CD19,
F4/80, MHC class II, Ly6C, and CD3¢ (spleen) and B220, BST-2,
CD3g, CD11c, CD11b, CD19, F4/80, Ly6C, Ly6G, MHC class II, TCR
v8, and XCR1 (skin, two panels; see Appendix Table S2). After incu-
bation, cells were washed, filtered, and stained with SYTOXblue via-
bility dye (Thermo Fisher) according to the manufacturer’s
recommendation to exclude dead cells. Flow cytometry was
performed on a Fortessa (BD Bioscience) and analyzed by FlowJo
v10 software.

Bone marrow isolation

Bone marrow cells were isolated as described previously (Novoszel
et al, 2021). Pelleted bone marrow cells were directly lysed in RIPA
buffer, and western blot analysis was performed.

RNA extraction and quantitative real-time PCR

RNA was extracted from murine back skin and from freshly isolated
or cultured primary keratinocytes by using TRIzol reagent (Invi-
trogen). For tissue homogenization, back skin was mechanically
disrupted with a Precellys 24 homogenizer (Bertin). cDNA was syn-
thesized by using the ProtoScript® II reverse transcriptase (New
England Biolabs) or SuperScript® IV reverse transcriptase (Fischer
Scientific) at limiting RNA concentrations. Quantitative real-time
reverse transcription-PCR was performed with the Power SYBR
Green Master Mix (Applied Biosystems). Each step followed the
manufacturers’ instructions. All primers are listed in Appendix
Table S3. Relative quantification of RNA was calculated according
to the ddCt method using GAPDH as reference gene and acetone-
treated ILEI™® skin or keratinocytes as control condition.

mRNA sequencing

Total RNA isolated from back skin tissue biopsies of treated ILEI™
and KS-ILEI™® mice was used for library preparation. The directional
library was prepared using NEBNext® UltraTM Directional RNA
Library Prep Kit for Illumina® (NEB, USA) following the manufac-
turer’s protocol. Indices were included to multiplex multiple
samples. Briefly, mRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. After fragmentation, the first strand
cDNA was synthesized using random hexamer primers followed by
the second strand cDNA synthesis. The strand-specific library was
ready after end repair, A-tailing, adapter ligation, size selection, and
USER enzyme digestion. After amplification and purification, insert
size of the library was validated on an Agilent 2100 and quantified
using quantitative PCR (qPCR). Libraries were then sequenced on
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Illumina NovaSeq 6000 S4 flowcell with PE150 according to results
from library quality control and expected data volume. Library prep-
aration and sequencing was performed by Novogene UK. Fastq files
were aligned using kallisto (Bray et al, 2016) to the GRCm38 mouse
genome.

Transcriptomic analysis

Human patient data were downloaded from Gene Expression Omni-
bus (GSE121212) and Array Express (E-MTAB-8149). Briefly,
GSE121212 and E-MTAB-8149 contain biopsies from psoriatic and
atopic dermatitis patients, and healthy controls (Fyhrquist
et al, 2019; Tsoi et al, 2019). The count matrices of the GSE121212
human dataset and the in-house generated mouse dataset were read
into GNU R and analyzed for differentially expressed genes using
the DESeq2 (Love et al, 2014). The list of differentially expressed
genes of the mouse dataset was defined as “ILEI signature.” The
CEL files of E-MTAB-8149 were loaded into R using the oligo pack-
age (Carvalho & Irizarry, 2010), rma normalized and subjected to
quality control using arrayQualityMetrics (Kauffmann et al, 2009) as
described earlier (Mohr et al, 2021). Differentially expressed genes
were determined using LIMMA (Ritchie et al, 2015). Biological con-
text of differentially expressed genes was determined using cluster-
Profiler (Yu et al, 2012). Datasets of the Molecular Signature
Database (H—hallmark genes, and C5—GO Terms biologic process)
were used as input (Subramanian et al, 2005; Liberzon et al, 2011).
Dimensionality reduction and lead term determination was
performed as described earlier (Mohr et al, 2021).

