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1. INTRODUCTION

1.1. Psoriasis, a chronic inflammatory skin disease

Chronic plague-type psoriasis is a multifactorial, mainly Thl and Th17 pathway-mediated
inflammatory skin disease, which is the most frequent type of psoriasis. Less common types
are guttate, erythrodermic, and pustular psoriasis. Plaque-type psoriasis is characterized by
epidermal hyperplasia with salmon-pink plaques covered in silvery scales (Figure 1), massive
infiltration of immune cells and altered basement membrane (BM) composition with only
partially understood pathomechanism. Lesions usually appear on extensor surfaces including
elbows, knees, and scalps and the lumbosacral area are also often affected?.

To determine the regional involvement, thus the severity of psoriasis, PASI (Psoriasis Area
and Severity Index) index is used. This method takes into account the severity of skin
inflammation, erythaema, extent, abnormal thickening of the skin and the degree of peeling in
different areas of the body?.

Both exogenous and endogenous factors play a role in the development of the disease, for
example streptococcal inflammation of the pharyngeal tonsils*. Physical trauma, such as
sunburn and certain emotional states can also be related with the onset of disease®. According
to studies, severe stress can also correlate with the PASI values of psoriasis patients®. Cigarettes,
alcohol, and ultraviolet radiation can all increase the manifestation of the disease>’°.

It is well established that psoriasis is also associated with other diseases, most often with
psoriatic arthritis'®!?, but emerging studies suggest an association with obesity, mental
disorders, cardiovascular and metabolic diseases!?!3 although it needs to be further
investigated whether psoriasis itself is a risk factor for these diseases®. Genes and environmental
factors play crucial roles in the development of psoriasis, and disease manifestation requires
both interactions. The main risk factor for developing psoriasis is heritability, which is
supported by examinations of twins. Genome-wide association studies (GWAS) have helped to
identify several risk loci in the genome, which are known as psoriasis susceptible loci (PSORS)
14 PSORSI locus is located at the major histocompatibility complex region, and on this locus
HLA-Cwe6 is present, which is the most frequently mapped allele in those patients, who have
early onset disease®®.

Dendritic cells, T-cells and keratinocytes, the non-professional immune cells, also play a
role in the disease, moreover NK cells are also involved in the development of the lesions by

releasing cytokines such as IFN-y, TNF and IL-22, which can result in the proliferation of
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keratinocytes. Dendritic cells can activate IL-17-producing T cells, Thl cells, and Th22 cells,
which can then produce IL-17, IFN-y, TNF and IL-22, and then lead to the amplification of
keratinocyte hyperproliferation and inflammation®®.

Recent therapies are able to induce complete resolution of the symptoms, but if treatment is
suspended, symptoms may occur again very often at the same body sites, indicating that in
resolved lesions a molecular scar remains'’, and epigenetic changes detected in epidermal
keratinocytes of resolved skin may be responsible for the disease residual transcriptomic profile

found in the same regions®é,

Figure 1.: Non-lesional and lesional psoriatic skin. Psoriatic lesional skin is characterized by
salmon-pink plaques covered with silvery scales. Non-lesional skin is labelled with the blue
circle. The picture is from the clinical archive of the Department of Dermatology and

Allergology, University of Szeged.

1.2. Abnormalities in the basement membrane of psoriatic skin

Numerous data indicate that alterations of the dermal-epidermal junction region and BM
zone are already present in the phenotypically healthy-looking, non-lesional psoriatic skin and
it shares similarities with wound healing processes!®*?2. In the non-lesional psoriatic BM,
laminin-1 is discontinuous, moreover both non-lesional and lesional skin lack the laminin-al
chain required to maintain normal BM structure®®2?,

Furthermore, elevated expression of cartilage oligomeric matrix protein (COMP) was
observed at the dermal-epidermal junction region in the non-lesional skin. COMP could interact

with basal keratinocytes via a5p1-integrin through the uneven BM regions with potential anti-



proliferative effect?®. Basal keratinocytes overexpress aSp1-integrin, the main receptor of FN,
in the non-lesional psoriatic skin®*. As opposed to normal skin both plasma and cellular forms
of FN are altered in the non-lesional psoriatic skin. It has been shown that plasma FN was
present around basal keratinocytes at the non-lesional dermal-epidermal junction, which could
be a result of the abnormal BM. Non-lesional keratinocytes have also been reported to be more
capable to produce extra-domain-A containing FN (EDA'FN) in response to signals of
activation compared to normal keratinocytes without hyperproliferation of the non-lesional
epidermis'®?:?52 These results suggest that despite the abnormalities at the dermal-epidermal
junction region of the non-lesional skin, it shows seemingly healthy-looking phenotype

suggesting the presence of compensatory mechanisms in the non-lesional skin.

1.3. The psoriatic skin resembles wound healing

The evidence that psoriasis shows a number of characteristics for healing wounds has been
presented in numerous studies. The psoriatic lesional and non-lesional skin was shown to heal
significantly faster than skin of healthy individuals?’. In both wound healing and psoriasis,
keratinocyte hyperproliferation, infiltration of inflammatory cells and neovascularization occur,
and similiraties were also observed in the expression of filaggrin, transglutaminase, involucrin,
keratin-1, keratin-10, keratin-6 and keratin-16 as well?®?®, Some antimicrobial peptides are
produced not only upon injury, but in psoriasis as well?®, Both EDA'FN and its receptor, a5p-
integrin play a key role in wound healing, where their expressions are increased, and this
tendency is also present in psoriasis?**®3L, In normal healing wounds COMP expression is
minimal, which is not the case in non-healing wounds, where COMP is overexpressed??, similar
to the psoriatic non-lesional skin. Ex vivo models revealed that COMP treatment decreased the
proliferation rate of keratinocytes causing a delay in wound healing?.

During the injury of the tissue, the BM is also affected®. In the wound bed, the BM is often
not intact. Previous studies showed that in wound bed the BM is incomplete, similar to the
psoriatic non-lesional skin, where in some regions the laminin layer is uneven, and EDA'FN,
a5pB1-integrin and COMP show elevated expression (Figure 2). It has long been known that in
psoriasis, fenestration of the BM is crucial in lesion formation®*, and soluble FN might penetrate
the epidermis, developing micro-wounds®>-=3¢.

Matrix methalloproteinases (MMPS) are also important components of wound healing. Due
to their ability to remodel the ECM, MMP-2 and MMP-9 play crucial roles in wound healing,

as MMP-2 is increasingly expressed at the edge of acute wounds, and in wound closure, MMP-

10



9 is expressed in the leading edges of migration keratinocytes®”. MMP-2, MMP-9 and tissue
inhibitor of matrix metalloproteinases (TIMP)-2 are all elevated in non-lesional psoriatic skin®®-
40_

We have previously shown that the keratinocyte growth factor (KGF) and its receptor
KGFR are both overexpressed in psoriasis, implying the activation of a wound healing®.
Psoriatic non-lesional keratinocytes also express significantly higher proinflammatory IL-1 in
the presence of IL-17, in contrast to normal keratinocytes, which implies an intrinsic feature of

the psoriatic epithelium**.
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Figure 2. Micro-wounds at the dermal-epidermal junction in psoriatic non-lesional skin.
Schematic representation of (A) healthy and (B) psoriatic non-lesional skin. The
incompleteness of the basement membrane and elevated cartilage oligomeric matrix protein
level indicates the “non-healing-like” micro-wounds at the dermal-epidermal junction region
of the non-lesional skin. These sites are labelled with black arrowheads. Framed areas show
enlarged regions. Straight lines indicate direct, and dashed lines indicate partial relationship
between the components. Literature data indicate potential relationship between the dotted line
marked components. Red arrows represent the elevated expression of the proteins.
(Abbreviations: BM, basement membrane; COMP, cartilage oligomeric matrix protein; DEJ,
dermal-epidermal junction; EDA'FN, fibronectin splice variant containing the extra domain A,
FGFR2, fibroblast growth factor receptor 2; KGF, keratinocyte growth factor; MMP2, matrix-
metalloproteinase 2; MMP9, matrix-metalloproteinase 9; TIMP2, tissue inhibitor of matrix

metalloproteinases 2.)
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1.4. Periostin and its role in inflammatory diseases

Periostin is a 90 kDa extracellular matrix (ECM) protein, which is composed of 3 main
domains; EMI, Fas1 and C-terminal*’. The C-terminal is a hydrophilic domain that is also an
alternatively spliced region, which makes periostin capable to form 11 different splice variants
(Figure 3)*243, In the skin periostin is mainly located in the papillary dermis and at the dermal-
epidermal junction. It is expressed by both keratinocytes and fibroblasts and can bind to other
ECM molecules such as type | collagen, FN and integrins, including aSB1-integrin®#4, It is
well established that periostin plays a vital role in wound healing by maintaining tissue
structure, inducing proliferation and differentiation of epithelial cells, and contributing to
fibroblast activation and fibroblasts myofibroblasts transformation after transforming growth
factor beta activation®®>®,

The role of periostin has been widely investigated in atopic dermatitis (AD), a skin disease
with different immunopathology compared to psoriasis. Periostin has been shown to play a role
in Th2 pathway-mediated inflammatory diseases, such as AD, where I1L-4 and IL-13 cytokines
have been reported to activate periostin production in fibroblasts (Figure 4). Periostin was
shown to be elevated not only in the inflamed dermis but also in the serum of AD patients and
its level correlated with disease severity suggesting that periostin is an accelerator of AD
progress*’—°,

In asthma, airway epithelial cells secrete periostin induced by IL-13, which then mediates
the hypersecretion of mucus and maintain eosinophilic inflammation, therefore exacerbating
the asthmatic symptoms®°.

In rheumatoid arthritis, periostin is increased in the serum and is also upregulated in cells
derived from the synovium and also the synovial fluid®3,

Furthermore, periostin was also shown to play a role in atherosclerosis, as it can cause
arterial calcification and its absence protects from the disease®*>°.

The role of periostin in wound healing and other inflammatory skin diseases, such as AD,
is relatively well-known*6474%56 However, its potential role in the pathogenesis of psoriasis

remains undetermined.
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integrins, tenascin-C and BMP-1. At the C-terminus, splice variants can be found, and

proteolytic cleavage also occurs at this domain*>*3, (Modified figure based on the publication
of Kudo et al., 2019)
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Figure 4. Implications of periostin. Periostin is involved in several biological and pathological

processes, involving the attraction and proliferation of inflammatory cells throughout a number

of different organs and tissues. In many tissues, periostin plays an important role in driving

chronic inflammation and fibrosis®’. (Modified figure based on the publication of Sonnenberg-

Riethmacher et al

., 2021)
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2. AIMS

Psoriasis is an inflammatory disease, that mostly affects the skin and joints, and is mediated
by Thl and Th17 pathways. In the psoriatic non-lesional skin alterations are present, including
abnormalities in the BM, which manifest in “micro-wounds” along the dermal-epidermal
junction. The BM alterations include but are not limited to the overexpression of EDA'FN,
a5pB1-integrin and COMP, and the unevenness of the laminin-layer.

Periostin is an ECM protein, which can interact with several molecules, including other
ECM proteins such as a5p1-integrin. It is present in many tissues, also in the skin, where it is
located in the dermis.

In the mainly Th2 pathway-mediated AD, periostin plays and important role, as it serves as
a serum biomarker, as it is abundant in it, which correlates with the severity of the disease, and
is also increased in the inflamed dermis of the AD skin. In contrast to AD, the function of
periostin in psoriasis is unknown.

In this work our goal was to study the potential role of periostin in the pathomechanism of
psoriasis.

