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IL-22 and IL-20 are key mediators of the epidermal
alterations in psoriasis while IL-17 and IFN-y are not
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Abstract Psoriasis is a common chronic skin disease with
a largely unknown pathogenesis. We demonstrate here that
transgenic over-expression of interleukin (IL)-22 in mice
resulted in neonatal mortality and psoriasis-like skin
alterations including acanthosis and hypogranularity. This
cutaneous phenotype may be caused by the direct influence
of IL-22 on keratinocytes, since this cytokine did not affect
skin fibroblasts, endothelial cells, melanocytes, or adipo-
cytes. The comparison of cytokines with hypothesized roles
in psoriasis pathogenesis determined that neither interferon
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(IFN)-y nor IL-17, but only IL-22 and, with lower potency,
IL-20 caused psoriasis-like morphological changes in a
three-dimensional human epidermis model. These changes
were associated with inhibited keratinocyte terminal differ-
entiation and with STAT3 upregulation. The IL-22 effect on
differentiation-regulating genes was STAT3-dependent. In
contrast to IL-22 and IL-20, IFN-y and IL-17 strongly in-
duced T-cell and neutrophilic granulocyte-attracting chemo-
kines, respectively. Tumor necrosis factor-« potently induced
diverse chemokines and additionally enhanced the expression
of IL-22 receptor pathway elements and amplified some [L-22
effects. This study suggests that different cytokines are players
in the psoriasis pathogenesis although only the IL-10 family
members 1L-22 and IL-20 directly cause the characteristic
epidermal alterations.
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Cytokines - Interleukins - Chemokines

Introduction

Psoriasis is a recurrent, chronic skin disease affecting about
ten million people in the USA and the European Union
alone [1, 2]. Affected people show sharply demarcated, red,
and slightly elevated skin lesions with marked silver-white
scales. Histologically, alterations include a massively
thickened epidermis with diminished keratinocyte differen-
tiation and a vast infiltration of immune cells including T
cells, dendritic cells (DCs), macrophages, and granulocytes
in the dermis and epidermis [1, 2]. Despite the great
medical need, current psoriasis treatment options are
limited, which is at least in part due to our restricted
knowledge of its pathogenesis. Since the early 1990s, it has
been considered a fact that via their mediators, particularly
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interferon (IFN)-y, T cells play an important role in the
initiation and maintenance of psoriasis [2—4]. However, the
exact course of the pathogenic cascade and the precise
contributions of each mediator to the pathogenesis of
psoriasis are currently unknown.

Data recently published by others and ourselves on
interleukin (IL)-22, a novel member of the IL-10-IFN
family [5], led us to speculate that this mediator could play
an outstanding role in psoriasis pathogenesis. 1L-22 is
produced by some lymphocyte subsets including activated
Th17, Thl, and NK cells [6-10], and its expression is
massively increased in psoriatic lesions [11, 12]. Moreover,
elevated IL-22 levels were found in the blood from patients
with psoriasis and they correlate strongly with the disease
severity [13]. IL-22 has no influence on immune cells [11].
However, it regulates functions of a few tissue cell
populations [11]. IL-22 treatment of keratinocytes in vitro
inhibits their differentiation and increases their mobility [13—
15]. Moreover, it strongly increases the expression of
antimicrobial proteins [7, 11, 13—15]. Alterations very
similar to those observed in vitro in IL-22-treated keratino-
cytes are also found in psoriatic lesions [16].

In our current study, we clarify the significance of 1L-22
for the psoriatic epidermis alterations by utilizing transgenic
(TG) mice, a three-dimensional epidermis model, and
patient samples and compare the effects of this cytokine
on keratinocytes with the effects of IFN-y, IL-17, tumor
necrosis factor (TNF)-«, and IL-20.

Materials and methods

Generation of IL-22 TG mice A DNA fragment containing
a consensus Kozak sequence and coding region of mouse or
human IL-22 was cloned into an expression plasmid under
either the EULCK (mouse 1L.-22) or the rat insulin II (human
IL-22) promoter. The expression cassette with the IL-22
complementary DNA (cDNA) plus human growth hormone
poly-A signal was isolated and used for microinjection into
fertilized B6C3f1 (Taconic) murine oocytes. Equivalence in the
potency of mouse and human IL-22 action on mouse cells had
been confirmed by assessing STAT3 phosphorylation in
Hepal-6 cells (data not shown). Microinjection and production
of TG mice was performed as previously described [17].
Animal experimentation conformed to AAALAC guidelines
and has been approved by the ZymoGenetic's Institutional
Animal Care and Use Committee.

