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Abstract: Psoriasis is a complex, immune-mediated skin disease involving a wide range of epithelial
and immune cells. The underlying mechanisms that govern the epidermal defects and immunolog-
ical dysfunction observed in this condition remain largely unknown. In recent years, the emergence
of new, more sophisticated models has allowed the evolution of our knowledge of the pathogenesis
of psoriasis. The development of psoriatic skin biomaterials that more closely mimic native psoriatic
skin provides advanced preclinical models that will prove relevant in predicting clinical outcomes.
In this study, we used a tissue-engineered, two-layered (dermis and epidermis) human skin substi-
tute enriched in T cells as a biomaterial to study both the cellular and molecular mechanisms in-
volved in psoriasis’ pathogenesis. Gene profiling on microarrays revealed significant changes in the
profile of genes expressed by the psoriatic skin substitutes compared with the healthy ones. Two
genes, namely, PTPRM and NELL2, whose products influence the ERK1/2 signaling pathway have
been identified as being deregulated in psoriatic substitutes. Deregulation of these genes supports
excessive activation of the ERK1/2 pathway in psoriatic skin substitutes. Most importantly, electro-
phoresis mobility shift assays provided evidence that the DNA-binding properties of two down-
stream nuclear targets of ERK1/2, both the NF-«kB and Sp1 transcription factors, are increased under
psoriatic conditions. Moreover, the results obtained with the inhibition of RSK, a downstream ef-
fector of ERK1/2, supported the therapeutic potential of inhibiting this signaling pathway for pso-
riasis treatment. In conclusion, this two-layered human psoriatic skin substitute enriched in T cells
may prove particularly useful in deciphering the mechanistic details of psoriatic pathogenesis and
provide a relevant biomaterial for the study of potential therapeutic targets.

Keywords: psoriasis; tissue-engineered skin; ERK1/2; PTPRM; transcriptome; keratinocytes;
microarray

1. Introduction

Psoriasis is a complex cutaneous disorder characterized by chronic inflammation ac-
companied by alterations in the proliferation and differentiation of epidermal cells, in ad-
dition to the involvement of immune cells that participate to the inflammatory tissue re-
sponses. The crosstalk between the cells involved generates an inflammatory microenvi-
ronment that supports the establishment of psoriatic features, such as leukocytes infiltra-
tion and an increased production of soluble active mediators [1]. Keratinocytes play an
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active role in the pathogenesis of psoriasis by taking part in several processes such as hy-
perproliferation, impaired differentiation, and feedforward-acting proinflammatory cyto-
kines release [2,3]. However, the underlying mechanisms regulating these epidermal de-
fects and the immunological dysfunction remain largely unknown. In recent years, the
emergence of new and more sophisticated models has allowed the evolution of our
knowledge of the pathogenesis of psoriasis [4-6]. The development of psoriatic skin bio-
materials that more closely mimic the native psoriatic skin provides advanced preclinical
models that will prove relevant in predicting clinical outcomes, thereby decreasing inac-
curate predictions that can lead to adverse events.

In the past, our team investigated the transcriptomic profile of our psoriatic skin bi-
omaterial produced from psoriatic patient skin cells [7,8]. This 3D model only included
pathological fibroblasts and keratinocytes but still provided a 54% match in the pattern of
expressed genes with other profiling studies conducted on native psoriatic skin, despite
the absence of the multiple cell types that are normally present in the native skin [7]. Ad-
ditionally, according to Niehues and colleagues, this tissue-engineered psoriatic model is
the one displaying the greatest number of psoriatic features, including acanthosis,
parakeratosis, hyperproliferation and impaired keratinocyte differentiation [9]. These re-
sults demonstrate the reliability of our biomaterial and put forward the contribution of
these two cell types in psoriasis, i.e., fibroblasts and keratinocytes. In the last decade, our
team has also been focusing on adding the immune component to the tissue-engineered
psoriatic skin model [4,10-13]. Recently, we successfully developed a T cell-enriched skin
model produced from the skin cells of psoriatic patients, which exhibited an inflammatory
microenvironment representative of the pathology, including increased production of IL-
17A, IFNy, CCL2, CXCL10, IL-6, CXCLS8 and IL-1ra compared with the healthy skin model
[4]. This new model represents a most interesting tool to further investigate the mecha-
nisms involved in psoriasis.