We aimed to

— determine the serum periostin levels of untreated and systemically treated psoriatic
patients and healthy individuals,

— examine the tissue distribution of periostin in the healthy, psoriatic non-lesional,
lesional and previously-lesional skin,

— determine the protein level of periostin in healthy, psoriatic lesional and
previously-lesional skin, and the mRNA expression in healthy, psoriatic non-
lesional and lesional skin,

— study how different types of wounding affect the expression of periostin using ex
vivo skin models,

— create a new ex vivo BM-injury skin model to examine periostin and 1-integrin
expression in it, as in the psoriatic skin the BM contains “micro-wounds”,

— study the potential relationship between periostin and B1-integrin in an in vitro

wound healing model.
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3. MATERIALS AND METHODS

3.1. Sample collection

In this study, we recruited patients with chronic plaque-type psoriasis and their initial
Psoriasis Area Severity Index (PASI) scores were determined. Blood serum samples were
collected from 105 patients in total with chronic plaque-type psoriasis and 49 healthy
volunteers. The characteristics of Psoriatic patients are listed in Table 1. Untreated patients
(n=41) did not receive topical therapies for 4 weeks and systemic treatments for 8 weeks before
blood collection. Treated patients (n=64) received either different types of biological therapies
(TNF-a inhibitors, anti-1L-12- and 1L-23p40 antibody, anti-IL-17 antibody and anti-1L-23p19
antibody), or immunosuppressants (methotrexate, steroid, acitretin).

Skin punch biopsies (dia=6 mm) were collected from untreated psoriatic patients from
lesional (n=4) and non-lesional (n=4, at least 6 cm from the lesion) skin areas and from healthy
individuals (n=4). For the ex vivo wound healing models, skin biopsies were harvested from
healthy volunteers (n=5). Punch biopsies were also collected from systemically treated patients
from their previously-lesional, healed (n=4) skin areas. Following the rules of the Helsinki
Declaration, all donors provided written informed consent before sample collection. The
protocols for this study were approved by the Regional and Institutional Research Ethics
Committee (HCEMM-001, 10/2020, 4702, 20 January 2020; PSO-VA0223-001, 65/2018,
4236, 19 March 2018, Szeged, Hungary; PSO-CELL-01, 90/2021, 4969, 26 April 2021,
Szeged, Hungary; PSO-EDAFN-002, 34/2015, 3517, 23 February 2015, Szeged, Hungary).
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Patients data H volunteers Untreated PS Treated PS
patients patients
Patients number 49 41 64
Initial median PASI - 16.6 16.6
Initial average PASI - 20.5 18.3
Initial PASI range - 5.0-61.2 3.3-37.5
Genders 31 males 34 males 40 males
18 females 7 females 24 females
Median age 48 56 58
Biological therapies - - 43
Immunosuppressants 21

TNF-a inhibitors
anti-1L-12- and IL-
23p40 antibody
anti-1L-17 antibody
anti-1L-23p19
antibody

Methotrexate
Steroid

Acitretin

Types of biological therapies

15

17

Types of immunosuppressants

19

Table 1. Clinical characteristics of psoriatic (PS) patients and healthy (H) individuals

3.2. Cell cultures

Healthy and previously-lesional psoriatic human skin biopsies were washed in Salsol A
(Human Rt, G6doll6, Hungary) containing 2% antibiotic/antimycotic solution (Sigma-Aldrich,
Saint Louis, Missouri, USA). Punch biopsies were cut into small pieces and incubated in
Dispase Il (Roche Diagnostics, Manheim, Germany) solution overnight, then the epidermis and
dermis were separated. Primary human keratinocytes were isolated from the epidermis after

incubation in trypsin-EDTA solution (Sigma Aldrich, Saint Louis, Missouri, USA) for 5
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minutes at 37 °C to achieve an epidermal cell suspension. Human fibroblasts were obtained
from the dermis after incubation in Digestion Mix (Collagenase, Hyaluronidase, and
Deoxyribonuclease, Sigma Aldrich, Saint Louis, Missouri, USA) for 2h at 37°C. The cell
suspensions were filtered through 100 um strainers (BD Falcon, San Jose, CA, USA) and
pelleted by centrifugation. Primary keratinocytes were cultured in epidermal growth factor and
bovine pituitary extract containing serum-free media (Gibco Keratinocyte SFM Kit; Life
Technologies, Copenhagen, Denmark), while fibroblasts were grown in low glucose DMEM
(Lonza Group, Basel, Switzerland) media containing 5% FBS (EuroClone, Pero, Italy). Both
types of media were supplemented with 1% antibiotic/antimycotic solution (Sigma Aldrich,
Saint Louis, Missouri, USA) and 1% r-glutamine (PAA Laboratories GmBH, Pasching,
Austria). Cells were cultured in 75 cm? cell-culture flasks at 37 °C and 5% CO? in humidified
conditions. Cell culture media were changed every 2-4 days and cells were passaged at 80%
confluence. Keratinocytes were used in the third passage, fibroblasts were used in the fifth

passage at 80% confluency for the experiments.

3.3. Determination of periostin in the serum

Periostin levels in the serum were measured by sandwich enzyme-linked immunosorbent
assay (ELISA, R&D Systems, Minneapolis, Minnesota, USA) kits according to manufacturer’s

instruction.

3.4. Gene expression data analysis

To analyze periostin gene expression, GEO Profile Database (GDS4602 datasets,
ID:100674764) was used, which stores publicly available microarray data from total RNA
content derived from healthy (n=64), psoriatic lesional (n=58) and non-lesional (n=58) whole

skin punch biopsies.

3.5. Western blot

Punch biopsies were cut and incubated in a 6 M guanidine hydrochloride (Sigma-Aldrich,
Saint Louis, Missouri, USA) solution. The supernatant was collected and ethanol-based
precipitation was performed, then the pellet was dissolved in 3 M urea (Sigma-Aldrich, Saint

Louis, Missouri, USA). Fibroblast and keratinocyte cultures were collected in phosphate-
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buffered saline and then lysed in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 150 mM potassium chloride (KCI), 1 mM magnesium chloride (MgCl2), 1 mM
dithiothreitol (DTT), 10% glycerol, 0.1% NP-40 (all from Sigma-Aldrich, Saint Louis,
Missouri, USA) and 5% TritonX-100 (Sigma-Aldrich, Saint Louis, Missouri, USA),
supplemented with 1% protease inhibitor cocktail, 1% phenylmethylsulfonyl fluoride (PMSF)
and 5% of 10% sodium dodecyl sulfate (SDS) (all from Sigma-Aldrich, Saint Louis, Missouri,
USA). Cell lysates and supernatants of ex vivo wound healing and cultured salt split models
were boiled for 5 minutes with 4X loading buffer (Lonza Group, Basel, Switzerland), tissue
extracts were boiled for 10 minutes with 4X loading buffer (Lonza Group, Basel, Switzerland)
supplemented with B-mercaptoethanol (Sigma-Aldrich, Saint Louis, Missouri, USA) then all
extracts were separated on 4-20% Mini-PROTEAN®TGX™ Precast Gels and transferred to
nitrocellulose membranes (all from Bio-Rad, Hercules, California, USA), finally stained with
PonceauS (Thermo Fischer Scientific, Waltham, Massachusetts, USA). Membranes were
blocked with 5% non-fat milk powder containing Tris-buffered saline either supplemented with
or without 1% bovine serum albumin, then incubated overnight with mouse anti-human
periostin (1:500, #sc-398631, Santa Cruz Biotechnology, Dallas, Texas, USA), rabbit anti-
human periostin (1:1000, #NBP1-30042, Novus Bio, Centennial, CO, USA), rabbit anti-human
actin (1:2000, #A2066, Sigma-Aldrich, Saint Louis, Missouri, USA) and mouse anti-human
GAPDH (1:1000, #G8795, Sigma-Aldrich, Saint Louis, Missouri, USA) either with or without
membrane stripping with 100 mM glycine (Sigma-Aldrich, Saint Louis, Missouri, USA)
solution. Detection was performed using horseradish peroxidase-conjugated secondary
antibodies (1:2000, Southern Biotech, Birmingham, Alabama, USA) and bands were visualized
by an enhanced chemiluminescent system (Bio-Rad, Hercules, California, USA) with a LI-
COR C-DiGit Blot Scanner (LI-COR, Lincoln, Nebraska, USA).

3.6. Tape-stripping, ex vivo human skin wound healing and cultured salt-split models

For tape-stripping model (n=3), biopsies were tape-striped by adhesive tape 10 times. For
the cutting-type ex vivo wound healing models (n=5), skin pieces were cut out of healthy skin,
shaped into approximately 1 cm diameter pieces, then wounded by a 4 mm punch biopsy scalpel
(Steele Supply Company, St. Joseph, MI, USA). For the cultured salt-split (n=5), 6 mm punch
biopsies were incubated in 1 M NaCl (Sigma-Aldrich, Saint Louis, Missouri, USA) for 5 hours
at 4 °C. All skin samples were then cultured for either 24 or 72 hours at an air-liquid interface

in transwell cell culture inserts (Corning Inc., Corning, NY, USA) in 10% fetal bovine serum
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(FBS, EuroClone, Pero, Italy) containing DMEM F12 (Lonza Group, Basel, Switzerland)
media supplemented with 1% antibiotic/antimycotic solution (Sigma-Aldrich, Saint Louis,
Missouri, USA). Samples were embedded in cryogenic solution (Thermo-Fischer Scientific,
Waltham, Massachusetts, USA) for stainings, and supernatants (n=3) were collected at 0, 24

hours from ex vivo and 0, 24 and 72 hours from cultured salt-split models.

3.7. Tissue stainings

3.7.1. Hematoxylin eosin staining

Hematoxylin-eosin (H&E, Leica Biosystems, Wetzlar, Germany) staining was
performed on tape-stripping, ex vivo wound healing, and cultured salt split models according to
the manufacturer’s instructions in a Leica ST5020 Multistainer device (Leica Biosystems,

Wetzlar, Germany).

3.7.2.  Immunofluorescence labeling

Frozen, 4% paraformaldehyde fixed and 0.25% TritonX-100 (Sigma Aldrich, Saint
Louis, Missouri, USA) permeabilized 6 pm skin sections and were blocked with 3% normal
goat serum and 1% bovine serum albumin containing (both Sigma Aldrich, Saint Louis,
Missouri, USA) Tris-buffered saline. For immunolabeling mouse anti-human periostin (1:125,
#sc-398631, Santa Cruz Biotechnology), and [l-integrin (1:100, #ab30394, Abcam,
Cambridge, UK) were used overnight followed by Alexa Fluor 647 conjugated goat anti-mouse
IgG (Life Technologies, Carlsbad, California, USA). As isotype control mouse IgGlk
(#400102, BioLegend, San Diego, California, USA) was used, 4',6-diamidino-2-phenylindole
(DAPI, 1:100, Sigma Aldrich) labeled the nuclei. Visualization, image processing and
fluorescence quantification were performed by Zeiss Axio Imager Z1 microscope, ZEN 2012
Microscope Imaging software (Carl Zeiss AG, Oberkochen, Germany) and Fiji software
(ImageJ, Wisconsin, USA).
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3.8. In vitro scratch assay

Primary normal human keratinocytes were plated onto a 6-well plate at a density of 5 10°,
then 1 pg/ml B1-integrin blocking antibody (#ab30394, Abcam, Cambridge, UK, and #303004,
BioLegend, San Diego, California, USA) was added 5 hours post-seeding. After 24 hours,
100% confluent cultures were scratched and cultured for 24 hours and cells were harvested for
western blot analysis. The wound closure was monitored with a Zeiss Axiolab Vert. Al

microscope (Carl Zeiss AG, Oberkochen, Germany).

3.9. Statistical analysis

All data were normalized to control and were presented as mean + standard error of the
mean. Comparisons between two groups were tested for statistical significance by either one-
or two-tailed two-sample t-test, for more than two groups Kruskal-Wallis or one-way ANOVA
tests were used followed by Pairwise Wilcoxon test or Tukey’s post hoc test according to the
figure legends. Correlations were determined by Spearman’s rank test. ***P <0.0001, **P
<0.01 or *P <0.05 were considered statistically significant. Data analysis and illustration were
performed either using R-Studio software (version 4.1.3 R-Studio, Boston, USA) or Prism-
GraphPad 8 software (Graphpad Software Inc. version 8.0.2, San Diego, California, USA).
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4. RESULTS

4.1. Serum periostin level is the highest in the systemically treated psoriatic patients
and is independent of their clinical characteristics

Among serum inflammatory markers (VEGF, survivin, uPar, FN, data not shown) we found
that periostin was significantly elevated in psoriatic patients, which is in agreement with
previous data*’ (Figure 5a). Interestingly, among all patients, the systemically treated group
showed the highest elevation in periostin serum level (Figure 5b). We did not observe
significant differences between male and female patients (Figure 6a) or between younger and
older patients (Figure 6b), and the Body Mass Index (BMI) did not influence on the measured
periostin level (Figure 6c).