Cell culture Primary human epidermal keratinocytes and
dermal fibroblasts were obtained from Lonza and cultured
in KGM and FGM-2 medium, respectively, from the same
supplier. Adipocytes were generated from primary human
subcutaneous preadipocytes (Lonza) by culturing them for
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10 days with PGM-2 differentiation medium (Lonza).
Primary human dermal microvascular endothelial cells and
melanocytes were purchased from Invitrogen and cultured
in the respective medium (Invitrogen) according to the
supplier’s instructions. Cells were used for experiments
after a 24- to 48-h preculture period. For analysis of
constitutive IL-22 receptor expression, cells were directly
prepared for quantitative RT-PCR (qPCR) analysis after
preculture. For signal transduction analysis, keratinocytes
were stimulated with 10 ng/ml IL-22 for 0, 10, 20, and 40 min,
and fibroblasts, microvascular endothelial cells, melanocytes,
and adipocytes were each stimulated or not (control) with
10 ng/ml IL-22 and IFN-y for 20 min. To investigate
chemokine expression, keratinocytes were exposed to either
IL-22, IFN-y, IL-1$3, or combinations of IL-22 with either
IFN-y, or IL-1§ (all cytokines at 10 ng/ml), or left without
additives (control) for 24 h. To investigate the effects of TNF-
«, keratinocytes were exposed or not (control) to 10 ng/ml
TNF-o« for 42 h. EpiDerm-201™ under-developed tissue
equivalents of human epidermis (under-developed human
epidermis models, HEM) that are composed of stratified
human keratinocytes derived from neonatal foreskins were
obtained from MatTek in 2006 and 2007 and were cultured in
inserts at the air-liquid interface using hydrocortisone-free
Epi-201-DM differentiation medium from the same supplier.
For stimulation, culture medium was supplemented or not
(control) with 20 ng/ml IL-22, 20 ng/ml IL-20, 10 ng/ml
IL-17, 1 to 20 ng/ml TNF-«, or a combination of IL-22 and
TNF-« (1 and 2 ng/ml). After 72 h, the culture medium was
recovered for enzyme-linked immunosorbent assay and
biopsies were taken from the HEM tissues and either snap-
frozen for histology or lysed for messenger RNA (mRNA)
analysis using Invisorb® lysing solution (Invitek). All
cytokines mentioned above were purchased from R&D
Systems.

Small interfering RNA knockdown Keratinocytes at a
confluence of 30-50% were transfected using 100 pmol STAT3
Stealth RNAi and respective control oligo-ribonucleotide
(Invitrogen) and 3 pl Lipofectamine 2000 (Invitrogen; 12-
well culture format) according to the supplier’s instructions. Six
hours later, the transfection solution was replaced by KGM and,
after a further 24 h, cells were stimulated with 10 ng/ml 1L-22
(R&D Systems) or left unstimulated (control) for another 24 h.

Patients For STAT3 mRNA expression analyses, punch
biopsies were obtained from diseased and uninvolved skin
from adult patients with chronic plaque psoriasis. All skin
and blood samples were approved by the clinical institutional
review board of the Charité University Hospital, Berlin.

Histological and immunohistochemical analysis For histo-
logical analyses of skin from neonatal IL-22 TG and wild-



J Mol Med (2009) 87:523-536

525

type (WT) control mice, biopsies were fixed in 10% neutral
buffered formalin, embedded in paraffin, routinely pro-
cessed, sectioned at 5 um, and stained with hematoxylin
and eosin. For immunohistochemical analyses of skin from
neonatal IL-22 TG and WT mice, biopsies were frozen in
blocks of Tissue-Tek® O.C.T. compound (Tissue Tek) and
sectioned at 7 wm on a cryostat. Sections adhered to glass
slides were allowed to dry overnight at room temperature,
fixed in —20°C acetone, and stained with rat anti-mouse
CD3 monoclonal antibody (Ab; clone 17A2, Pharmingen)
and with rat anti-mouse F4/80 monoclonal Ab (clone CI:
A3-1, Serotec) diluted 1:50 and 1:200, respectively, in
phosphate-buffered saline with 10 mg/ml bovine serum
albumin for 1 h at room temperature. After extensive
washing, detection of primary antibody binding was
performed using goat anti-rat immunoglobulin (Ig)G con-
jugated with horseradish peroxidase (Zymed). Nuclear
counter-staining of sections was performed using methyl
green (DAKO) before sections were dehydrated and cover-
slipped. Frozen biopsies taken from HEM were embedded
in tissue-freezing medium (Leica Microsystems) and cryo-
cut to 7 um sections, fixed in —20°C acetone and stained
with either Mayer's hemalaun (Dr. K. Hollborn & S6hne
GmbH & Co.) or with the following primary Abs: mouse
anti-human K10 (clone LHPI, Serotec) diluted 1:50,
mouse anti-human Ki67 (clone MIB-1, DAKO) diluted
1:75, or the corresponding isotype control mouse anti-
human IgGl (clone DAK-GO1, DAKO) diluted 1:50.
Detection of primary Ab binding was performed using the
LSAB+ System-AP kit (DAKO). Sections were then counter-
stained with Mayer's hemalaun, and covered with Kaiser's
glycerin gelatin (Merck). The thickness of living cell layers
in HEM and mouse skin sections was measured by means of
AxioVision Release 4.6.3 image software (Zeiss, Jena,
Germany).

Quantitative RT-PCR lIsolation of total cellular RNA was
performed using the Invisorb® RNA kit IT (Invitek). Messenger
RNA was reverse-transcribed as described previously [12] and
analyzed by TagMan™ PCR using the ABI Prism™ 7700
Sequence Detection System (Applied Biosystems). The
expression of human IL-22R1, IL-10R2, IL-20R1, and
IL-20R2 was detected using fluorescent probes as described
previously [8, 11]. All other detection systems used were
purchased from Applied Biosystems. The expression levels were
calculated relative to those of hypoxanthine phosphoribosyl-
transferase 1 (HPRT).

Enzyme-linked immunosorbent assay Human TNF-x and
CXCL8 was quantified by Immulite™ (DPC Biermann).

Western blot analyses Cell lysis, protein electrophoresis, and
Western blot were performed as described previously [18].

Blotted samples were incubated with polyclonal Abs against
phospho-STAT1 (Tyr701), phospho-STAT3 (Tyr705),
phospho-STAT5 (Tyr694), and total STAT3 (all from New
England Biolabs) followed by incubation with peroxidase-
conjugated AffiniPure F(ab'), goat anti-rabbit IgG (H and L)
secondary Ab fragment (Dianova) and ECL detection
(Amersham Pharmacia Biotec).