Signal transduction through intracellular protein kinases allows keratinocytes to
maintain a balance between numerous cellular functions, including differentiation, cyto-
kine expression, apoptosis, and proliferation. Mitogen-activated protein kinases (MAPKSs)
are among the most extensively characterized intracellular signaling pathways compo-
nents. MAPKs relay, amplify and integrate signals from a wide range of stimuli and in-
duce appropriate physiological responses through three major metabolic pathways: ex-
tracellular signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK) and p38
[14,15]. Upon activation by the phosphorylation of both threonine and tyrosine residues
by upstream regulators, each of these MAPKs regulates downstream targets, including
intracellular enzymes and transcription factors [16]. Excessive MAPK activation is a com-
mon cause of many diseases. For instance, persistent activation of the p38 and JNK signal-
ing pathways has been suspected to mediate neuronal apoptosis in various diseases, in-
cluding Alzheimer's and Parkinson's, while the ERK1/2 signaling pathway appears to be
central to multiple stages of tumorigenesis, especially proliferation, migration and inva-
sion of cancer cells [17-19]. Furthermore, psoriatic keratinocytes are reported to have ab-
normalities in the activation of various MAPK signaling pathways [20,21]. The contribu-
tion of the ERK1/2 signaling pathway to cell proliferation and survival makes it a target
of interest for better understanding the pathogenesis of psoriasis [22].

In the current study, we highlighted the most deregulated genes between healthy
and psoriatic T cell-enriched, tissue-engineered models. Two gene-encoding proteins that
influence the ERK1/2 signaling pathway, namely, PTPRM and NELL2, could then be iden-
tified. The deregulation of these genes supported the excessive activation of the ERK1/2
pathway typically observed in psoriatic skin substitutes. Electrophoresis mobility shift as-
says (EMSAs) provided evidence that the DNA-binding properties of two ERK1/2 down-
stream nuclear targets, namely, the transcription factors nuclear factor-kappa B (NF-kB)
and specificity protein 1 (Sp1), are increased under psoriatic conditions. Moreover, the
results obtained with the inhibition of RSK, a downstream effector of ERK1/2, supported
the therapeutic potential of inhibiting this signaling pathway for psoriasis treatment.
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2. Materials and Methods

This study was conducted in agreement with the Helsinki declaration and was per-
formed under the guidelines of the Research Ethics Committee of the CHU de Québec-
Université Laval (ethic code: DR-002-1121 and DR-002-1387, both renewals approved on
January 19 2022). All donors were given adequate information to provide written consent.

2.1. Patients and Biopsies

The subjects were all Caucasian females and males. Healthy human fibroblasts and
keratinocytes were isolated from breast reduction skin biopsies from 3 healthy donors (18-
, 46- and 49-years old). Psoriatic human fibroblasts and keratinocytes were isolated from
a 6 mm biopsy punch taken directly from the lesions of 4 psoriatic patients (36-, 46-, 49-
and 64- years old) with chronic plaques of psoriasis vulgaris. Fibroblasts and keratino-
cytes were extracted from these biopsies according to a protocol described elsewhere,
which is based on digestion using thermolysin followed by digestion using trypsin or col-
lagenase [23]. Psoriatic patients received the same treatment prior to biopsy (methotrex-
ate), and all patients had between 10 and 20% of their body surface area affected.