As opposed to AD, in which periostin serum levels are closely related to the severity and
activity of the disease®, in psoriasis serum periostin levels did not correlate with the severity
of the disease (Figure 7a), even when we looked separately in groups of 15 and >15 Psoriasis
Area Severity Index (PASI) score patients (data not shown). We compared serum periostin

levels in patients on biological vs. other systemic therapies, and no significant difference was
found (Figure 7b).
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Figure 5.: Serum periostin level is elevated in psoriatic patients, especially in patients with
systemic therapy. (a) Significantly elevated serum periostin levels were measured using
sandwich ELISA assay in psoriatic patients (n=105) compared to healthy individuals (n=49). P

values are determined by two-sided two-sample t-tests. (b) Periostin levels were measured in

untreated (n=41), systemically treated psoriatic patients (n=64), and healthy individuals (n=49).
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FDR-adjusted P values are calculated by the Kruskal-Wallis test followed by the pairwise
Wilcoxon test. Median serum periostin values are indicated by horizontal bars, the top and
bottom of the box represent the lower and upper quartiles, and vertical lines show the outliners.
*P <0.05 versus healthy controls.
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Figure 6.: Elevated serum periostin levels are independent of gender, age, and BMI in
psoriatic patients. (a) Serum periostin levels in female and male psoriatic patients. P values
are calculated by two-sided two-sample t-tests. (b) Correlation between serum periostin and age
(n=105, r=0.291, P=0.003). (c) Correlation between serum periostin levels and Body Mass
Index (BMI) values (n=105, r=-0.023, P=0.891). Correlations were determined by Spearman’s
rank correlation test.
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Figure 7.: Elevated serum periostin levels are independent of disease severity and the type
of systemic treatment in psoriatic patients. (a) The correlation between serum periostin levels
and Psoriasis Area and Severity Index (PASI) values (n=105, r=0.057, P=0.563). (b) The
correlation was determined by Spearman’s rank correlation test. Comparison of serum periostin

levels in psoriatic patients treated with biological therapies and immunosuppressants. P values
are calculated by two-sided two-sample t-tests.
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4.2. Periostin mRNA level is decreased in the psoriatic lesional skin

Periostin mRNA levels in healthy, non-lesional, and lesional psoriatic skin were also
analyzed to determine the periostin expression in the skin using data from the publicly available
GEO Profile dataset. We found significantly decreased periostin mRNA expression in lesional

skin compared to non-lesional and healthy skin samples (Figure 8).
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Figure 8.: Periostin mRNA expression is decreased in the lesional psoriatic skin. Periostin
expression profile from the publicly available GEO Profile data was analyzed and compared
with one-way ANOVA test followed by Tukey’s posthoc test. H=healthy, NL=non-lesional,
L=lesional. The graph shows mean+=SD of healthy (n=64), non-lesional (n=58), and lesional

(n=58) skin. ***:P <0.0001 was considered statistically significant.
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4.3. Periostin expression is elevated in basal keratinocytes but not in the dermis of

psoriatic skin

In normal skin, periostin is known to be localized at the papillary dermis®®. Investigation of
periostin expression in the healthy, non-lesional, and lesional skin of untreated patients as well
as in the previously-lesional, healed psoriatic skin by immunofluorescence labeling revealed
decreased protein levels in the dermis of lesional skin, but not in the non-lesional skin compared
to healthy skin (Figure 9a). The lowest dermal periostin expression was observed in the
previously-lesional skin (Figure 9d). At the same time, immunofluorescence staining also
revealed a statistically significant increase in periostin expression of basal keratinocytes in the
lesional and previously-lesional healed epidermis, and it was nearly significant in the non-
lesional skin in contrast to healthy skin (Figure 9b,c) based on relative fluorescence intensity
(RFI). With western blot analysis, we found significantly decreased periostin levels in lesional
and previously-lesional protein extracts from whole skin punch biopsies versus healthy skin
(Figure 10a and 10b). In previously-lesional skin, as opposed to decreased periostin at the
dermal-epidermal junction, basal keratinocytes showed the highest expression (Figure 9b).
Western blot analysis revealed that periostin expression of keratinocytes derived from
previously-lesional psoriatic skin was increased compared to healthy cells (Figure 10c and 10d),

suggesting a correlation with the immunofluorescence staining results.
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Figure 9.: Periostin expression is reduced in the lesional and previously-lesional dermis
and increased in the non-lesional, lesional, and previously-lesional psoriatic epidermis. (a)
Immunofluorescence staining of periostin in healthy, psoriatic non-lesional, lesional, and
previously-lesional skin. Representative pictures from 4 independent donors are shown. Dotted
lines highlight the border of the epidermis and dermis, dotted rectangles indicate the enlarged
regions, magnification: 20x. Bar = 50 um. (b) Periostin is present in the layer of basal
keratinocytes in the non-lesional, lesional, and previously-lesional skin. Arrows indicate the
positive cell layer. (c) Relative fluorescence intensity (RFI) measurement of periostin in the
dermis of the healthy, non-lesional, lesional, and previously-lesional skin. (d) RFI measurement
of the healthy, non-lesional, lesional, and previously-lesional epidermis. Data represent the
meantSEM (n=4). RFI values were tested for significance by using one-way ANOVA followed
by Tukey’s post-hoc test. *:P <0.05 and **:P <0.01 were considered significant.
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Figure 10.: Periostin is decreased in the lesional and previously-lesional psoriatic whole
skin, but increased in cultured, previously-lesional psoriatic keratinocytes. (a) Western
blot analysis of periostin in healthy (H), lesional (L), and previously-lesional (PL) tissue
extracts and in previously-lesional and healthy primary keratinocyte lysates. Representative
data from western blot analysis from 3 independent donors are shown. (b) Periostin bands were
quantified by Image Studio software (LI-COR Biosciences, Lincoln, Nebraska, USA). Data
were normalized to actin. The graph shows mean+SEM (n=3) of L, PL vs. H. **:P <0.01
calculated by one-way ANOVA, followed by Tukey’s posthoc test. (c, d) Previously-lesional
and healthy keratinocytes’ periostin expressions were analyzed by western blot. GAPDH was
used as loading control. Data were normalized to GAPDH. The graph shows the mean+SEM

(n=3) of PL vs. H cultured keratinocytes. *P <0.05, determined by one-tailed two-sample t-test.
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4.4. Periostin is produced differently in dermal fibroblasts compared to epidermal

keratinocytes

Periostin is known to be expressed by both keratinocytes and fibroblasts for different
molecular effects®®. We examined how healthy cultured fibroblasts and normal human
epidermal keratinocytes express periostin and we also found that both cultured cell types can
produce periostin, however, the monomeric form of periostin was more characteristic of
fibroblasts (Figure 11).
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Figure 11.: Primary human keratinocytes and fibroblasts show characteristic bands of
periostin. Western blot analysis of periostin in cultured normal human epidermal keratinocyte
(NHEK) and human dermal fibroblast (HDF) lysates. Representative image from western blot

analysis from 4 independent donors are shown. GAPDH was used as loading control.

29



4.5. Periostin expression is more intense in ex vivo wound healing- and cultured salt-

split models in contrast to tape-stripping models

In order to examine the effect of different skin injuries on periostin expression, we used
various wounding types using ex vivo skin: tape-stripping, to model barrier disruption
characteristic for AD; cutting through the tissue as a classical 3D ex vivo wound healing model
and we newly developed a cultured salt-split model, where only the BM was wounded. In the
tape-stripping model, there was no obvious periostin expression in basal keratinocytes at 24-
and 72 hours (Figure 12a). In the cutting model, we observed a prominent periostin expression
in basal keratinocytes at the wound edges after 24 hours (Figure 12b).

Cultured salt-split samples, the models for BM injury, revealed increased periostin
expression in basal keratinocytes after 72 hours compared to 24 hours’ samples post-injury
(Figure 12c). Since we observed increased expression of periostin by basal keratinocytes, we
collected supernatant at 0 and 24 hours post-wounding from the cutting model as well as from
the cultured salt-split model at 0, 24, and 72 hours post-wounding. We found similarly increased
elevated periostin levels in the supernatant to what we observed in basal keratinocytes at 24 and

72 hours upon cutting or salt-split. (Figure 12d,e).
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Figure 12.: Periostin expression of basal keratinocytes and the presence of periostin in the
supernatant are increased in cutting-type wound healing and cultured salt-split models
but not in tape-stripping models. Representative images of hematoxylin-eosin and periostin
immunofluorescence staining (a) in tape-stripping models at 24 and 72 hours post-treatment
(n=3), (b) in cutting-type ex vivo skin wound healing models at 0 and 24 hours post wounding
(n=5, basal keratinocytes are highlighted by dotted lines, magnification in the hematoxylin-
eosin stained wound bed: 2,5x, bar = 250 um), and (c) in cultured salt-split basement membrane
injury models at 24 and 72 hours post-injury (n=5). Dotted rectangles indicate all the enlarged
regions, magnification: 20x. Bar = 50 um. The graphs show mean+SEM (n=3) of the periostin
presence in the supernatant of the (d) ex vivo wound healing at 0 and 24 hours, and (e) cultured
salt-split models at 0, 24 and 72 hours using western blot analysis. Data were normalized to 0
hour control samples, **P <0.01, determined by one-tailed two-sample t-test; *P <0.05,
determined by one-way ANOVA followed by Tukey’s posthoc test. Band intensities of
periostin were quantitated with Image Studio software (LI-COR Biosciences, Lincoln, NE).

Representative blots are shown.
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4.6. Parallel with increased periostin, p1-integrin expression is also increased in basal

keratinocytes in ex vivo cultured and salt split wound healing models

Our previous data suggested a crucial role of B1-integrin in the stabilization of the epidermis
upon BM disruption in the psoriatic non-lesional skin®. Examining whether B1-integrin on
basal keratinocytes can perceive injuries and potentially contribute to the BM injury induced
increased expression of periostin, immunofluorescence staining was performed on the cultured
cutting-type and salt-split ex vivo models. Similar to periostin, we also detected increased B1-
integrin expression by basal keratinocytes at 24 hours post-wounding in the cutting-type as well

as in the cultured salt-split models after 72 hours compared to 24 hours (Figure 13a,b).
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Figure 13.: B1-integrin expression of basal keratinocytes is increased in ex vivo wound
healing- and cultured salt-split models. Immunofluorescence labeling of B1-integrin in (a)
cutting-type ex vivo wound healing models at 0 and 24 hours (n=5, basal keratinocytes are
highlighted by dotted lines), and (b) in cultured salt-split models (n=3) at 24 and 72 hours.