Statistical analyses Significance of differences between
treatment groups of in vitro cultures and between non-
lesional and lesional skin was tested by the Wilcoxon
matched-pairs signed-rank test (two-tailed). Significance of
differences between WT versus TG mice was tested by the
Mann—Whitney U test (two-tailed). In all cases, the SPSS
software (SPSS) was used.

Results
IL-22 TG mice show psoriasis-like skin alterations

To further explore the biological significance of 1L-22, we
investigated its role in vivo in the first part of our study
using IL-22 over-expressing mice. Two approaches were
used: First, mouse IL-22 was over-expressed in mice using
the ELLCK promoter, which drives expression in cells of
the lymphoid lineage. Second, human IL-22 was over-
expressed using the rat insulin II promoter, which leads to a
pancreatic islet-specific expression. Interestingly, very
similar results were obtained in both cases. The IL-22 TG
pups were smaller (Fig. 1a) and had 33% less body weight
compared to their WT littermate controls. They had a shiny
and stiff skin (Fig. 1a) and had difficulty in moving. Most
of the IL-22 TG neonates died within the first few days
after birth, although milk was found in their stomachs
indicating that they were able to suckle. However, we were
able to establish one line from an insulin II promoter-driven
IL-22 TG founder that delivers shiny offspring. Histologically,
the epidermis of the IL-22 TG mice appeared to be thicker
than the epidermis of WT littermate controls (Fig. 1b—e). The
granular layer of the TG mice contained fewer keratohyalin
granules and the cornified layer was more compact than that
of the WT. Importantly, the skin alterations of IL-22 TG mice
recapitulate the main features of psoriatic skin (acanthosis:
increased number of keratinocytes and thickening of the
spinous layer, loss of the granular layer, and hyperkeratosis:
thickening of the cornified layer) [2]. As assessed by
immunohistochemistry analysis, IL-22 TG mice showed
some dermal infiltration of macrophages (Fig. 1f). However,
cutaneous T-cell infiltrates commonly found in psoriatic skin
lesions were not prominent in IL-22 TG mice as assessed by
analysis of CD3, CD4, and CD8 markers (Fig. 1g and data
not shown).
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Fig. 1 1L-22 TG mice exhibit an aberrant skin phenotype. I1L-22 TG» a
mice were developed by microinjection into fertilized B6C3fl murine
oocytes of an expression cassette containing either the mouse IL-22 or
the human IL-22 ¢cDNA sequence and the human growth hormone
poly-A signal under the EULCK (mouse IL-22) or the rat insulin II
(human IL-22) gene promoter. Both constructs gave similar results. a
Newborn (day 1) insulin II promoter-driven TG mice compared to WT
control mice. b Skin from day 1 EuLCK promoter-driven TG mice
compared to WT control mice was analyzed by histology (H&E).
Microscopic magnification, 40-fold. ¢ Skin from day 1 rat insulin II
promoter-driven TG mice compared to WT control mice was analyzed
by histology (H&E). Microscopic magnification, 40-fold. d .e
Thickness of living epidermal cell layers measured on histologic skin
sections described in (b) and (c¢) is given of at least five (mean = SEM)
and one mice, respectively, per genotype. Statistical significance of
deviations was tested using the Mann—Whitney U test (d; **p<0.01).
f Immunohistochemistry analysis of F4/80 in skin sections from day 1
insulin Il promoter-driven TG mice compared to WT control mice.
Microscopic magnification, 40-fold. g Immunohistochemistry analysis
of CD3 in skin sections from day 1 insulin II promoter-driven TG
mice compared to WT control mice. Microscopic magnification, 40-
fold. All images, with the exception of (¢) and (e), represent the result
from at least five different mice. sc stratum corneum

Among skin cell populations, only keratinocytes
are the major target of IL-22

Our first question after analyzing the phenotype of IL-22
TG mice was which cells could be involved in the observed
skin alterations induced by IL-22. Already in 2004, we
found that IL-22 does not have any effects on immune cells
in vitro and in vivo and identified tissues cells, such as
keratinocytes, as IL-22 targets [11]. We now investigated
other resident skin cells such as primary dermal fibroblasts,
dermal microvascular endothelial cells, melanocytes as well
as subcutaneous adipocytes and compared their expression
of the IL-22 receptor components with that of keratino-
cytes. The receptor complex that confers the cellular
sensitivity to IL-22 is composed of IL-22R1 and IL-10R2
[19-21]. As assessed by qPCR, only fibroblasts and
keratinocytes but not endothelial cells, melanocytes, or
adipocytes showed coexpression of IL-22R1 and IL-10R2,
although IL-22R1 expression in fibroblasts was 14 times
lower than in keratinocytes (Fig. 2a). We then analyzed the
sensitivity of the different cell populations to IL-22 by  f
assaying the induction of signal transduction. As shown in

Fig. 2b, only keratinocytes clearly responded to IL-22
stimulation. This data demonstrated that in the skin only the
keratinocytes are a major target of IL-22. Our further
investigations therefore focused on these cells.