2.2. Cell Culture and Media

All cells were cultured in an incubator at 37 °C under 8% CO:. Fibroblasts were cul-
tured in the Dulbecco-Vogt modification of Eagle’s medium (DMEM) supplemented with
10% bovine growth serum (HyClone, Thermo Fisher Scientific, Ottawa, ON, Canada), 60
ug/mL penicillin G (Sigma-Aldrich, Oakville, ON, Canada) and 25 pL/mL gentamicin
(Schering, Pointe-Claire, QC, Canada). Keratinocytes were cultured in a combination of
DMEM with Ham’s F12 (3:1), supplemented with 5% Fetal Clone II serum (HyClone,
Thermo Fisher Scientific), 5 pg/mL insulin (Sigma-Aldrich), 0.4 ug/mL hydrocortisone
(Galenova, St-Hyacinthe, QC, Canada), 10-°M cholera toxin (MP Biomedicals, Montreal,
QC, Canada), 10 ng/mL human epidermal growth factor (EGF; Austral Biological, San
Ramon, CA, USA), 60 pg/mL penicillin (Sigma-Aldrich) and 25 pg/mL gentamicin (Scher-

ing).

2.3. T cell Culture and Polarization

T cell culture was performed using modified protocols [4,24-26]. Briefly, T cells were
isolated directly from anticoagulated peripheral blood obtained from healthy donors by
negative immunomagnetic selection. For this step, the EasySep™ Direct Human T Cell
Isolation Kit (StemCell Technologies, Vancouver, BC, Canada) was used according to the
manufacturer’s instructions, under sterile conditions and at room temperature. T cells
were then cultured for 7 days at 37 °C under 8% COz in the presence of various cytokines
to induce their polarization into Th1 and Th17 cells. During the first 3 days, T cells were
seeded in 12-well plates at 2 x 105/mL with their respective cytokine mixtures. Th1 polar-
ization was achieved by adding IL-12 (20 ng/mL; StemCell Technologies, Vancouver, BC,
Canada) and anti-IL-4 (5 pg/mL; Invitrogen, Waltham, MA, USA) while anti-IFNy (10
ug/mL; Invitrogen, Waltham, MA, USA), anti-IL-4 (5 ug/mL), IL-13 (20 ng/mL; StemCell
Technologies) and IL-6 (40 ng/mL; StemCell Technologies) were added to the medium for
Th17 polarization. After these 3 days, Th1 and Th17 were separately exposed to 25 ng/mL
of phorbol 12-myristate 13-acetate (PMA; Sigma, St-Louis, MO, USA) and to 1 pg/mL of
ionomycin (Sigma) for 4 h at 37 °C. Following this stimulation, T cells were reseeded (2 x
10¢/mL) in 12-well plates for an additional 4 days at 37 °C under 8% CO: with IL-2 (30
U/mL R&D Systems, Burlington, ON, Canada) for Th1 cells and with IL-2 (10 U/mL) and
IL-23 (20 ng/mL; Biolegend, San Diego, CA, USA) for Th17 cells.