Dotted rectangles indicate all the enlarged regions, magnification: 20x. Bar = 50 um.
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4.7. Periostin expression is reduced upon blocking B1-integrin in normal human

epidermal keratinocytes

To investigate whether B1-integrin could mediate the expression of periostin, B1-integrin-
blocking was applied in in vitro scratch wound healing assay using normal human
keratinocytes. Blocking B1-integrin resulted in delayed closure of the wounds compared to
unblocked normal keratinocytes (Figure 14a). Western blot analysis revealed that periostin
production was reduced in keratinocytes due to blocking B1-integrin compared to unblocked
control (Figure 14b,c). These results indicate that f1-integrin is needed for proper wound

healing and it contributes to the induction of periostin.
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Figure 14.: p1-integrin blocking on normal human epidermal keratinocytes resulted in
delayed wound healing and reduced periostin expression. (a) Representative images of in
vitro scratch assay on primary normal human keratinocytes combined with 31-integrin blocking
with two different antibodies at 0 and 24 hours post wounding (n=3, magnification: 5x. Bar =
200 um). (b) Representative blot of periostin in keratinocyte lysates from in vitro scratch assays
(n=3). (c) The graph shows the mean+=SEM (n=3) of the periostin lysates. Actin was used as a
loading control. Band intensities of periostin were quantitated with Image Studio software (LI-
COR Biosciences, Lincoln, NE) and presented as fold changes normalized to actin. **P <0.01,
determined by one-way ANOVA followed by Tukey post hoc test.
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5. DISCUSSION

Increasing evidence suggests that psoriasis not only affects the skin but can be considered
as a systemic inflammatory disease with abnormalities present in the circulation®®. Periostin is
involved in different inflammatory conditions such as asthma, atherosclerosis, rheumatoid
arthritis, and other skin diseases, such as AD*7°%%4°559 'Increased serum periostin is detected
in patients with AD and psoriasis, but its level is the highest in AD and correlates with disease
severity. As symptoms of AD improve, serum periostin level decreases to normal level*’. We
also found significantly elevated serum periostin in psoriatic patients compared to healthy
individuals, but in contrast to patients with AD, interestingly, its level was the highest in
systemically treated patients. Although analysis of serum periostin levels and age of psoriatic
patients showed a tendentious correlation, we did not find any statistically significant
association with other clinical characteristics of the patients. Similar to our observation in
psoriasis, in rheumatoid arthritis, patients in remission had higher periostin serum levels
compared to healthy individuals®, suggesting a relationship between serum periostin levels and
improvement of the symptoms.

In AD, inflammation is characterized by enhanced fibroblast proliferation with an increased
number of thickened collagen fibers, BM thickening, and elevated production of ECM proteins
proteins, including periostin*. Similar tissue alterations are present in other Th2 pathway-
mediated disorders such as asthma, in which serum periostin reflects inflammation activity,
thus, it serves as a biomarker of acute flare of the disease®. As opposed to skin of AD we found
periostin positivity in epidermal keratinocytes of lesional and even in non-lesional skin
compared to healthy skin, at the same time, in the lesional psoriatic skin of untreated patients
periostin distribution was decreased at the dermal-epidermal junction, which was confirmed by
the mMRNA expression and western blot analysis. Since the most prominent serum periostin
expression was detected in the systemically treated psoriatic patients, we also analyzed periostin
expression of previously-lesional healed skin. The previously-lesional skin showed an overall
reduced periostin expression in the dermis, but basal keratinocytes showed the most prominent
periostin positivity in the epidermis. Previously-lesional keratinocytes compared to healthy
cells significantly overexpressed periostin in in vitro cultures, suggesting an activated state of
the cells. In western blot analysis of periostin in cultured primary normal human keratinocytes
and fibroblasts, we observed that the monomeric form of periostin was more characteristic for
fibroblasts. Moreover, fibroblasts-derived monomeric periostin form was similar to what we

detected in the whole tissue extracts by western blot analysis suggesting fibroblast contribution
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to the whole skin periostin content. IL-4 and IL-13 can stimulate fibroblasts’ periostin
production, and periostin expression is elevated in the lesional dermis of patients with AD, but
expression changes in epidermal keratinocytes cannot be detected®. IL-13 activates I1L-24 in
keratinocytes in a periostin-dependent way causing filaggrin downregulation, which results in
an epithelial barrier dysfunction in ADS.

Several studies have described that both non-lesional and lesional psoriatic skin show
similarities with wound repair processes®?, and activation of keratinocytes is well-known during
wound healing. A “pre-activated” state for hyperproliferation of keratinocytes has also been
reported in the non-lesional skin®. It has been described that in mouse skin upon wounding,
periostin was expressed by migrating keratinocytes®®. Since BM abnormalities at the dermal-
epidermal junction are characteristic alterations in psoriasis, and micro-wounds can be found
along the BM, already in the non-lesional psoriatic skin, moreover wound-healing like changes
are induced in keratinocytes?®2262 e created the cultured salt-split model, to mimic skin with
BM injuries. Increased periostin expression in keratinocytes in the cultured salt-split model
indicates that induction of periostin depends on injuries localized at the dermal-epidermal
junction. This wound-healing like process is also present in the non-lesional and lesional skin,
and the healing process in the previously-lesional, resolved skin can remain switched on and be
strengthened as a result of the therapy. However, further studies are needed to determine how
long lasting these changes are in the healed skin. The elevated periostin level in the supernatant
of our ex vivo and cultured salt-split wound models indicate that activation of basal
keratinocytes leads to the release of cell-produced periostin, which could partially explain the
elevated serum periostin levels we detected in the systemically treated psoriatic patients. Since
previous animal studies have shown that periostin promotes arterial calcification and its deletion
protects against atherosclerosis®*®°, the increased serum periostin could play a role in the
systemic inflammation described in psoriasis patients.

In AD the epidermal barrier injury is localized to the upper layer of keratinocytes, therefore
we decided to use a tape-stripping type of injury to model the AD skin. In this model periostin
expression in keratinocytes was not induced, indicating that a surface barrier epidermal damage
does not induce periostin expression in keratinocytes. The abnormal BM structure of psoriatic
skin can be sensed by integrins. Abnormal BM structures and injuries that affect the BM result
in aSP1-integrin overexpression by keratinocytes®. We previously reported that f1-integrin and
cartilage oligomeric matrix protein could interact in the psoriatic non-lesional skin due to the
disrupted laminin-layer?®. p1-integrin blocking resulted in suppression of periostin expression

in our scratch model indicating that B1-integrin can mediate periostin production upon
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wounding in keratinocytes. PI3K/AKT is the main regulator of periostin expression and growth
factors, transforming growth factor beta, and integrins can also activate periostin expression via
this pathway®®. Although, we did not examine the exact mechanism for how B1-integrin can
induce periostin production, further experiments could reveal that in basal keratinocytes when
BM- injury occurs, Bl-integrin could influence through the PI3K/AKT pathway periostin
expression. Taken together, abnormal BM-induced periostin expression of basal keratinocytes
can be mediated by B1-integrin, which can act as a sensor of BM injuries.

Finally, this is the first study, which describes the elevated periostin expression in psoriatic
keratinocytes, which could potentially contribute to the increased serum periostin detected in
this disease. In contrast to lesional skin of AD, where Th2-type cytokines stimulate fibroblasts
to increase periostin production, in psoriatic skin basal keratinocytes play a key role in enhanced
periostin production. Our results suggest that basal keratinocytes are in an activated state in the
non-lesional, lesional, and even more so in the previously-lesional psoriatic epidermis and they
show a stable wound healing-like phenotype with the overexpression of periostin reflecting the
abnormal BM. B1-integrin, also overexpressed in the cells, contributes to enhanced periostin
production (Figure 15). Our results also demonstrate how tissue resident cells could be
differentially activated by distinct spatial changes in tissue. The abnormal BM-induced wound
healing as a potential compensatory mechanism is initiated already in the non-lesional skin, it
is present in the lesion, and it can be amplified as a result of the therapy and remain active in
the healed skin.

37



a Healthy skin

Basement
membrane
Circulation {

b Basement membrane
injured/psoriatic skin pre———— pr———

=T
;:;:.::::z{ ..,.}__,}___,_L_LJ,J._./J

Circulation {

| e/ ¢

Periostin B1-integrin Laminin layer
J

llustration created with BioRender.com

Figure 15.: Abnormal basement membrane can induce periostin expression of basal
keratinocytes, and p1-integrin can potentially act as a sensor of the basement membrane
injuries and potentially contribute to the increased periostin expression. Schematic
representation of (a) healthy and (b) basement membrane injured, psoriatic non-lesional,
lesional, and previously-lesional skin. In healthy skin, the basement membrane is intact, the
laminin-layer is continuous and periostin and B1-integrin are normally expressed. In the
basement membrane injured, cultured salt model, and psoriatic skin, the basement membrane
is discontinuous, including the laminin-layer, B1-integrin overexpressed for providing better
stabilization for the cells, and periostin expression is also induced. The periostin production of
these activated keratinocytes may also contribute to the elevated serum periostin levels in
psoriatic patients. The illustration was created with BioRender.com.
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SUMMARY

Psoriasis is a Thl and Thl7 pathway-mediated inflammatory skin disease, where
abnormalities in the BM are present, in the non-lesional skin as well. These BM alterations
include the increased expression of EDA'FN, a5B1-integrin and COMP, and the discontinuous
laminin-layer. Periostin is present in many tissues, including the skin, where it is located in the
dermis, and it can interact with several other ECM molecules, such as a5p1-integrin.

In this study, we show that serum and basal keratinocyte periostin expression is elevated in
psoriasis. Moreover, in the serum of systemically treated patients was the highest periostin
concentration. The elevated serum levels were independent of the patients’ clinical
characteristics.

Immunofluorescent staining revealed increased periostin expression in the layer of basal
keratinocytes in the psoriatic lesional, non-lesional, and especially in the previously-lesional
skin, in contrast to healthy skin. However, in the dermis, decreased periostin expression was
detected in the lesional, non-lesional and previously-lesional skin as well.

Our different ex vivo skin wound healing models, particularly our BM injury model,
revealed increased periostin expression in basal keratinocytes and increased presence of
periostin in the supernatant upon healing. We also found that besides periostin, B1-integrin
expression was similarly elevated in basal keratinocytes in our models, and by blocking it in
our in vitro scratch assay led to a decrease in periostin, so the increased periostin expression
was likely mediated by B1-integrin. These results indicate the role of periostin in the wound
healing phenotype of psoriatic basal keratinocytes, which may be the result of BM

abnormalities found in psoriatic skin.
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Abnormal basement
membrane results in increased
keratinocyte-derived periostin
expression in psoriasis similar
to wound healing
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The psoriatic skin resembles wound healing, and it shows abnormalities at the basement membrane
(BM), also in the non-lesional skin. Fibroblast-derived dermal periostin has well-known functions

in wound healing and Th2-mediated diseases, such as atopic dermatitis. Here we show that serum
periostin level was elevated in psoriatic patients, remarkably in the systemically treated ones. Obvious
periostin positivity was detected in basal keratinocytes of the non-lesional, lesional, and previously-
lesional psoriatic vs. healthy skin. Ex vivo skin models were generated to examine how different skin
injuries affect periostin expression during wound healing. Our newly developed cultured salt-split
model demonstrated that BM-injury induced periostin expression in basal keratinocytes, and periostin
levels in the supernatant were also increased upon healing. In wound healing models, B1-integrin
expression was similarly induced. B1-integrin blocking caused reduced periostin expression in in vitro
scratch assay, indicating that B1-integrin can mediate periostin production. In contrast to atopic
dermatitis, psoriatic basal keratinocytes are in an activated state and show a stable wound healing-
like phenotype with the overexpression of periostin. This abnormal BM-induced wound healing as a
potential compensatory mechanism can be initiated already in the non-lesional skin present in the
lesion and keratinocytes can remain activated in the healed skin.

Chronic plaque-type psoriasis is a multifactorial, mainly Th1 and Th17 pathway-mediated inflammatory skin
disease, which is the most frequent type of psoriasis' with characteristic red, scaly patches. It is characterized by
epidermal hyperplasia, massive infiltration of immune cells and altered basement membrane (BM) composition
with only partially understood pathomechanism. Numerous data indicate that alterations of the dermal-epi-
dermal junction region and BM zone are already present in the phenotypically healthy-looking, non-lesional
psoriatic skin?=. It is well established that psoriasis is also associated with other diseases, most often with pso-
riatic arthritis®’, but emerging studies suggest an association with obesity, mental disorders, cardiovascular and
metabolic diseases®?, although it needs to be further investigated whether psoriasis itself is a risk factor for
these diseases'. Genes and environmental factors play crucial roles in the development of psoriasis, and disease
manifestation requires both interactions'.