In contrast to IL-22, IFN-y and IL-17 neither inhibit g
the differentiation of keratinocytes nor induce psoriasis-like
morphological alterations of the epidermis

IL-22 is produced, among others, by Th17 and Thl cells

[6-9]. In the past, two other mediators of these cell
populations, IFN-y (from Thl) and IL-17 (from Thl17
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Fig. 2 Among skin cell populations, only keratinocytes are major
targets of IL-22. a Skin fibroblasts (FB), microvascular endothelial
cells (EC), melanocytes (MC), adipocytes (4C), and keratinocytes
(KC) were analyzed for their expression of IL-22 receptor subunits by
qPCR. Data from two (mean + range) independent experiments are
given as relative to HPRT expression. b Skin fibroblasts, microvas-

cells) were suggested to be responsible for the initiation and
maintenance of the psoriasis skin alterations [3, 4, 22, 23].
To compare the 1L-22 effects on keratinocytes with those of
IFN-y and IL-17, we applied these cytokines to human
epidermis models obtained 3 days before full maturation
(here designated as HEM). These cultures were kept in
medium containing IL-22, IFN-y, or IL-17, or in control
medium for 3 days and were analyzed afterwards by
histological/immunohistochemical, qPCR, and Western blot
analyses. Importantly, IL-22 but not IL-17 or IFN-y
induced acanthosis of cultures and decreased granularity
in the upper living layer (Fig. 3a—d). To gain insight into
the molecular causes of these morphological alterations, we
investigated the regulation of more than 110 genes involved
in different pathways essential for the physiology of
keratinocytes. In doing so, we noticed that only IL-22, but
not IL-17 or IFN-y, decreased the expression of terminal
differentiation-regulating genes including late cornified
envelope 1B (LCE1B), desmocollin 1 (DSC1), calmodulin
like 5 (CALMLY), and keratin (K) 10 (Fig. 3e). The
terminal differentiation of keratinocytes comprises the
dissolution of the cell nucleus and the formation of insoluble
protein agglomeration (so-called cornified envelope), result-
ing in the development of the mechanically resistant
cornified layer of the epidermis. Our data suggest that of
the tested T-cell mediators only IL-22 inhibits the terminal

cular endothelial cells, melanocytes, and adipocytes were stimulated
with IL-22 or IFN-y or left without stimulation (control) for 20 min.
Keratinocytes were stimulated for 0, 10, 20, and 40 min with I1L-22.
Cellular content of P-STAT1 (Tyr701), P-STAT3 (Tyr705), P-STATS
(Tyr694), and total STAT3 was assessed by Western blot analysis

differentiation of keratinocytes and increases the epidermal
thickness in psoriasis. Interestingly, the IL-22 effects on
keratinocytes were not associated with any modulation of the
expression of several pro- or anti-apoptotic molecules in
these cells (Fig. 3f). We further found that IL-22 but not
IFN-y or IL-17 enhanced the keratinocyte mRNA and
protein expression of STAT3 (Figs. 3e and 7a), a major
signaling molecule implicated in the development of a
psoriasis-like skin phenotype [24, 25].

IFN-y and IL-17, but not IL-22, are major inducers
of chemokines in keratinocytes

Another characteristic of the psoriatic skin is the infiltration
of immune cells including mixed mononuclear cells in the
dermis and epidermis and epidermal islets-like inclusions of
neutrophilic granulocytes (Munro’s abscesses). Since a
major prerequisite for such infiltration is chemokine
production, we systematically analyzed the expression
levels of different chemokine classes in IL-22, IFN-y, and
IL-17-treated HEM and conventional keratinocyte cultures.
As shown in Fig. 4a, b, IFN-y induced the expression of
Thl-cell (CXCL9, CXCL10) but not DC (CCL20) or
neutrophilic granulocyte (CXCL1, CXCLS)-attracting che-
mokines in keratinocytes. IL-17 induced neither Thl
(CXCL9, CXCL10) nor other T-cell subset (CCL17,
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Fig. 3 IFN-y and IL-17 do not share the IL-22-induced effect on
keratinocyte differentiation. HEM were stimulated or not (control) in
different independent experimental series as indicated with IL-22,
IFN-y, and IL-17 for 72 h. a, b Tissues were analyzed by histology
(hemalaun). Images represent the result of one out of three
independent experiments for each experimental series. Microscopic

CCL22, CCL2, CCL27)-specific chemokines but was a
strong inducer of DC (CCL20) and granulocyte-attracting
(CXCL1, CXCL2, CXCLS5, CXCLS8) chemokines (Fig. 4c, d).
Interestingly, IL-22 showed IL-17-like effects. In fact, [L-22
did not induce Thl or Thl7-specific chemokines (it even
reduced the constitutive CCL22 expression) but had an
enhancing effect on the DC and granulocyte-specific chemo-
kines (Fig. 4a, c, d). This effect was smaller than that
observed with IL-17. Furthermore, IL-22 did not modify the
inducing effect of IFN~y or IL-13 on T-cell and DC-specific
chemokines (Fig. 4b).

TNF-« enhances some effects of 1L-22
In recent years, targeting of TNF-o has shown an
outstanding therapeutic success in psoriasis patients [26,

