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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 1. 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). 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 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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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.

Received: 21 July 2023; Accepted: 22 September 2023
Published online: 29 September 2023

References

1. Griffiths, C. E. M., Armstrong, A. W,, Gudjonsson, J. E. & Barker, J. N. W. N. Psoriasis. The Lancet 397(10281), 1301-1315 (2021).

2. Bata-Csorgo, Z., Cooper, K. D,, Ting, K. M., Voorhees, J. ]. & Hammerberg, C. Fibronectin and alpha5 integrin regulate keratinocyte
cell cycling. A mechanism for increased fibronectin potentiation of T cell lymphokine-driven keratinocyte hyperproliferation in
psoriasis. J. Clin. Invest. 101(7), 1509-1518 (1998).

3. Mondello, M. R. et al. Behaviour of laminin 1 and type IV collagen in uninvolved psoriatic skin. Immunohistochemical study
using confocal laser scanning microscopy. Arch. Dermatol. Res. 288(9), 527-531 (1996).

4. Pellegrini, G. et al. Expression, topography, and function of integrin receptors are severely altered in keratinocytes from involved
and uninvolved psoriatic skin. J. Clin. Invest. 89(6), 1783-1795 (1992).

5. Vaccaro, M. et al. Changes in the distribution of laminin alphal chain in psoriatic skin: Immunohistochemical study using confocal
laser scanning microscopy. Br. J. Dermatol. 146(3), 392-398 (2002).

6. Van den Bosch, E & Coates, L. Clinical management of psoriatic arthritis. The Lancet 391(10136), 2285-2294 (2018).

7. Veale, D. ]. & Fearon, U. The pathogenesis of psoriatic arthritis. The Lancet 391(10136), 2273-2284 (2018).

8. Parisi, R. et al. Global Psoriasis Atlas. National, regional, and worldwide epidemiology of psoriasis: Systematic analysis and model-
ling study. BMJ 369, m1590 (2020).

9. Sahi, E M., Masood, A., Danawar, N. A., Mekaiel, A. & Malik, B. H. Association between psoriasis and depression: A traditional
review. Cureus 12(8), €9708 (2020).

10. Benezeder, T. & Wolf, P. Resolution of plaque-type psoriasis: What is left behind (and reinitiates the disease). Semin. Immunopathol.
41(6), 633-644 (2019).

11. Ghaffarinia, A. et al. Psoriatic resolved skin epidermal keratinocytes retain disease-residual transcriptomic and epigenomic profiles.
Int. J. Mol. Sci. 24(5), 4556 (2023).

12. Elliott, C. G., Forbes, T. L., Leask, A. & Hamilton, D. W. Inflammatory microenvironment and tumor necrosis factor alpha as
modulators of periostin and CCN2 expression in human non-healing skin wounds and dermal fibroblasts. Matrix Biol. 43, 71-84
(2015).

13. Nishiyama, T. et al. Delayed re-epithelialization in periostin-deficient mice during cutaneous wound healing. PLoS ONE 6(4),
18410 (2011).

14. Kou, K. et al. Periostin levels correlate with disease severity and chronicity in patients with atopic dermatitis. Br. J. Dermatol.
171(2), 283-291 (2014).

15. Kuwatsuka, Y. & Murota, H. Involvement of periostin in skin function and the pathogenesis of skin diseases. Adv. Exp. Med. Biol.
1132, 89-98 (2019).

16. Zhou, H. M. et al. Spatiotemporal expression of periostin during skin development and incisional wound healing: Lessons for
human fibrotic scar formation. J. Cell Commun. Signal. 4(2), 99-107 (2010).

17. Jackson-Boeters, L., Wen, W. & Hamilton, D. W. Periostin localizes to cells in normal skin, but is associated with the extracellular
matrix during wound repair. J. Cell Commun. Signal. 3(2), 125-133 (2009).

18. Bozd, R. et al. Cartilage oligomeric matrix protein negatively influences keratinocyte proliferation via a5B1-integrin: Potential
relevance of altered cartilage oligomeric matrix protein expression in psoriasis. J. Invest. Dermatol. 140(9), 1733-1742 (2020).

19. Navrazhina, K. et al. Large-scale serum analysis identifies unique systemic biomarkers in psoriasis and hidradenitis suppurativa*.
Br. J. Dermatol. 186(4), 684—693 (2022).

20. Burgess, J. K. et al. Periostin: Contributor to abnormal airway epithelial function in asthma?. Eur. Respir. J. 57(2), 2001286 (2021).

21. Zhu, Y. et al. Periostin promotes arterial calcification through PPARy-related glucose metabolism reprogramming. Am. J. Physiol.-
Heart Circ. Physiol. 320(6), H2222-H2239 (2021).