The ILEI signature was checked for performance using the mixO-
mics package of R (Rohart et al, 2017b). Data were integrated using
MINT (Rohart et al, 2017a) in combination with partial least square
discriminant analysis (MINT-PLSDA; Rohart et al, 2017b) with
default parameters. Model optimization resulted in a model using
the first three principal components and 32 genes. ROC curves and
relevance networks were constructed using the mixOmics package
(Rohart et al, 2017b). Heatmaps and relevance networks were calcu-
lated from the integrated data using 29 genes based on the first com-
ponent of the model. Where appropriate, P-values were corrected
for multiple testing according to Benjamini-Hochberg (Hochberg &
Benjamini, 1990).

scRNA-seq analysis

Processed sequencing data reported in (Gao et al, 2021) were down-
loaded from the Gene Expression Omnibus (GEO) database with
accession GSE162183. scRNA-Seq analysis was carried out using
most recent version of Seurat functions (Seurat V4.0+; Hao et al,
2021; Stuart et al, 2019). According to parameters and known
markers used in (Gao et al, 2021), cells harboring < 200 transcripts,
< 1,000 unique molecules and > 5% of mitochondrial gene ratio
were removed and the remaining cells were clustered into five main
clusters. Identified Epidermis (Ep) cluster was further clustered into
Ep_basal & Ep_diff based on the markers KRT14, KRTS, ITGA6 and
KRT1, KRT10, FLG, respectively. Dimensionality was further
reduced for visualization using t-Distributed Stochastic Neighbor
Embedding (t-SNE). The MAST packages integrated in the Seurat
“FindMarkers” were utilized to run differential expression testing
(Luecken & Theis, 2019).
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The paper explained

Problem

Psoriasis is a chronic inflammatory skin disease that affects 2-3% of
the worldwide population. Its genetic and environmental triggers are
only partially resolved with still unmet need for more therapy options.
ILEl is a known regulator of EMT and tumor progression, with an
established role in cancer metastasis. Its role in inflammation remains,
however elusive, partially due to the strong translational regulation
and complex post-translational control on the activity of the
molecule.

Results

We find that protein levels of ILEI/FAM3C were increased in the skin
of psoriatic patients and correlated with disease severity. In agree-
ment with our clinical observations, K5-ILE/™ mice, our newly gener-
ated mouse model with inducible, keratinocyte-specific ILEI
overexpression developed a psoriasis-like skin phenotype following an
inflammatory challenge. A “psoriasis ILEI gene signature” deduced
from the transcriptomic profiling of TPA-treated K5-ILE/™ mice effi-
ciently distinguished psoriasis and healthy skin cohorts. Mechanisti-
cally, ILEl shaped an immune response by increasing the expression of
inflammatory cytokines and chemokines in keratinocytes in a cell-
autonomous fashion and at the same time inducing a feed-forward
loop on its own post-translational activation via the plasminogen-
UPA-UPAR system. Treatment of TPA-induced K5-ILEf™ mice with a
UPA blocker resulted in a significant improvement of psoriasis symp-
toms by reducing ILEI secretion.

Impact

Our study provides a new conceptual insight into the role of ILEI in
chronic inflammatory conditions, identifying this cytokine and its
secretory regulator, uPA as novel therapeutic targets and thereby
offering a new perspective for the treatment of psoriasis. In addition,
the paper broadens the current view on ILEI's contribution in cancer,
so far linked only to tumor-intrinsic molecular processes.

Statistical analysis

Statistical analysis was done with GraphPad Prism 8.0. Sample size
estimate was not statistically performed. To compare one parameter
between two groups unpaired and paired two-tailed Student’s t-test,
across multiple groups one-way ANOVA with Tukey multiple com-
parison test was applied to determine statistical significance.
Welch’s correction was performed on Student’s t-test, if variance
between groups was significantly different. When possible, normal-
ity of data was assessed with D’Agostino and Pearson test, outliers
were identified by Grubbs’ test or ROUT Method. P-values of lower
than 0.05 were considered statistically significant (*P < 0.05,
**D < 0.01, ***P < 0.001). Error bars are represented as standard
error of mean (SEM). The strength of relationship between two vari-
ables was calculated by Pearson correlation analysis, linear regres-
sion curves calculated and presented with 99% confidence
intervals.

Data availability

The datasets produced in this study are available in the following
database: RNAseq data: ArrayExpress/Biostudies E-MTAB-12849
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(https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-
12849).

Expanded View for this article is available online.
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