27] and therewith has revealed the importance of this
mediator in psoriasis pathogenesis. For this reason, we
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are given as percent of control (e) or relative to HPRT expression (f)

investigated whether TNF-a also induces psoriasis-like
alterations in keratinocytes and whether there would be any
interaction between IL-22 and TNF-«. TNF-« alone was not
a major modulator of the expression of differentiation-
regulating genes as shown using conventional keratinocyte
cultures (Fig. 5a). It minimally upregulated K16 expression
but had no influence on LCE1B, DSC1, CALMLS, or
kallikrein (KLK)7 expression levels in keratinocytes. This
was in contrast to IL-22, which clearly regulated the
expression of all these genes both in conventional keratino-
cyte cultures [13] and in the HEM (Fig. 3e). It should be
noted that TNF-x is a major inducer of chemokines in
keratinocytes. As show in Fig. 5b, TNF-o induced chemo-
kines attracting Th1 cells, Th17 cells, DCs, and neutrophilic
granulocytes. In the HEM, we observed complete tissue
fragility when a concentration of TNF-« greater than 2 ng/ml
was used (data not shown). When 2 ng/ml TNF-« was
applied, this alone led to an only very weak if any increase in
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Fig. 4 IFN-y, IL-17, and IL-22 have different capacities to induce
chemokines in keratinocytes. a HEM were stimulated with 1L-22 or
IFN-y, or left without stimulation (control) for 72 h. Gene expression
was analyzed by qPCR. Data from three (mean + SEM) independent
experiments are given as relative to HPRT expression. b Keratinocytes
were exposed to either IL-22, I[FN-y, IL-1f3, or combinations of [L-22
with either IFN-y, or IL-1f3, or left without additives (control) for 24 h.
Gene expression was analyzed by qPCR. Data from three (mean +
SEM) independent experiments are given as relative to HPRT

epidermal thickness with some spongiosis, but, in combina-
tion with IL-22, provoked a more pronounced epidermal
thickness than did IL-22 alone (Fig. 5c). Notably, we did not
observe any amplification of IL-22-caused morphological
changes at 1 ng/ml TNF-« (data not shown), although both 1
and 2 ng/ml TNF-« enhanced the IL-22-driven upregulation
of K16 expression, CXCLS8 secretion (Fig. 5d), and S100A7

expression. ¢ HEM were stimulated with IL-22 or IL-17, or left without
stimulation (control) for 72 h. Gene expression was analyzed by qPCR.
Data from three (mean + SEM) independent experiments are given as
relative to HPRT expression. d HEM were stimulated with 1L-22 or
IL-17, or left without stimulation (control) for 72 h. CXCLS
concentration in the culture supernatant was analyzed by Immulite™.
Data from five (mean + SEM) independent experiments are given.
Statistical significance of deviations was tested using the Wilcoxon
matched-pairs signed-rank test (*p<0.05)

expression (data not shown). Further on, we investigated the
mechanism of the TNF-a-induced amplification of IL-22
effects by accessing the possible influence of TNF-a on
elements of the IL-22 receptor and signal transduction
pathway. As demonstrated in Fig. 5f, a very small but
reproducible increase of IL-22R1, IL-10R2, and STAT3
expression was observed in TNF-a-treated versus control
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Fig. 5 TNF-« enhances the effect of IL-22 on HEM. a, b, f
Keratinocytes were stimulated or not (control) with TNF-c for 42 h.
Gene expression was analyzed by qPCR. Data from six (mean = SEM)
independent experiments are given as relative to HPRT expression.
Statistical significance of deviations was tested using the Wilcoxon
matched-pairs signed-rank test (*p<0.05). ¢ HEM were stimulated
with IL-22, TNF-«, a combination of IL-22 and TNF-«, or left
without stimulation (control) for 72 h. Tissues were analyzed by
histology (hemalaun). Images represent the result from two experi-
ments. Microscopic magnification, 100-fold. d HEM were stimulated
with IL-22, TNF-«, a combination of IL-22 and TNF-«, or left

keratinocytes. In contrast, the expression of STAT1 and
components of the type I IL-20 receptor complex, IL-20R1
and IL-20R2, was either slightly decreased (IL-20R1) or not
influenced (STAT1, IL-20R2) by TNF-« treatment. In line
with these in vitro observations, we found nearly doubled
IL-22R1 expression in the skin of psoriasis patients
compared to samples from healthy participants (1.371+
0.279 versus 0.696+0.151; p=0.06). Of note, TNF-« did not
induce IL-22 production in lymphocytes (data not shown).
Conversely, 1L-22 did not induce TNF-&¢ production by
keratinocytes although it very slightly upregulated the
expression of TNFRI1, the only TNF-o receptor on these
cells (Fig. 5e). No influence of IL-22 was detected with
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without stimulation (control) for 72 h. K16 gene expression was
analyzed by qPCR. CXCLS8 concentration in the culture supernatant
was analyzed by Immulite™. Data from four (mean + SEM)
independent experiments are given as percent of culture without
additives. e HEM were stimulated with IL-22 or left without
stimulation (control) for 72 h. TNF-a concentration in culture medium
of three independent experiments was quantified by Immulite™. Gene
expression was analyzed by qPCR. Data from five (mean = SEM)
independent experiments are given as relative to HPRT expression.
Statistical significance of deviations was tested using the Wilcoxon
matched-pairs signed-rank test (*p<0.05)

respect to the expression of p5S0 or p65 of NF-kB, a major
TNF-oc-activated transcription factor (Fig. Se).

IL-22 and IL-20 show very similar effects on keratinocytes

Interestingly, the skin phenotype observed in our IL-22 TG
mice (Fig. 1) was very similar to that of IL-20 TG mice
[17]. IL-20 is also a member of the IL-10-IFN family,
which, however, acts via two distinct receptor complexes,
IL-20R1/IL-20R2 and IL-22R1/IL-20R2 [28]. Studies from
others [29, 30] and ourselves [31] have shown elevated
IL-20 levels in psoriatic lesions. To compare the IL-20
effects on keratinocytes with those of IL-22, we again used
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HEM and stimulated them with IL-20 and IL-22 for 3 days.
As demonstrated in Fig. 6a, b, IL-20, like IL-22, was able
to induce acanthosis of cultures, although this effect was
less pronounced as compared to that induced by IL-22 and
was not accompanied by a clear reduction of the granular
layer. Moreover, IL-20, like IL-22, reduced the expression
of LCEIB, DSC1, CALMLS, K1, and K10, and discretely
enhanced K16 expression (Fig. 6¢). In line with the
different degrees of acanthosis, in almost all cases, the
effects of IL-20 were less pronounced than those of 1L-22
(Fig. 6a—c). As formerly discussed for IL-22 [11], the
IL-20-induced acanthosis was not due to an increased

proliferation of keratinocytes either, since no enhanced
Ki67 staining was observed in these cultures (Fig. 6a).