Recent therapies are able to induce complete resolution of the symptoms, but if treatment is suspended,
symptoms may occur again very often at the same body sites, indicating that in resolved lesions a molecular scar
remains'’, and epigenetic changes detected in epidermal keratinocytes of resolved skin may be responsible for
the disease residual transcriptomic profile found in the same regions''.

Periostin is an extracellular matrix component, in the skin it is mainly located in the papillary dermis and
at the dermal-epidermal junction. It is well established that periostin plays a vital role in wound healing by
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maintaining tissue structure, inducing proliferation and differentiation of epithelial cells, and contributing
to fibroblast activation and fibroblasts myofibroblasts transformation after transforming growth factor beta
activation'>"3.

The role of periostin has been widely investigated in atopic dermatitis, a skin disease with very different
immunopathology compared to psoriasis. Periostin has been shown to play a role in Th2 pathway-mediated
inflammatory diseases, such as atopic dermatitis, where interleukin-4 and interleukin-13 cytokines have been
reported to activate periostin production in fibroblasts. Periostin was shown to be elevated not only in the
inflamed dermis but also in the serum of atopic dermatitis patients and its level correlated with disease severity
suggesting that periostin is an accelerator of atopic dermatitis progress'*-1°.

The role of periostin in wound healing and other inflammatory skin diseases, such as atopic dermatitis, is
relatively well-known'*!*1617 However, its potential role in the pathogenesis of psoriasis remains undetermined.

Here we show that serum and basal keratinocyte periostin expression is elevated in psoriasis. Our different
ex vivo skin wound healing models, particularly our BM injury model, revealed increased periostin expression
in basal keratinocytes and increased presence of periostin in the supernatant upon healing. We also found that
besides periostin, B1-integrin expression was similarly elevated in basal keratinocytes in our models and the
increased periostin expression was likely mediated by B1-integrin. These results indicate the role of periostin
in the wound healing phenotype of psoriatic basal keratinocytes, which may be the result of BM abnormalities
found in psoriatic skin.

Results

Serum periostin is increased in psoriatic patients

Among serum inflammatory markers (VEGE, survivin, uPar, fibronectin, data not shown) we found that periostin
was significantly elevated in psoriatic patients, which is in agreement with previous data'* (Fig. 1a). Interestingly,
among all patients, the systemically treated group showed the highest elevation in periostin serum level (Fig. 1b).
We did not observe significant differences between male and female patients (Supplementary Fig. S1a) or between
younger and older patients (Supplementary Fig. S1b), and the Body Mass Index (BMI) did not influence on the
measured periostin level (Supplementary Fig. Slc).

As opposed to atopic dermatitis, in which periostin serum levels are closely related to the severity and activ-
ity of the disease'*, in psoriasis serum periostin levels did not correlate with the severity of the disease (Sup-
plementary Fig. S2a), even when we looked separately in groups of 15 and > 15 Psoriasis Area Severity Index
(PASI) score patients (data not shown). We compared serum periostin levels in patients on biological vs. other
systemic therapies, and no significant difference was found (Supplementary Fig. S2b). Periostin mRNA levels
in healthy, non-lesional, and lesional psoriatic skin were also analyzed to determine the periostin expression in
the skin using data from the publicly available GEO Profile dataset. We found significantly decreased periostin
mRNA expression in lesional skin compared to non-lesional and healthy skin samples (Supplementary Fig. S3).

Periostin expression is elevated in basal keratinocytes but not in the dermis of psoriatic skin

In normal skin, periostin is known to be localized at the papillary dermis'. Investigation of periostin expression
in the healthy, non-lesional, and lesional skin of untreated patients as well as in the previously-lesional, healed
psoriatic skin by immunofluorescence labeling revealed decreased protein levels in the dermis of lesional skin,
but not in the non-lesional skin compared to healthy skin (Fig. 2a). The lowest dermal periostin expression
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Figure 2. Periostin expression is reduced in the lesional and previously-lesional dermis and increased in

the non-lesional, lesional, and previously-lesional psoriatic epidermis. (a) Immunofluorescence staining of
periostin in healthy, psoriatic non-lesional, lesional, and previously-lesional skin. Representative pictures

from 4 independent donors are shown. Dotted lines highlight the border of the epidermis and dermis, dotted
rectangles indicate the enlarged regions, magnification: 20x. Bar =50 um. (b) Periostin is present in the layer

of basal keratinocytes in the non-lesional, lesional, and previously-lesional skin. Arrows indicate the positive
cell layer. (c) Relative fluorescence intensity (RFI) measurement of periostin in the dermis of the healthy, non-
lesional, lesional, and previously-lesional skin. (d) RFI measurement of the healthy, non-lesional, lesional, and
previously-lesional epidermis. Data represent the mean + SEM (n=4). RFI values were tested for significance by
using one-way ANOVA followed by Tukey’s post-hoc test. *P<0.05 and **P<0.01 were considered significant.

was observed in the previously-lesional skin (Fig. 2d). At the same time, immunofluorescence staining also
revealed a statistically significant increase in periostin expression of basal keratinocytes in the lesional and
previously-lesional healed epidermis, and it was nearly significant in the non-lesional skin in contrast to healthy
skin (Fig. 2b,c) based on relative fluorescence intensity (RFI). With western blot analysis, we found significantly
decreased periostin levels in lesional and previously-lesional protein extracts from whole skin punch biopsies
versus healthy skin (Supplementary Fig. S4a and S4b). In previously-lesional skin, as opposed to decreased peri-
ostin at the dermal-epidermal junction, basal keratinocytes showed the highest expression (Fig. 2b). Western
blot analysis revealed that periostin expression of keratinocytes derived from previously-lesional psoriatic skin
was increased compared to healthy cells (Supplementary Fig. S4c and S4d), suggesting a correlation with the
immunofluorescence staining results. Periostin is known to be expressed by both keratinocytes and fibroblasts
to different molecular effects'”. We examined how healthy cultured fibroblasts and normal human epidermal
keratinocytes express periostin and we also found that both cultured cell types can produce periostin, however,
the monomeric form of periostin was more characteristic of fibroblasts (Supplementary Fig. S5).

Periostin expression is more intense in ex vivo wound healing- and cultured salt-split models
in contrast to tape-stripping models
In order to examine the effect of different skin injuries on periostin expression, we used various wounding types
using ex vivo skin: tape-stripping, to model barrier disruption characteristic for atopic dermatitis; cutting through
the tissue as a classical 3D ex vivo wound healing model and we newly developed a cultured salt-split model,
where only the BM was wounded. In the tape-stripping model, there was no obvious periostin expression in basal
keratinocytes at 24- and 72 h (Fig. 3a). In the cutting model, we observed a prominent periostin expression in
basal keratinocytes at the wound edges after 24 h (Fig. 3b).

Cultured salt-split samples, the models for BM injury, revealed increased periostin expression in basal
keratinocytes after 72 h compared to 24 b’ samples post-injury (Fig. 3c). Since we observed increased expression
of periostin by basal keratinocytes, we collected supernatant at 0 and 24 h post-wounding from the cutting model
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Figure 3. Periostin expression of basal keratinocytes and the presence of periostin in the supernatant are
increased in cutting-type wound healing and cultured salt-split models but not in tape-stripping models.
Representative images of hematoxylin-eosin and periostin immunofluorescence staining (a) in tape-

stripping models at 24 and 72 h post-treatment (n=3), (b) in cutting-type ex vivo skin wound healing

models at 0 and 24 h post wounding (n =5, basal keratinocytes are highlighted by dotted lines, magnification
in the hematoxylin-eosin stained wound bed: 2,5x, bar =250 um), and (c) in cultured salt-split basement
membrane injury models at 24 and 72 h post-injury (n=5). Dotted rectangles indicate all the enlarged
regions, magnification: x 20. Bar =50 pum. The graphs show mean +SEM (n=3) of the periostin presence in the
supernatant of the (d) ex vivo wound healing at 0 and 24 h, and (e) cultured salt-split models at 0, 24 and 72 h
using western blot analysis. Data were normalized to 0 h control samples, **P <0.01, determined by one-tailed
two-sample t-test; *P < 0.05, determined by one-way ANOVA followed by Tukey’s posthoc test. Band intensities
of periostin were quantitated with Image Studio software (LI-COR Biosciences, Lincoln, NE). Representative
blots are shown.

as well as from the cultured salt-split model at 0, 24, and 72 h post-wounding. We found similarly increased
elevated periostin levels in the supernatant to what we observed in basal keratinocytes at 24 and 72 h upon cut-
ting or salt-split. (Fig. 3d,e).

Parallel with increased periostin, B1l-integrin expression is also increased in basal keratino-
cytes in ex vivo cultured and salt split wound healing models

Our previous data suggested a crucial role of p1-integrin in the stabilization of the epidermis upon BM disruption
in the psoriatic non-lesional skin'®. Examining whether f1-integrin on basal keratinocytes can perceive injuries
and potentially contribute to the BM-injury induced increased expression of periostin, immunofluorescence
staining was performed on the cultured cutting-type and salt-split ex vivo models. Similar to periostin, we also
detected increased P1-integrin expression by basal keratinocytes at 24 h post-wounding in the cutting-type as
well as in the cultured salt-split models after 72 h compared to 24 h (Fig. 4a,b).

Periostin expression is reduced upon blocking Bl-integrin in normal human epidermal
keratinocytes

To investigate whether p1-integrin could mediate the expression of periostin, p1-integrin-blocking was applied in
in vitro scratch wound healing assay using normal human keratinocytes. Blocking f1-integrin resulted in delayed
closure of the wounds compared to unblocked normal keratinocytes (Fig. 5a). Western blot analysis revealed that
periostin production was reduced in keratinocytes due to blocking B1-integrin compared to unblocked control
(Fig. 5b,c). These results indicate that p1-integrin is needed for proper wound healing and it contributes to the
induction of periostin.
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Figure 4. P1-integrin expression of basal keratinocytes is increased in ex vivo wound healing- and cultured
salt-split models. Immunofluorescence labeling of 31-integrin in (a) cutting-type ex vivo wound healing models
at 0 and 24 h (n=>5, basal keratinocytes are highlighted by dotted lines), and (b) in cultured salt-split models
(n=3) at 24 and 72 h. Dotted rectangles indicate all the enlarged regions, magnification: x 20. Bar =50 um.

Discussion

Increasing evidence suggests that psoriasis not only affects the skin but can be considered as a systemic inflam-
matory disease with abnormalities present in the circulation'®. Periostin is involved in different inflamma-
tory conditions such as asthma, atherosclerosis, rheumatoid arthritis, and other skin diseases, such as atopic
dermatitis'*?*-%. Increased serum periostin is detected in patients with atopic dermatitis and psoriasis, but its
level is the highest in atopic dermatitis and correlates with disease severity. As symptoms of atopic dermatitis
improve, serum periostin level decreases to normal level'*. We also found significantly elevated serum periostin
in psoriatic patients compared to healthy individuals, but in contrast to patients with atopic dermatitis, interest-
ingly, its level was the highest in systemically treated patients. Although analysis of serum periostin levels and
age of psoriatic patients showed a tendentious correlation, we did not find any statistically significant association
with other clinical characteristics of the patients. Similar to our observation in psoriasis, in rheumatoid arthritis,
patients in remission had higher periostin serum levels compared to healthy individuals*, suggesting a relation-
ship between serum periostin levels and improvement of the symptoms.