2.4. Production of Tissue-Engineered Skin Substitutes

Healthy and psoriatic skin substitutes were produced according to the partially mod-
ified self-assembly technique, a method used to reconstruct tissues free of exogenous
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materials using only donors’ cells [27]. The production of T cell-enriched skin substitutes
has been described previously [4]. Briefly, fibroblasts were cultured for 28 days at 37 °C
in the presence of ascorbic acid (50 pg/mL; Sigma-Aldrich, Oakville, ON, Canada) until
they formed manipulable dermal sheets. At day 28, the previously polarized Th1 and Th17
cells (see Section 2.3.) were seeded to a total of 0.5 x 10¢ T cells per sheet on half of the
dermal fibroblast sheets, with a ratio of 1:1. At the same time, keratinocytes were seeded
on the other dermal fibroblast sheets. Keratinocytes and T cells were individually main-
tained in submerged culture in their respective medium for one additional week (dermal
sheets with keratinocytes were cultivated containing the keratinocyte media and dermal
sheets containing T cells were cultivated in the fibroblast media supplemented with 10
U/mL IL-2 and 20 ng/mL IL-23). Moreover, during this additional week, culture media for
the dermal sheets containing non-adherent T cells was collected to harvest these cells by
centrifugation and to resuspend them in fresh medium at each media change. At day 35,
a fibroblast sheet with keratinocytes was superimposed on a T cell-containing fibroblast
sheet, thus forming a skin substitute comprising a T cell-enriched dermis and an epider-
mis. This technique is favorable to T cell retention in the skin substitutes as they are still
detectable after 4 weeks of culture [4,11]. These newly formed skin substitutes were then
raised to the air-liquid interface and kept in culture for a final 3 weeks in the keratinocyte
culture medium depleted of EGF to allow the complete differentiation of the epidermis
and supplemented with IL-2 (10 U/mL) and IL-23 (20 ng/mL) until the end of the culture.
Culture media were also collected to resuspend T cells in fresh medium at each media
change as for the previous week. When indicated, an IL-17A-neutralizing monoclonal an-
tibody (0.1 ug/mL, MT504, MabTech, USA) was used to validate that the model responded
well to a known psoriasis treatment. Furthermore, a ribosomal s6 kinase (RSK) inhibitor
(BI-D1870, StemCell Technologies) was also tested to evaluate its effect on the T cell-en-
riched psoriatic skin substitutes. The monoclonal antibody and RSK inhibitor concentra-
tions used were selected based on MTS assays conducted on primary cultures of human
psoriatic keratinocytes. Briefly, primary human psoriatic keratinocytes (5 x 104 were
seeded on a human feeder layer (2 x 10%) and incubated at 37 °C for 2 days. Three doses of
the IL-17A antibody were tested (0.5, 1 and 2 ug/mL) as well as five doses of the RSK
inhibitor (1, 5, 10, 20 and 50 uM). Cell viability was then assessed after 24 h by MTS color-
imetric assays (Abcam, Waltham, MA, USA). Briefly, 20 pL of MTS was added to each
well, and the plates were incubated at 37 °C for 1 h. The control condition for the mono-
clonal antibody (0 pg/mL) contained only the base medium, whereas for the RSK inhibi-
tor, the control condition (0 uM) contained medium with an amount of DMSO corre-
sponding to that used in the tested concentrations of inhibitor. The optical density was
then measured using a microplate reader at a wavelength of 490 nm (Supplementary Fig-
ure S1).

2.5. Histology and Immunofluorescence Analyses

Biopsy specimens were fixed with a Histochoice solution (Amresco, Solon, OH, USA)
and embedded in paraffin. Five-micrometres-thick microtome sections were stained with
hematoxylin and eosin for histological analysis. For immunofluorescence analyses, biopsy
specimens were embedded in optimal cutting temperature compound (Somagen, Edmon-
ton, AB, Canada), quick frozen in liquid nitrogen and stored at -80 °C until use. Cryosec-
tions (6 pm thick) were fixed with cold 100% acetone (10 min at 20 °C) and then incubated
for 45 min with the primary antibody directed against Ki-67 (See Supplementary Table S1
for a detailed description of the antibodies used). Samples were washed with PBS and
incubated for 30 min in a dark chamber with the Alexa Fluor 488-conjugated anti-mouse
secondary antibody (Supplementary Table S1). All antibodies were diluted in PBS con-
taining 1% bovine serum albumin. The slides were assembled using a mounting medium
containing 4'-6-diamidino-2-phenylindole (DAPI) Fluoromount-G (SouthernBiotech, AL,
USA). Finally, tissue samples were observed with an epifluorescence microscope (Zeiss
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Canada Ltd., North York, ON, Canada) with an AxioCam HR Rev3 camera (Oberkochen,
Germany).