We then compared the influence of IL-20 and IL-22 on
transcription factor and chemokine expression. As shown in
Fig. 6¢c, IL-20 like IL-22 treatment led to an increased
STAT3 expression, whereby IL-20 was less potent than
IL-22. Interestingly, neither IL-20 nor IL-22 regulated the
expression of STAT1 in keratinocytes (Fig. 6¢). Regarding
the chemokines, IL-20 induced an IL-22-like expression
pattern either, again with a lower potency (Fig. 6d). The
only qualitative difference found between both cytokines
was a very slight induction of CCL27 expression by IL-20.
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Fig. 6 1L-20 exerts IL-22-like effects on HEM. HEM were stimulated
with IL-20, IL-22, or left without stimulation (control) for 72 h. a
Tissues were analyzed by histology (hemalaun) and immunohistochem-
istry (K10, Ki67). Images represent the result from five experiments.
Microscopic magnification, 100-fold. b Mean (£SEM) thickness data of
living cell layers from five independent experiments described in (a) are

given. Statistical significance of deviations was tested using the
Wilcoxon matched-pairs signed-rank test (*»<0.05). ¢, d Gene
expression was analyzed by qPCR. Data from five (mean = SEM)
independent experiments are given as relative to HPRT expression.
Statistical significance of deviations was tested using the Wilcoxon
matched-pairs signed-rank test (*»<0.05). hem hemalaun
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STAT3 is essential for the IL-22-induced inhibition
of differentiation-regulating genes in keratinocytes

As described above, among the tested cytokines, those that
had more or less clear inhibiting influence on the terminal
differentiation of keratinocytes (IL-22, IL-20, and TNF-)
had also a significant inducing effect on the keratinocyte
STAT3 expression. Potent STAT3 induction was especially
obvious for IL-22. In IL-22-treated HEM, the upregulation
of STAT3 could also be observed at the protein level
(Fig. 7a). Since STAT3 is known to be strongly activated by
IL-22 and IL-20 in keratinocytes, the upregulation of
STAT3 expression may confer an elevated cellular sensi-
tivity to IL-22 and IL-20 action. Interestingly, lesional skin
from psoriasis patients also showed increased STAT3
mRNA expression compared to non-lesional skin from the
same patients (Fig. 7b). To further go into detail, we
investigated whether STAT3 is necessary for the ability of
IL-22 to modulate the expression of differentiation-regulated
genes. By means of the small interfering RNA (siRNA)
technique, we reduced the STAT3 expression in primary
keratinocytes to approximately 20% (Fig. 7c). In those
keratinocytes, IL-22 only minimally downregulated the

expression of DSC1, CALMLS, and K10 if at all, demon-
strating a clear STAT3 dependency of these regulations.

Discussion

Cytokines play a decisive role in the communication
between cells. In recent years, this fact has been increasingly
utilized in the development of new powerful medications to
treat chronic inflammatory diseases. For example, anti-TNF-«
therapy constitutes an enormous improvement in the treatment
possibilities for psoriasis [26, 27]. However, TNF-« is a
pluripotent cytokine with numerous effects on tissue cells as
well as immune cells and, therefore, neutralization of this
cytokine appears to have side effects [27]. There continues to
be a great interest in identifying mediators that are important
for the psoriasis pathogenesis, but that do not have broad
effects especially on the immune system.

A large body of data demonstrates that IL-22, a cytokine
that can be produced by special T- and NK-cell subsets,
may be such a mediator. As we have shown in early studies,
IL-22 mRNA is massively elevated in psoriatic skin lesions
[11]. Interestingly and in contrast to other disease-related
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Fig. 7 Elevated keratinocyte STAT3 expression may reconstitute a
positive feedback loop for IL-22 action on the keratinocyte terminal
differentiation. a HEM were stimulated with IL-22 or left without
stimulation (control) for 72 h. Cellular content of STAT3 was analyzed
by Western blot analysis. b Paired (lesional versus non-lesional) skin
biopsies from psoriasis patients were analyzed by qPCR. Data from
seven (mean = SEM) patients are given as relative to HPRT
expression. Statistical significance of differences was tested using
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the Wilcoxon matched-pairs signed-rank test (¥*p<0.05). ¢ Keratino-
cytes cultured under conventional conditions were transfected with
STAT3-specific siRNA or control oligo-ribonucleotide or were left
untransfected (control). After 24 h, cells were stimulated or not with
IL-22 for another 24 h. Gene expression was analyzed by qPCR and
presented as relative to HPRT expression (leff) or to every matching
transfection group without IL-22 exposure (right)
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cytokines, this cytokine is also present in the blood of such
patients, and the IL-22 plasma levels strongly correlate with
the disease severity [11, 13]. In keratinocytes, IL-22
induces molecular changes that are very similar to that in
keratinocytes from psoriatic lesions. Most importantly, it
impairs the normal terminal differentiation of these cells, as
deduced from studies on conventional keratinocyte cultures
and HEM ([13-15] and Figs. 3 and 6). Here, we show for
the first time that TG over-expression of IL-22 in mice
caused profound epidermal alterations, which are character-
istics of psoriasis: acanthosis, loss of granular layer, and a
compact cornified layer. These changes appeared to be the
result of direct IL-22 action on the epidermis since, (a)
among skin cells, only keratinocytes are major targets of
this cytokine (Fig. 2), and (b) these changes can be
reproduced in IL-22-treated HEM ([14, 15] and Figs. 3
and 6). Furthermore, we have previously demonstrated that
IL-22 does not act on immune cells [11], further supporting
the exclusive, direct induction of psoriatic keratinocyte
alterations by this cytokine. An important role of IL-22 in
Th17 mouse models of psoriasis-like skin inflammation
was very recently demonstrated by the groups of Ouyang
and Fouser [9, 32].