In atopic dermatitis, inflammation is characterized by enhanced fibroblast proliferation with an increased
number of thickened collagen fibers, BM thickening, and elevated production of extracellular matrix proteins
proteins, including periostin’®. Similar tissue alterations are present in other Th2 pathway-mediated disorders
such as asthma, in which serum periostin reflects inflammation activity, thus, it serves as a biomarker of acute
flare of the disease?. As opposed to skin of atopic dermatitis we found periostin positivity in epidermal keratino-
cytes of lesional and even in non-lesional skin compared to healthy skin, at the same time, in the lesional pso-
riatic skin of untreated patients periostin distribution was decreased at the dermal-epidermal junction, which
was confirmed by the mRNA expression and western blot analysis. Since the most prominent serum periostin
expression was detected in the systemically treated psoriatic patients, we also analyzed periostin expression of
previously-lesional healed skin. The previously-lesional skin showed an overall reduced periostin expression in
the dermis, but basal keratinocytes showed the most prominent periostin positivity in the epidermis. Previously-
lesional keratinocytes compared to healthy cells significantly overexpressed periostin in in vitro cultures, sug-
gesting an activated state of the cells. In western blot analysis of periostin in cultured primary normal human
keratinocytes and fibroblasts, we observed that the monomeric form of periostin was more characteristic for
fibroblasts. Moreover, fibroblasts-derived monomeric periostin form was similar to what we detected in the whole
tissue extracts by western blot analysis suggesting fibroblast contribution to the whole skin periostin content.
Interleukin-4 and interleukin-13 can stimulate fibroblasts’ periostin production, and periostin expression is
elevated in the lesional dermis of patients with atopic dermatitis, but expression changes in epidermal keratino-
cytes cannot be detected'®. Interleukin-13 activates interleukin-24 in keratinocytes in a periostin-dependent
way causing filaggrin downregulation, which results in an epithelial barrier dysfunction in atopic dermatitis®.

Several studies have described that both non-lesional and lesional psoriatic skin show similarities with wound
repair processes®’, and activation of keratinocytes is well-known during wound healing. A “pre-activated” state
for hyperproliferation of keratinocytes has also been reported in the non-lesional skin®. It has been described
that in mouse skin upon wounding, periostin was expressed by migrating keratinocytes'”. Since BM abnormali-
ties at the dermal-epidermal junction are characteristic alterations in psoriasis, and micro-wounds can be found
along the BM, already in the non-lesional psoriatic skin, moreover wound-healing like changes are induced in
keratinocytes®->?, we created the cultured salt-split model, to mimic skin with BM injuries. Increased periostin
expression in keratinocytes in the cultured salt-split model indicates that induction of periostin depends on
injuries localized at the dermal-epidermal junction. This wound-healing like process is also present in the
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Figure 5. P1l-integrin blocking on normal human epidermal keratinocytes resulted in delayed wound healing
and reduced periostin expression. (a) Representative images of in vitro scratch assay on primary normal human
keratinocytes combined with B1-integrin blocking with two different antibodies at 0 and 24 h post wounding
(n=3, magnification: x 5. Bar =200 um). (b) Representative blot of periostin in keratinocyte lysates from in vitro
scratch assays (n=3). (¢) The graph shows the mean + SEM (n=3) of the periostin lysates. Actin was used as a
loading control. Band intensities of periostin were quantitated with Image Studio software (LI-COR Biosciences,
Lincoln, NE) and presented as fold changes normalized to actin. **P<0.01, determined by one-way ANOVA
followed by Tukey post hoc test.

non-lesional and lesional skin, and the healing process in the previously-lesional, resolved skin can remain
switched on and be strengthened as a result of the therapy. However, further studies are needed to determine
how long lasting these changes are in the healed skin. The elevated periostin level in the supernatant of our
ex vivo and cultured salt-split wound models indicate that activation of basal keratinocytes leads to the release
of cell-produced periostin, which could partially explain the elevated serum periostin levels we detected in the
systemically treated psoriatic patients. Since previous animal studies have shown that periostin promotes arterial
calcification and its deletion protects against atherosclerosis®?, the increased serum periostin could play a role
in the systemic inflammation described in psoriasis patients.

In atopic dermatitis the epidermal barrier injury is localized to the upper layer of keratinocytes, therefore
we decided to use a tape-stripping type of injury to model the atopic dermatitis skin. In this model periostin
expression in keratinocytes was not induced, indicating that a surface barrier epidermal damage does not induce
periostin expression in keratinocytes. The abnormal BM structure of psoriatic skin can be sensed by integrins.
Abnormal BM structures and injuries that affect the BM result in a5B1-integrin overexpression by keratinocytes®.
We previously reported that f1-integrin and cartilage oligomeric matrix protein could interact in the psoriatic
non-lesional skin due to the disrupted laminin layer'®. f1-integrin blocking resulted in suppression of periostin
expression in our scratch model indicating that 1-integrin can mediate periostin production upon wounding.
PI3K/AKT is the main regulator of periostin expression and growth factors, transforming growth factor beta,
and integrins can also activate periostin expression via this pathway’. Although, we did not examine the exact
mechanism for how P1-integrin can induce periostin production, further experiments could reveal that in basal
keratinocytes when basement membrane injury occurs, p1-integrin could influence through the PI3K/AKT
pathway periostin expression. Taken together, abnormal BM-induced periostin expression of basal keratinocytes
can be mediated by p1-integrin, which can act as a sensor of BM injuries.
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Finally, this is the first study, which describes the elevated periostin expression in psoriatic keratinocytes,
which could potentially contribute to the increased serum periostin detected in this disease. In contrast to lesional
skin of atopic dermatitis, where Th2-type cytokines stimulate fibroblasts to increase periostin production, in
psoriatic skin basal keratinocytes play a key role in enhanced periostin production. Our results suggest that basal
keratinocytes are in an activated state in the non-lesional, lesional, and even more so in the previously-lesional
psoriatic epidermis and they show a stable wound healing-like phenotype with the overexpression of periostin
reflecting the abnormal BM. B1-integrin, also overexpressed in the cells, contributes to enhanced periostin pro-
duction (Fig. 6). Our results also demonstrate how tissue resident cells could be differentially activated by distinct
spatial changes in tissue. The abnormal BM-induced wound healing as a potential compensatory mechanism
is initiated already in the non-lesional skin, it is present in the lesion, and it can be amplified as a result of the
therapy and remain active in the healed skin.

Materials and methods

Blood, skin samples and ethics

In this study, we recruited patients with chronic plaque-type psoriasis and their initial Psoriasis Area Severity
Index (PASI) scores were determined. Blood serum samples were collected from 105 patients in total with chronic
plaque-type psoriasis and 49 healthy volunteers. The characteristics of Psoriatic patients are listed in Table 1.
Untreated patients (n=41) did not receive topical therapies for 4 weeks and systemic treatments for 8 weeks
before blood collection. Treated patients (n=64) received either different types of biological therapies (TNF-a
inhibitors, anti-IL-12- and IL-23p40 antibody, anti-IL-17 antibody and anti-IL-23p19 antibody), or immunosup-
pressants (methotrexate, steroid, acitretin). Initial PASI values were determined.

a Healthy skin
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Circulation {

b Basement membrane
injured/psoriatic skin
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Periostin B1-integrin Laminin layer

MJV

lllustration created with BioRender.com

Figure 6. Abnormal basement membrane can induce periostin expression of basal keratinocytes, and
B1-integrin can potentially act as a sensor of the basement membrane injuries and potentially contribute to the
increased periostin expression. Schematic representation of (a) healthy and (b) basement membrane injured,
psoriatic non-lesional, lesional, and previously-lesional skin. In healthy skin, the basement membrane is

intact, the laminin layer is continuous and periostin and p1-integrin are normally expressed. In the basement
membrane injured, cultured salt model, and psoriatic skin, the basement membrane is discontinuous, including
the laminin layer, B1-integrin overexpressed for providing better stabilization for the cells, and periostin
expression is also induced. The periostin production of these activated keratinocytes may also contribute to the
elevated serum periostin levels in psoriatic patients. The illustration was created with BioRender.com.
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Patients data H volunteers | Untreated PS patients | Treated PS patients
Patients number 49 41 64
Initial median PASI - 16.6 16.6
Initial average PASI - 20.5 183
Initial PASI range - 5.0-61.2 3.3-37.5
Genders 31 males 34 males 40 males
18 females 7 females 24 females
Median age 48 56 58
Biological therapies - - 43
Immunosuppressants 21

Types of biological therapies

TNF-a inhibitors - - 15
anti-IL-12- and IL-23p40 antibody | - - 17
anti-IL-17 antibody - - 9
anti-IL-23p19 antibody - - 2
Types of immunosuppressants

Methotrexate - - 19
Steroid - - 1
Acitretin 1

Table 1. Clinical characteristics of psoriatic (PS) patients and healthy (H) individuals.

Skin punch biopsies (dia=6 mm) were collected from untreated psoriatic patients from lesional (n=4) and
non-lesional (n=4, at least 6 cm from the lesion) skin areas and from healthy individuals (n =4). Punch biopsies
were also collected from systemically treated patients from their previously-lesional, healed (n=4) skin areas.
Following the rules of the Helsinki Declaration, all donors provided written informed consent before sample
collection. The protocols for this study were approved by the Regional and Institutional Research Ethics Com-
mittee (HCEMM-001, 10/2020, 4702, 20 January 2020; PSO-VA0223-001, 65/2018, 4236, 19 March 2018, Szeged,
Hungary; PSO-CELL-01, 90/2021, 4969, 26 April 2021, Szeged, Hungary; PSO-EDAFN-002, 34/2015, 3517, 23
February 2015, Szeged, Hungary).

Immunofluorescence labeling

Frozen, 4% paraformaldehyde fixed and 0.25% TritonX-100 (Sigma Aldrich, Saint Louis, Missouri, USA) per-
meabilized 6 pm skin sections and were blocked with 3% normal goat serum and 1% bovine serum albumin
containing (both Sigma Aldrich, Saint Louis, Missouri, USA) Tris-buffered saline. For immunolabeling mouse
anti-human periostin (1:125, #sc-398631, Santa Cruz Biotechnology), and p1-integrin (1:100, #ab30394, Abcam,
Cambridge, UK) were used overnight followed by Alexa Fluor 647 conjugated goat anti-mouse IgG (Life Technol-
ogies, Carlsbad, California, USA). As isotype control mouse IgG1k (#400102, BioLegend, San Diego, California,
USA) was used, 4',6-diamidino-2-phenylindole (DAPI, 1:100, Sigma Aldrich) labeled the nuclei. Visualization,
image processing and fluorescence quantification were performed by Zeiss Axio Imager Z1 microscope, ZEN
2012 Microscope Imaging software (Carl Zeiss AG, Oberkochen, Germany) and Fiji software (Image], Wiscon-
sin, USA).

Determination of periostin in the serum
Periostin levels in the serum were measured by sandwich enzyme-linked immunosorbent assay (ELISA, R&D
Systems, Minneapolis, Minnesota, USA) kits according to manufacturer’s instruction.

Tape-stripping, ex vivo human skin wound healing and cultured salt-split models

For tape-stripping model (n=3), biopsies were tape-striped by adhesive tape 10 times. For the cutting-type
ex vivo wound healing models (n=5), skin pieces were cut out of healthy skin, shaped into approximately 1 cm
diameter pieces, then wounded by a 4 mm punch biopsy scalpel (Steele Supply Company, St. Joseph, MI, USA).
For the cultured salt-split (n=5), 6 mm punch biopsies were incubated in 1 M NaCl (Sigma-Aldrich, Saint Louis,
Missouri, USA) for 5 h at 4 °C. All skin samples were then cultured for either 24 or 72 h at an air-liquid interface
in transwell cell culture inserts (Corning Inc., Corning, NY, USA) in 10% fetal bovine serum (FBS, EuroClone,
Pero, Italy) containing DMEM F12 (Lonza Group, Basel, Switzerland) media supplemented with 1% antibiotic/
antimycotic solution (Sigma-Aldrich, Saint Louis, Missouri, USA). Samples were embedded in cryogenic solution
(Thermo-Fischer Scientific, Waltham, Massachusetts, USA) for stainings, and supernatants (n=3) were collected
at 0, 24 h from ex vivo and 0, 24 and 72 h from cultured salt-split models.

In vitro scratch assay
Primary normal human keratinocytes were plated onto a 6-well plate at a density of 5 10° then 1 ug/ml
B1-integrin blocking antibody (#ab30394, Abcam, Cambridge, UK, and #303004, BioLegend, San Diego,
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California, USA) was added 5 h post-seeding. After 24 h, 100% confluent cultures were scratched and cultured
for 24 h and cells were harvested for western blot analysis. The wound closure was monitored with a Zeiss Axiolab
Vert.Al microscope (Carl Zeiss AG, Oberkochen, Germany).