2.6. Gene Expression Profiling

All microarray analyses were conducted by the CUO-Recherche gene profiling ser-
vice (Québec, QC, Canada), as previously described, from the 3 healthy and 4 psoriatic
populations mentioned in Section 2.1. [7,28]. The epidermis and dermis were separated
mechanically using forceps and a scalpel. It should be noted that at the time of separation,
the epidermis had already matured for 28 days on the dermal sheets, which included 7
days of amplification followed by 3 weeks of air-liquid culture in order to allow its com-
plete vertical stratification. Tissues were quick frozen in liquid nitrogen and kept at —80
°C until use. Total RNA was then isolated from the epidermal fractions using the RNeasy
Mini Kit (QUIAGEN, Toronto, ON, Canada). The quantity and quality of total RNA were
assessed using an Agilent Technologies 2100 bioanalyzer and RNA 6000 Nano LabChip
kit (Agilent Technologies, Mississauga, ON, Canada). Cyanine 3-CTP labeled cRNA were
prepared from 100 ng of total RNA using the Agilent One-Color Microarray-Based Gene
Expression Analysis kit (Agilent Technologies). Then, 600 ng of this freshly prepared
cRNA was incubated on a G4858A SurePrint G3 Human GE 8 x 60 K array slide (60,000
probes, Agilent Technologies). Slides were hybridized, washed, and scanned on an Ag-
ilent SureScan Scanner according to the manufacturer’s protocol. The transcriptomic re-
sults obtained therefore represent the conditions at the end of the skin substitute produc-
tion, thus after 28 days of epidermal maturation. All data generated from the arrays were
analysed by robust multi-array analysis (RMA) for background correction of the raw val-
ues. They were then transformed in Log: base and quantile normalized before a linear
model was fitted to the normalized data to obtain an expression measure for each probe
set on each array. Scatter plots and heat maps were generated using the ArrayStar V12
(DNASTAR, Madison, WI, USA) software. All microarray data presented in this study
comply with the Minimum Information About a Microarray Experiment (MIAME) re-
quirement. The gene expression data have been deposited in NCBIs Gene Expression Om-
nibus (GEO) and are accessible through GEO Series accession number GSE206311
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206311, accessed on June 17,
2021).

2.7. Bioinformatics and Statistical Analyses

The ArrayStar microarray linear expression data for all seven epidermal fractions (3
healthy and 4 psoriatic) were uploaded into the Network Analyst (https://www.net-
workanalyst.ca/, accessed on October 22, 2021), a web tool based on R language. Data were
normalized using the variance stabilizing normalization method, and filtered to exclude
low abundance (5th percentile) and low variance (15th percentile) genes. A PCA analysis
was subsequently carried out with Network Analyst to determine how populations clus-
tered. A pairwise differential gene expression analysis was then carried out between short
and long PMI populations using the limma statistical method, which resulted in a list of
statistically differentially expressed genes (adjusted p-value < 0.05). This list was then up-
loaded to and analysed with the Ingenuity Pathway Analysis (IPA, QIAGEN Inc.) soft-
ware to compute and visualize gene interaction networks built around cellular functions
of interest (https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis,
accessed on October 22, 2021) [29]. The maximum number of nodes from the functions of
interest was set to three to limit the size of the generated interactomes, and the in silico
prediction tools of IPA were used to examine how the differentially expressed genes
would affect these functions.
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2.8. Western Blot Analysis

For analyses made from 3D reconstructed skin substitutes, the epidermis was sepa-
rated from the dermis using forceps. Samples were quick frozen in liquid nitrogen and
kept at =80 °C until analysis. To improve the total protein extraction, the tissues were
ground. To this end, samples were placed in a safe-lock 2.0 mL Eppendorf tube (ATS Sci-
entific Burlington, Canada) with two 5 mm stainless beads and ground to a fine powder
using a Cryomill MM400 (Retsch, Newton, PA). Total proteins were then extracted by
adding 500pL of RIPA buffer (25 mM Tris-HCL, pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) containing protease inhibitor
Complet™ (Roche, Mannheim, Germany) to each epidermal sample. Samples were incu-
bated on ice for 10 min and centrifuged at 12,000x ¢ for 20 min at 4 °C. For the analyses
made from the monolayer co-culture (See Section 2.10), cells were detached from the cul-
ture flasks using trypsin and harvested to proceed immediately to the extraction of nu-
clear proteins as described [30]. Samples were quantified using a Pierce BCA Proteins As-
say kit (Thermo Fisher Scientific, Rockford, IL, USA), and equal amounts of protein (5 ug
for NF-kB, Sp1 and Actin, 15 ug for phospho-Sp1 (p-Sp1) and 30 pg for phospho-NF-«xB
(p-NF-xB)) were deposited and separated on a 10% reducing SDS-PAGE gel and trans-
ferred onto an Immuno-Blot PVDF membrane (Bio-Rad Laboratories, Mississauga, Can-
ada) at 25 volts overnight. Membranes were blocked for 1 h in Tris-buffered saline 0.1%
Tween-10 and 5% nonfat milk. Blots were then incubated either overnight (PTPu, NELL2,
p-Spl, Spl, p-NF-xB, NF-kB) or for 1 h (ERK1/2, phospho-ERK1/2 (pERK1/2), actin-f3) with
the primary antibodies and 1 h with the secondary antibodies (see Supplementary Table
S1 for a detailed description of the antibodies used). Proteins were detected using ECL
Prime Western Blotting Detection Reagent (GE Healthcare, Little Chalfont, United King-
dom) and the Fusion Fx7 imager (Montreal Biotech Inc, Quebec, QC, Canada). Finally,
quantification of the immunoblot was performed by densitometry using Image] software
(National Institutes of Health, Bethesda, MD, USA). Quantification values correspond to
the ratio of the protein of interest signal over that of actin.