In our present study, we also compared the influence of
IL-22 on keratinocytes with that of cytokines hypothesized
to play a major role in the pathogenesis of psoriasis and
other chronic inflammatory disorders: IFN-y, IL-17, IL-20,
and TNF-« [2, 4, 26, 27, 33-38]. We observed that IFN-y
and IL-17 strongly induced Thl cell and neutrophilic
granulocyte-attracting chemokines, respectively (Fig. 4).
Furthermore, IL-17 enhanced the expression of CCL20, a
chemokine that recruits DCs and, in combination with
CCL17 and CCL22, recruits Th17 cells in epithelial tissues
[39, 40]. However, neither IFN-y nor IL-17 caused
psoriasis typical morphological changes in the HEM or
modulated the expression of differentiation-associated
genes in these cultures (Fig. 3). In addition to the induction
of diverse chemokines, TNF-x at least showed some
amplifying action on the acanthosis-inducing effect of 1L-22,
which may be due to its enhancing effect on the expression of
the IL-22 receptor and signal transduction elements (Fig. 5).
IL-20 did provoke changes in the HEM that were very
similar to those of IL-22. This is in line with the previously
demonstrated skin phenotype of IL-20 TG mice [17], which
is very similar to that of the IL-22 TG mice described here.
In our study on HEM, the IL-20 effects on the culture
morphology and the expression of differentiation-associated
genes were clearly less pronounced than those by IL-22
(Fig. 6).

All these data clearly show that different cytokines exert
very different effects on the epidermis and, therefore,
should play different roles in the pathogenesis of psoriasis.
We hypothesize that the development of psoriatic lesions

occurs in at least two different stages: a proximal stage in
which immune cells infiltrate the skin (Fig. 8a) and a distal
stage in which the psoriasis typical epidermal (keratinocyte)
alterations form (Fig. 8b). In the proximal stage, by
inducing Thl, Th17, macrophage, DC, and neutrophilic
granulocyte-attracting chemokines, TNF-« may initiate the
infiltration process. The T-cell mediators IFN-y and IL-17
may also be important in the proximal stage of psoriasis
pathogenesis. In fact, [IFN~y causes Thl-cell infiltration and
activation of antigen-presenting cells, and IL-17 is a strong
inducer of neutrophilic granulocyte-attracting chemokines
and may therefore play a major role in the development
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of the psoriasis typical Munro’s micro-abscesses. How-
ever, our data imply that IL-22 and IL-20, but not IFN-y
or IL-17, are the mediators responsible for the distal
stage of the pathogenic cascade by directly causing the
keratinocyte alterations. Whereas in the psoriatic lesion IL-
22 is produced by infiltrated Thl and Th17 cells, IL-20 is
derived from activated keratinocytes and monocytic
immune cells.

The massive thickness of the psoriatic epidermis is
probably not only the result of the impaired keratinocyte
terminal differentiation in the upper epidermis layers but
may also be due to the hyperproliferation of basal layer
keratinocytes [16]. We hypothesize that the IL-22 and
IL-20-induced acanthosis is basically only the result of the
observed impairment of the terminal differentiation of the
keratinocytes. The keratinocyte terminal differentiation is
the prerequisite for the generation of corneocytes from
living keratinocytes and is therefore the basis of the
formation of the desquaming cornified layer [41]. This
process takes place in the granular layer of the epidermis. It
includes the dissolution of the cell organelles, the formation
of insoluble agglomerations that replace the cytoplasmic
membrane and that are generated from K1 and K10
filaments and other proteins such as filaggrin, involucrin,
loricrin, small proline-rich proteins, and LCE proteins by
transglutaminase-based cross-linking, as well as the formation
of corneodesmosomes between formed corneocytes. This
process is strongly disrupted in psoriatic lesions. IL-22 and
IL-20 inhibited the expression of several differentiation-
associated genes in keratinocytes (K1, K10, profilaggrin,
involucrin, loricrin, LCE1B, the corneodesmosomal protein
DSCI1, the corneodesmosomal protein cleaving enzyme
KLK7, and the transglutaminase cofactor CALMLS) [13,
14], and Figs. 3 and 6). These effects were not associated
with changes in pro- or anti-apoptotic protein expression
(Fig. 3f). Interestingly, IL-22 and IL-20 simultaneously had a
slight enhancing effect on the K16 expression (Fig. 6¢), a
marker of the activated or regenerative state of keratinocytes
and known to be upregulated in psoriatic lesions. As shown
by the absence of increased Ki67 expression in HEM
(Fig. 6) and the absence of increased DNA synthesis in
conventional keratinocyte culture [11], IL-22/IL-20 do not
appear to have a major effect on the keratinocyte proliferation.
Further studies are necessary to identify the mediator
responsible for the keratinocyte hyperproliferation in psoriatic
lesions.