22. Schwanekamp, J. A., Lorts, A., Vagnozzi, R. J., Vanhoutte, D. & Molkentin, J. D. Deletion of periostin protects against atherosclerosis
in mice by altering inflammation and extracellular matrix remodeling. Arterioscler. Thromb. Vasc. Biol. 36(1), 60-68 (2016).

23. Athanasou, N. et al. Periostin expression in inflammatory and non-inflammatory osteoarthritis and rheumatoid arthritis. Osteo-
arthr. Cartil. 24, S69 (2016).

24. Kerschan-Schindl, K. et al. Rheumatoid arthritis in remission: Decreased myostatin and increased serum levels of periostin. Wien.
Klin. Wochenschr. 131(1-2), 1-7 (2019).

25. Jia, G. et al. Periostin is a systemic biomarker of eosinophilic airway inflammation in asthmatic patients. J. Allergy Clin. Immunol.
130(3), 647-654.e10 (2012).

26. Mitamura, Y. et al. The IL-13/periostin/IL-24 pathway causes epidermal barrier dysfunction in allergic skin inflammation. Allergy
73(9), 1881-1891 (2018).

27. Boz6, R. et al. Could basement membrane alterations, resembling micro-wounds at the dermo-epidermal junction in psoriatic
non-lesional skin, make the skin susceptible to lesion formation?. Exp. Dermatol. 30(6), 765-772 (2021).

28. Chen, G. et al. Basal keratinocytes from uninvolved psoriatic skin exhibit accelerated spreading and focal adhesion kinase respon-
siveness to fibronectin. J. Invest. Dermatol. 117(6), 1538-1545 (2001).

29. McFadden, J., Fry, L., Powles, A. V. & Kimber, I. Concepts in psoriasis: Psoriasis and the extracellular matrix. Br. J. Dermatol.
167(5), 980-986 (2012).

30. Labreche, C. et al. Periostin gene expression in neu-positive breast cancer cells is regulated by a FGFR signaling cross talk with
TGEFB/PI3K/AKT pathways. Breast Cancer Res. 23(1), 107 (2021).

Acknowledgements
We wish to thank Monika Kohajda for her excellent technical assistance in the experiments and in blood sample
collection from healthy individuals. The authors would like to thank all the volunteers who provided blood and

Scientific Reports |

(2023) 13:16386 | https://doi.org/10.1038/s41598-023-43396-0 nature portfolio



www.nature.com/scientificreports/

skin samples. The project has received funding from the EU’s Horizon 2020 research and innovation program
under grant agreement No. 739593 and from the Hungarian National Research, Development and Innovation
Office Grants K135084 (to ZBC) and PD138837 (to RB). Our work was supported by the Richter Gedeon Tal-
entum Foundation to help LBF participate in the Ph.D. program (H-1103 Budapest, Gyomréi str. 19-21.). RB
was supported by the Janos Bolyai Research scholarship, and by the New National Excellence Program of the
Ministry for Culture and Innovation from the source of the National Research, Development and Innovation
Fund (UNKP-22-5-SZTE-546). DLV and ZBC were supported by the Szeged Scientists Academy under the spon-
sorship of the Hungarian Ministry of Innovation and Technology (FEIF/433-4/2020-ITM_SZERZ). Publication
costs were financed by the ‘University of Szeged Open Access Fund’ (Grant number: 6576).

Author contributions

Conceptualization: L.B.E,, Z.B.C. and R.B. Experimental design: L.B.E, R.B. and Z.B.C. Investigation: L.B.F,,
R.B., B.TP, A.V, ALV, RK. and D.L.V. Formal analysis: L.B.E,, R.B., B.T.P. and A.G. Writing—Original Draft
Preparation: L.E.B. and R.B. Writing—Review and Editing: Z.B.C. and R.B. Supervision: L.K., Z.B.C. and R.B.

Funding
Open access funding provided by University of Szeged.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-43396-0.

Correspondence and requests for materials should be addressed to L.B.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16386 | https://doi.org/10.1038/s41598-023-43396-0 nature portfolio


https://doi.org/10.1038/s41598-023-43396-0
https://doi.org/10.1038/s41598-023-43396-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Abnormal basement membrane results in increased keratinocyte-derived periostin expression in psoriasis similar to wound healing
	Results
	Serum periostin is increased in psoriatic patients
	Periostin expression is elevated in basal keratinocytes but not in the dermis of psoriatic skin
	Periostin expression is more intense in ex vivo wound healing- and cultured salt-split models in contrast to tape-stripping models
	Parallel with increased periostin, β1-integrin expression is also increased in basal keratinocytes in ex vivo cultured and salt split wound healing models
	Periostin expression is reduced upon blocking β1-integrin in normal human epidermal keratinocytes

	Discussion
	Materials and methods
	Blood, skin samples and ethics
	Immunofluorescence labeling
	Determination of periostin in the serum
	Tape-stripping, ex vivo human skin wound healing and cultured salt-split models
	In vitro scratch assay
	Further methods

	References
	Acknowledgements