Further methods
More detailed information on the materials and methods is presented in the Supplementary Data.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.
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1 | INTRODUCTION

Psoriasis is acomplex inflammatory skin disease, which is mainly char-
acterized by keratinocyte hyperproliferation and massive immune
cellinfiltration, primarily affecting the skin® with a wide-ranging clin-
ical presentation.2 However, not only the skin can show differences
between patients, but some patients have arthritis®>* while others
may have psoriasis-related other organ involvements.® Risk in de-

veloping the disease is based on multiple genetic and environmental

| Lili Borbala Flink! | NéraBelsé®? | Barbara Guban! | Marta Széll** |
1,2,3 ~1,2,3

Current data suggest that tissue microenvironment control immune functions.
Therefore, understanding the tissue environment in which immune activation occurs
will enhance our capability to interfere with abnormal immune pathology. Here, we
argue that studying the constitutively abnormal functions of clinically uninvolved pso-
riatic skin in patients with plague type psoriasis is very important to better understand
psoriasis pathobiology, because non-lesional skin provides the tissue environment in
which the psoriatic lesion develops. A key question in psoriasis is what initiates the
abnormal, uncontrolled immune activation in the first place and the answer may lie in
the skin. In light of this concept, we summarize abnormalities at the dermal-epidermal
junction region which shows a special “non-healing-like” micro-wound phenotype in
the psoriatic non-lesional skin that may act as a crucial susceptibility factor in the

development of the disease.

basement membrane, dermal-epidermal junction, non-lesional skin, psoriasis, wound healing

factors which differ in individuals and in different populations.®
Pustular psoriasis, the acute systemic generalized form, the chronic
localized palmoplantar pustulosis and the acrodermatitis continua
of Hallopeau represent a distinct group and have been linked to in-
terleukin (IL)-36 receptor antagonist (IL36RN) mutations. Mutations
were also found in that group in a gene encoding the adaptor protein
1 complex subunit (AP-1 complex subunit sigma-3, AP1S3) and a ke-
ratinocyte nuclear factor kB adaptor protein (the caspase recruit-

ment domain-containing protein 14, CARD14).” Guttate psoriasis is

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Experimental Dermatology published by John Wiley & Sons Ltd.

Experimental Dermatology. 2021;30:765-772.

wileyonlinelibrary.com/journal/exd 765


www.wileyonlinelibrary.com/journal/exd
mailto:﻿
https://orcid.org/0000-0003-4242-2474
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Email: bozo.renata@med.u-szeged.hu
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fexd.14267&domain=pdf&date_stamp=2021-01-16

BOZO T AL.

766 .
WI LE Y-S B Y

associated with streptococcal pharyngitis and HLA-Cwé, the most
strongly associated psoriasis susceptibility allele.® Psoriasis stud-
ies, including our own studies, usually focus on the most frequent,
dominant plaque type psoriasis phenotype. An inherently abnormal
immune regulation, both in innate as well as in adaptive responses,
undoubtedly plays a central role in disease pathogenesis.9 However,
it is also clear that the immune pathology is strongly influenced by
the tissue environment.}%!

An increasing body of evidence suggests that not only the le-
sional skin of patients is affected in psoriasis, but the seemingly
healthy-looking non-lesional skin of patients contains disease-spe-
cific alterations as well. In 1995, Kadunce and Krueger suggested
that in psoriasis the entire skin has the capacity to develop lesions,
and control of expression is linked to a complex interaction of epi-
dermal, dermal and immune cells. They considered psoriatic kera-
tinocytes to have an inherent capacity for hyperproliferation and
aberrant differentiation and advised to consider not only cytokines
and growth factors, but also regulators of transcription, translation
and modifications of cytokines and growth factors.!? Data suggest
that the psoriatic non-lesional skin could represent an intermedi-
ate stage between the healthy and lesional skin. Alterations in the
non-lesional skin can reveal predisposing factors for lesion devel-
opment and specific structural changes, or factors which help in the
maintenance of the non-lesional stage.*®

2 | INFLAMMATION IN THE NON-
LESIONAL PSORIATIC SKIN

The number of several immune cell types are elevated in non-le-
sional skin, and the inducible T-cell co-stimulator, ICOS, a T-cell acti-
vation marker, is also detected.!* The characteristically sharp edges
of psoriatic plaques are indicative of a very local, tissue-, if not cell-
dependent effect. Cytokine signalling plays a key role in the patho-
mechanism of psoriasis. In psoriatic plaques, Th17 cytokines (mainly
the IL-17A) stimulate the production of antimicrobial peptides which
activate inflammatory cells, thus sustaining the inflamed state in the
psoriatic skin. A large-scale study highlights the psoriasis specific-
ity of IL-17A signature, the importance of cathelicidin (LL37) and an
increase in foetal and other protein abundance, suggesting degrada-
tion deficiency.’® The presence of circulating LL37-specific T cells
significantly correlates with disease activity.’® Dermal CD3*ys T
cells are the major source of IL-17A, and their number is increased in
psoriatic skin.!”"'? Meta-analysis on three gene array studies showed
enhanced expression of IL-17 and IL-17 signature genes in non-le-
sional epidermis compared with normal. The transcription factor C/
EBPS also showed elevated expression'* and it is believed to medi-
ate the IL-17 signalling and it could enhance the sensitivity of non-
lesional keratinocytes to IL-17 stimuli.?° Elevated expression of IL-22
in non-lesional versus healthy skin is associated with an upregulation
of antimicrobial peptides.14 In psoriasis, interferon-y (IFNy) is known
to take part in the immune induction of the keratinocyte cell cycle
progression.21 In the above-mentioned gene array, the expression

level of IFNy and the IFNy-related genes also showed higher expres-
sion in non-lesional versus healthy skin. It is also interesting to note
that some genes, which are known to mediate keratinocyte differ-
entiation processes, are also upregulated in the non-lesional skin.*
Furthermore, proinflammatory mediators, namely IL-1a and IL-1f,
have been reported to show lower expression level in non-lesional
skin.?? According to a recent study, in the clinically resolved lesions
epidermal tissue, resident memory T cells are retained in the tissue
and can produce cytokines indicating a site-specific T cell-driven
disease memory.?® Besides alterations in the resolved psoriatic skin,
epidermal resident T cells in never-lesional skin from patients with
psoriasis can trigger psoriasiform tissue responses.’* These changes
in the non-lesional skin affect the professional and non-professional
immune cells, and the expression levels of the different cytokines
suggest an altered inflammatory state of the clinically asymptomatic

skin.

3 | SIGNS OF TISSUE STRESS IN
PSORIATIC NON-LESIONAL SKIN

One of the first indications of the altered stress response of the non-
lesional skin is the Koebner phenomenon, which means that psori-
atic lesions can develop on non-lesional skin after various injuries.25
Tape stripping is one standard method to induce mechanical stress
on the epidermis which results in enhanced proliferation rate 2 and
overexpression of transforming growth factor (TGF) alpha in the
non-lesional vs. healthy epidermis.?”

Previously, we compared the expression profiles of non-lesional
psoriatic and healthy epidermis, and we identified a long non-cod-
ing RNA induced by stress which we named Psoriasis Susceptibility-
Related RNA gene induced by stress (PRINS). In our studies, tissue
samples are taken from the trunk of healthy and plaque type psori-
atic individuals. Interestingly, PRINS is highly expressed in non-le-
sional psoriatic tissue, but not in healthy or psoriatic lesional
epidermis.?® Later it was shown that PRINS can downregulate in-
flammation due to destabilization of IL-6 and the chemokine ligand 5
(CCL-5, RANTES) messenger RNAs.? Moreover, PRINS can act as an
apoptotic function regulator by influencing interferon alpha induc-
ible protein 6 (G1P3) gene expression®® and by interacting with miR-
491-5p®! and nucleophosmin.®? Our data indicated that similar to
other known stress induced factors,®® PRINS had a protective effect
on cells. Enhanced PRINS production by non-lesional keratinocytes
can alter the stress response of the non-lesional epidermis thereby
contributing to the pathogenesis of psoriasis.34

Further evidence that demonstrates the altered stress/inflam-
matory state of the non-lesional skin is the elevated expression
of the psoriasis-associated danger signal induced caspase recruit-
ment domain family member 18 (CARD18), which has a negative
role in keratinocyte inflammatory signalling.%> Bioinformatic com-
parison of the gene expression profile of psoriatic non-lesional and
healthy epidermis exposed to the same lymphokines suggested al-
tered regulation of cell morphology, development, cell death and
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metabolism of small molecules and lipids in psoriatic non-lesional
epidermis. Data suggest that differential regulation of IL-23A and
IL-1B genes in keratinocytes of psoriatic patients are important in

lesion development.®®

4 | ABNORMALITIES AT THE DERMAL-
EPIDERMAL JUNCTION (DEJ) REGION OF
PSORIATIC NON-LESIONAL SKIN

Cell-cell and cell-extracellular matrix contact abnormalities, such as
the basement membrane (BM) abnormality at the DEJ, can result
in cell-extrinsic stress and defense responses, that is a tissue level
response, and although it involves innate immune responses, it is not
equivalent to the classical acute inflammatory response (para-inflam-
mation).%” Para-inflammation is an adaptive response to stress and
malfunction in tissues that develops for restoration of homeostasis.
It is an innate response that can evolve into classic inflammation due
to additional or persistent stress or malfunction. Para-inflammation
relies mainly on tissue resident macrophages, and indeed activated
macrophages was observed in non-lesional psoriatic tissue.®®

Altered integrin-mediated adhesion of psoriatic keratinocytes
can be seen not only in the lesional but also in non-lesional skin. The
polarized distribution of «2p1, a3p1 and a6p4 integrins is lost, the
B1 integrin subunit is localized to the basal surface of basal kerati-
nocytes and is in contact with the BM, while 4 integrin is detected
all around basal and suprabasal keratinocytes.39 Furthermore, kerat-
inocytes in non-lesional epidermis overexpress the main fibronectin
(FN) receptor «5p1 integrin compared with normal skin.3%4°

In the BM of non-lesional psoriatic skin, discontinuous and un-
even laminin-1 distribution was observed.*! Compared with normal
skin, both non-lesional and lesional skin lack the expression of lami-
nin-al and there is evidence that without a-chain, there is no distinct
BM formation.*? In another study, gaps, folding and reduplication
were described with collagen type-IV a1, a2 chains and laminin-a2,
«5, B1 and y1-chains.*® A synthetic C16 peptide (KAFDITYVRLKF)
that deputizes the functional domain of the laminin-y1-chain was
shown to have an anti-inflammatory effect, including leucocyte in-
filtration reduction, in a rat acute allergic encephalomyelitis model
suggesting an important role of the BM proteins in inflammation.**

Two major forms of FN exist, a soluble, found in the serum
and synthetized by hepatocytes, and the so-called cellular form,
synthetized by fibroblasts, epithelial cells and others.*> We found
that as opposed to normal skin, in psoriatic non-lesional skin, there
was serum FN present around basal keratinocytes, which could be
explained by a leaky BM.*° In vivo, the alternatively spliced, extra
domain A containing FN (EDA*FN) variant is poorly expressed in
adult tissue; however, it is overexpressed in developing embryos, in
tumors (it is also called oncofoetal fibronectin), and in highly pro-
liferating tissues, such as wounds. The exact regulation of EDA'FN
splicing is not completely clear, but TGFp1 is known to enhance
EDA'FN production in wounded tissue.*® We have evidence that
keratinocytes are able to produce FN and its EDA" isoform, and
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psoriatic non-lesional keratinocytes are more readily capable of
EDA'FN production in response to signals of activation compared
with normal cells.*” We recently also reported that signal transducer
and activator of transcription 1 (STAT1) negatively regulate both FN
and EDA'FN expression in healthy fibroblasts and this regulation is
compromised in fibroblasts derived from non-lesional psoriatic der-
mis. We observed that in the non-lesional skin, STAT1 activation was
absent in tissues far away from lesions.*® This is in line with known
alterations of psoriatic keratinocytes in the IFN—interferon regula-
tory factor-1-STAT1—suppressor of cytokine signalling-1 regulatory
pathway.*”>° Recombinant EDA*FN, but not other recombinant FN
domains, is known to activate human Toll-like receptor-4 (TLR4) in
human embryonic kidney 293 cells. EDA stimulation of TLR4 was de-
pendent upon co-expression of MD-2, a TLR4 accessory protein.51
This indicates a mechanism by which EDA-containing FN fragments
promote an innate inflammatory response.