Very recently, another study about IL-22, IFN-y, and
IL-17 effects on human keratinocytes was published [42].
Nograles et al. performed microarray analyses of corre-
spondingly treated conventional (two-dimensional) cultures
of keratinocytes. This study confirmed our results regarding
IL-22 and IFN-y from 2006 using a similar experimental
system and showing that IL-22 regulated the expression of
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anti-bacterial proteins and a few genes involved in
keratinocyte mobility and terminal differentiation, whereas
IFN-y favored the expression of MHC pathway molecules,
adhesion molecules, cytokines, some chemokines, and their
receptors [13]. Similar to our results presented in Fig. 4,
Nograles et al. additionally found that IL-17 induced
neutrophilic granulocyte-attracting chemokines and CCL20
and demonstrated enhanced expression of these mediators in
lesional skin compared to non-lesional skin from psoriasis
patients. Interestingly, the authors did not observe any 1L-22-
induced chemokines in conventional cultures of keratinocytes.
This is in contrast to our current results from HEM (Fig. 4),
but in line with our previous study using conventional
cultures of keratinocytes [13]. This difference seems to be
related to the lacking stratification of the cells in the
conventional cultures rather than to the use of neonatal
(contained in HEM) versus adult (used in the conventional
cultures) sources of keratinocytes.

It should be noted that there actually seem to be some
differences between human adult and neonatal keratino-
cytes, as presented by a recent study [43]. Tjabringa et al.
compared full-thickness human skin equivalents generated
with either adult (abdominal) or neonatal (foreskin)
keratinocytes. The authors found that the cultures derived
from adult keratinocytes displayed the correct morphological
and molecular characteristics of normal skin and proposed
that these cultures may be an accurate model to study normal
skin. Due to the presence of psoriasis-associated features like
SKALP/elafin expression in skin equivalents derived from
neonatal keratinocytes, this model, however, may be
mimicking psoriatic skin to some extent. In fact, three-
dimensional epidermis composed of stratified human kera-
tinocytes derived from neonatal foreskins is a system used
very often to study cytokine-induced changes in keratino-
cytes to better understand the pathogenesis of psoriasis [14,
15]. No matter what the source of the keratinocytes is, in our
opinion, the use of stratified (HEM or full thickness skin
models) and conventional keratinocyte cultures each have
advantages: Whereas the number of IL-22-regulated genes
and the extent of regulation were higher in stratified
keratinocytes compared to conventional keratinocyte cul-
tures, the expressional responses to TNF-x were more
observable in the less fragile, conventional cultures.

A further interesting finding demonstrated in our current
study is the ability of IL-22 and IL-20, and to a small extent
also of TNF-«, to enhance the keratinocyte expression of the
signal transduction element STAT3 (Figs. 3, 4, 5, 6, and 7).
STAT3 is strongly activated by IL-22 and IL-20 in
keratinocytes [13, 17, 44] and the loss of STAT3 expression
inhibited the IL-22 effect on some differentiation-regulating
genes in these cells (Fig. 7c). The enhancement of STAT3
expression may increase the sensibility of the cells towards a
repeated IL-22 or IL-20 exposure and may also constitute a
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positive feedback regulation of the IL-22 and IL-20 action.
Interestingly, lesional skin from psoriasis patients also
showed increased STAT3 mRNA expression (Fig. 7b). The
high significance of STAT3 activation for the IL-22 effects is
also supported by TG mice with keratinocyte-specific
expression of a constitutively active STAT3 variant, which
also developed a psoriasis-like skin phenotype [24].

Whereas 1L-22 uses a receptor complex composed of
IL-22R1 and IL-10R2, IL-20 has two receptor complexes,
IL-20R1/IL-20R2 and IL-22R1/IL-20R2 [28]. The similar
effects of IL-22 and IL-20 in vitro and in specific TG mice
(Fig. 6 as well as Fig. 1 and [17]) led us to assume that IL-20
induced the psoriasis-like alterations via the IL-22R1-
containing complex. Moreover, IL-20 TG mice lost their
psoriasis-like phenotype when they were bred with IL-22R1-
deficient mice, but not when they were bred with IL-20R1-
deficient mice (H. S. Haugen, personal communication).

On the basis of all currently available data, we suggest
that the therapeutic targeting of IL-22R1 would be a
promising therapeutic option for psoriasis for the following
reasons. First of all, although the psoriasis pathogenesis is a
complex process in which many cytokines including IFN-y
and IL-17 play a major role, patients normally visit the
physician during the distal stage of the pathogenesis, in
which skin alterations are macroscopically visible. At this
stage, therapeutic targeting of IL-22R1 should prevent the
pathogenic effects of both IL-22 and IL-20. It should be
emphasized that healthy human keratinocytes express
IL-22R1 and IL-20R1 at an approximately 3:1 ratio, that
is further elevated by TNF-« (Fig. 5) and IFN-y [31],
mimicking the situation in psoriasis. In fact, we found a
twofold enhanced IL-22R1 mRNA expression in the skin of
psoriasis patients compared to samples from control
participants. An IL-22R1-targeting approach is also favored
by the limited number of tissue cells expressing IL-22R1
[11]. In the skin, keratinocytes appear to be the only cells
that clearly express IL-22R1. Most importantly, immune
cells do not express IL-22R1; therefore, upon IL-22R1
blocking no major immunosuppression is expected.

In conclusion, we demonstrate here that 1L-22 and 1L-20,
but not IFN~y, IL-17, or TNF-«, directly caused epidermal
alterations typical for psoriasis and that each of these
mediators exerts different effects on the epidermis.
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