At the DEJ, a5p1 integrin can mediate FN-mediated proliferative
signals and can help in the cell adhesion process as well.>>° In addi-
tion, together with EDA'FN, a5p1 integrin is overexpressed by basal
keratinocytes, when the BM is disrupted, for example at psoriatic
non-lesional skin sites or in wounds®? and binding of a5p1 integrin
to EDA'FN is a provisional anchoring mechanism.>® The recently
discovered short laminin peptide C16, representing the laminin-y1
functional domain, targets the a5p1 integrin and could block the
association of a5p1 integrin to FN, thus suppressing FN-mediated
proliferative, cytoskeletal, and inflammatory responses in HaCat
keratinocytes. Furthermore, in imiquimod-induced psoriasis-like
mouse model, C16 could reduce epidermal hyperproliferation and
immune cell infiltration.**

Recent evidence indicates further abnormalities at the DEJ in
psoriatic non-lesional skin suggesting a key role of this site in the
pathomechanism of psoriasis. We have previously described that the
cartilage oligomeric matrix protein (COMP) is also overexpressed in
the psoriatic non-lesional skin.>* COMP is a structural component of
the healthy skin, and it provides the cohesion between the anchor-
ing plaques of the upper dermis and the BM.>> We found that COMP
formed a continuous layer below basal keratinocytes in non-lesional
skin and could interact with the a5p1 integrin and EDA*FN due to
the disrupted distribution of the laminin-al. In addition, COMP
helps in the maintenance of the non-lesional state by suppressing
the proliferation of keratinocytes via interaction with a5p1 integrin
despite the overexpression of EDA*FN. COMP may also be involved
in influencing keratinocyte proliferation through its direct interac-
tion with EDA'FN.>*

Matrix metalloproteinases (MMPs) play an important role in the
stability and homeostasis of the extracellular matrix (ECM).>® MMP-2
has the ability to modify the ECM and the BM, as it contributes to
cell migration and tissue remodelling and has several substrates in-
cluding type IV collagen, laminin-1 and FN.>”>8 Both MMP-2 and tis-
sue inhibitor of matrix metalloproteinases (TIMP)-2 are elevated in
non-lesional psoriatic skin.>” MMP-9 also showed higher expression
in non-lesional versus healthy skin,** and it shares similar functions
with MMP-2.¢
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5 | PSORIATIC NON-LESIONAL SKIN
EXHIBITS CHANGES THAT RESEMBLE
WOUND HEALING

Several studies have provided evidence that psoriasis demonstrates
many characteristics of wound repair. Both lesional and non-lesional
skin of individuals with psoriasis show significantly faster healing
than skin of healthy individuals.®® Hyperproliferation of keratino-
cytes, infiltration of inflammatory cells and neovascularization are
common processes both in wound repair and in psoriasis. Further
similarities are in filaggrin, transglutaminase and involucrin expres-
sion in both conditions. Antimicrobial peptides and specifically
the antimicrobial protein REG3A, which is largely responsible for
keratinocyte proliferation and differentiation after skin injury, are
expressed not only following skin injury, but also in psoriasis.61
Keratin-1 and keratin-10 show reduced, while keratin-6 and kera-
tin-16 show increased expression in both conditions.®?

Mechanisms similar to the wound healing process can also be
observed in the psoriatic non-lesional skin. The EDA'FN and its re-
ceptor, the a5B1 integrin, is overexpressed not only in psoriasis, but
also in wounded tissue.®® % The level of COMP in normal healing
wounds is minimal; however, in chronic non-healing wounds, such as

d,%% similar to its overexpression

venous leg ulcer, it is overexpresse
in non-lesional skin. High dose recombinant human COMP protein
treatment results in a delay in the wound healing in an ex vivo wound
healing model.>* The BM is also affected in regeneration of the tis-
sue following injury.67 In the wound bed, the BM is often not intact,
similar to areas of non-lesional skin where the laminin layer within
the BM is discontinuous and the EDA'FN, a5p1 integrin and COMP
show elevated expression. It has long been known that fenestration

68,69

of the BM is part of the lesion formation process in psoriasis and

a soluble form of FN could infiltrate into the epidermis evolving a
micro-wound stage‘m’71

MMPs are also important factors in wound healing; however,
they can negatively affect healing if they are not present in the
appropriate amount.”>”® MMP-2 and MMP-9 play a crucial role in
wound healing due to their ability to remodel the ECM. The MMP-2
expression is linked with the expression of laminin-332 and in-
creased keratinocyte migration at the edge of acute wounds, while
MMP-9 is expressed at the leading edges of migrating keratinocytes
during wound closure.”* During wound healing, MMP-2 and the pro-
MMP-2 activator MT1-MMP>? create a fragment that triggers cell
migration by cleaving the gamma-2 chain of laminin-332.7% In chronic
skin wounds, or non-healing wounds, the balance between MMPs
and TIMPs is disrupted, which results in a delayed or absent wound
closure. In chronic wounds the level of TIMPs are decreased, while
the activity of MMPs are upregulated and this imbalance influences
the turnover of the ECM.”? The induction of MMP-2 and MMP-9
occurs via the a3 chain of laminin-5.”> In contrast, elevated MMP-9
is able to suppress the mobility of fibroblasts and keratinocytes’®””
and this phenomenon can also lead to a delayed re—epithelization.78

Recently, we showed that in the psoriatic non-lesional skin, there
is an overexpression of keratinocyte growth factor (KGF) and its

receptor KGFR (also known as FGFR2), indicating the activation of a
wound healing process. Tape stripping of the skin did not lead to any
obvious changes in o5 integrin, EDA"FN, KGF or KGFR expression or
distribution at 24 and 48 h after tape stripping in non-lesional skin,
while in the healthy controls a slight increase in all protein expres-
sion was detected based on immunostaining.*® KGF is known for its
effect on keratinocyte proliferation and differentiation, and since it
is not present in normal skin, but is induced in wound healing, it is
regarded as a major player in the wound healing processes of epithe-
lial tissues.”” KGF in the skin is produced mainly by fibroblasts, but
through the release of IL-1, keratinocytes induce KGF expression and
release in fibroblasts.®° In an in vitro co-culture composed of kerati-
nocytes and fibroblasts, Jun and JunB antagonistically regulated the
synthesis of fibroblast-derived KGF and GM-CSF.8! Psoriatic kerat-
inocytes derived from non-lesional epidermis produce significantly
higher proinflammatory IL-1 in the presence of IL-17, compared with
healthy skin keratinocytes, indicating an intrinsic feature of psoriasis
epithelium.??

6 | BULLOUS PEMPHIGOID AND
PSORIASIS

The coexistence of autoimmune bullous diseases, particularly the
anti-laminin-y1 (p200) pemphigoid, has been well documented in
psoriasis.®? Autoimmune diseases are characterized by autoantibod-
ies, and autoreactive T cells specific for self-antigens. How exactly
they contribute to any given pathological process is not always clear,
and some may not play any role in disease pathology, they may only
reflect abnormal processes taking place in tissues.83

Data indicate that protein complexes that are formed when cells
are under stress could possess immunological features that can mod-
ulate the host's immune response and induce autoantibody produc-
tion. In the psoriatic non-lesional tissue, abnormal BM proteins may
expose novel epitopes to immune cells and this, together with other
immune activating factors, can induce autoantibody formation.®*Itis
presently not completely understood how much autoimmunity con-
tributes to psoriasis, and although no particular autoantibody could
be linked to the disease so far, one cannot rule out the possibility
that autoantibodies may participate in the maintenance of chronic
inflammation. Homology between the streptococcal M-protein and
keratin 17 raises the possibility of molecular mimicry taking place.8’
Indeed, cross-reactive CD8+ T cells can be detected in patients with
psoriasis, especially in patients with HLA-Cw*0602.8° Circulating
LL37-specific T cells correlates with disease activity 16 and ADAMTS-
like protein 5 was also proposed in psoriasis as an autoantigen that
can contribute to the pathogenesis.®”

7 | CONCLUSIONS AND PERSPECTIVES

Here, we propose that the seemingly normal looking skin of psoriatic
patients represents a balanced, “non-healing-like” micro-wounded
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skin phenotype mainly due to its structural abnormalities (Figure 1).
Environmental factors (infection, wounding etc.) can easily tip the
tissue out of its abnormal, but still visibly balanced state and induce
an overt wound reaction (lesional skin). The keratinocyte prolifera-
tion rate in the clinically uninvolved epidermis of psoriatic patients
is almost the same, as in the healthy epidermis®® despite the overex-
pression of KGF and its receptor,*® but, the psoriatic non-lesional ke-
ratinocytes are more sensitive to stress®® and proliferative signals21
and the non-lesional skin shows a special para-inflammation state.?’
An intact DEJ region below the basal keratinocytes is crucial to the
functional integrity of the skin. Abnormalities of the BM zone within
the DEJ will have an effect both on the dermis and the epidermis.®”
In the psoriatic non-lesional skin, the laminin layer within the BM

is disrupted,*'"43 EDA'FN is overexpressed* €8 and the expression

of its receptor, the a5p1 integrin, on the surface of basal keratino-

cytes is also elevated without any observed hyperproliferation.3%4°

COMP could be one component, which despite these alterations

can restrain the proliferation of basal keratinocytes and help to
maintain the uninvolved, non-hyperproliferative phenotype of the
non-lesional psoriatic skin.>* MMPs and their inhibitors may play
an essential role in the regulation of the ECM proteins in the DEJ
region.56 MMP-2 and MMP-9 overexpression in non-lesional psori-
atic skin*°? suggest a potential connection with the altered laminin
layer within the BM.

Wound healing on surfaces in direct contact with the external
environment is tied to innate immune functions, because an intact
barrier is essential for defending the body against microbes and
other damaging environmental factors. Barrier tissues are highly
equipped with numerous machineries to respond to noxa, and as
suggested by Matzinger et al., they control immune functions.®’
Barrier dysfunction is not unique to psoriasis; other chronic in-
flammatory skin diseases are known to have various structural
defects in the epidermis. These structural abnormalities may
be inherent to the tissue (e.g., mutations in the gene encoding
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filaggrin in atopic dermatitis)’” or induced by inflammation (e.g.,

lichen planus or drug induced reactions where basal keratinocytes

).91 The nature of the barrier

are destroyed by cytotoxic T cells
dysfunction (e.g., abnormal differentiation of keratinocytes, tight
junction, desmosomal, hemi-desmosomal deficiency) and the na-
ture of the dominant inflammation characterize the disease. For
example, data suggest that atopic dermatitis is primarily an IL-13
dominant disease, while in psoriasis the dominant immune reac-
tion is polarized towards the IL-17 response.92 In the chronic phase
of inflammation common features of the wound healing immune
response may be seen, such as in atopic dermatitis, where in the
chronic phase of the disease a prominent activation of skin barrier
repair signature can be detected in transcriptomic profiling using
RNA—sequencing.c’)3

Understanding the contribution of the tissue factors in the path-
omechanism of psoriasis will be essential to design therapies that
give longer term relief from the disease than presently available
treatments.

If, as indicated by our current knowledge, psoriasis is indeed ge-
netically determined, the non-lesional tissue is the place to look for
the primary effects of the inherent susceptibility factors. In future
studies of the non-lesional psoriatic tissue, it will be important to
better characterize the investigated tissue samples. HLA-Cw*0602
association, previous lesional versus never lesional status and sever-
ity of the disease based on PASI scores may influence the structural

changes and its importance in disease pathophysiology.
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