2.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Culture media were collected on days 1, 14 and 21 of the air-liquid interface culture
for both healthy and psoriatic conditions. The secretion of IFNk was evaluated using an
IFNx Human ELISA kit (MBS936153; MyBioSource, San Diego, CA, USA). All procedures
were conducted at room temperature, and samples were assayed in duplicate. The reac-
tion was measured at 450 nm using a SpectraMax Plus 384 microplate spectrophotometer
(Molecular Devices, San Jose, CA, USA).

2.10. Electrophoretic Mobility-Shift Assay

Healthy (46 and 49 years old) and psoriatic (46 and 49 years old) keratinocytes (pas-
sage 3) were first cultured for six days at 37 °C on a human feeder layer (8 x 103 cells per
cm?) until they reached near-confluence (about 90% coverage of the culture flasks). On the
last day of culture, keratinocytes were stimulated for 24 h with T cells (6.7 x 10° cells per
cm?) and isolated, activated and polarized as described in Section 2.3. Subsequently, the
cells were detached from the culture flasks using trypsin and harvested to proceed imme-
diately to the extraction of nuclear proteins as described in [30]. Protein concentration was
evaluated by the Bradford procedure. EMSAs were conducted as previously described by
incubating nuclear extracts with a 5-?P-end-labeled double-stranded oligonucleotide
bearing the high-affinity binding site for either Sp1/Sp3 or NF-«B (See Supplementary Ta-
ble S2 for DNA sequences used) [30]. Briefly, a 8 x 10* cpm labeled probe was incubated
with 10 ug of crude nuclear proteins prior to separation of the DNA—-protein complexes
by EMSA. Competition experiments were performed by adding unlabeled double-
stranded oligonucleotides (50- to 500-fold molar excesses) bearing the binding site for the
transcription factors Sp1/Sp3, NF-«B or nuclear factor I (NFI) (See Supplementary Table
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S2 for DNA sequences used). Supershift experiments were conducted by incubating nu-
clear extracts in the presence of 1 ug antibodies against Sp1 (ab227383, Abcam, Toronto,
ON, Canada), Sp3 (sc365220, Santa Cruz Biotechnology, Dallas, TX, USA) or NF-«B
(sc8008, Santa Cruz Biotechnology, Dallas, TX, USA). Formation of the DN A-protein com-
plexes was then revealed by gel electrophoresis through 8% native polyacrylamide gels
run 6H in Tris-glycine buffer (50 nm Tris, 2.5 mM EDTA, 0.4 M glycine) at 4 °C. The gels
were dried and autoradiographed overnight at —80 °C.

2.11. Statistical Analysis

Data are presented as mean + standard deviation. Statistical analyses were performed
using ANOVAs followed by Tukey’s post hoc test, except when stated otherwise. Only
values of p <0.05 were considered significant. All calculations were performed with Prism
software, version 5 (GraphPad Software, San Diego, CA, USA)

3. Results
3.1. Skin Substitute Morphology

Human-tissue-engineered skin substitutes were produced according to the self-as-
sembly method using cells from patients with either psoriasis or healthy skin. The results
show that the psoriatic phenotype was retained in the T cell-enriched psoriatic skin sub-
stitutes (PS*T) compared with healthy control skin substitutes (HS*T). For instance, the
macroscopic aspect of PS*T exhibited a less uniform appearance with more relief compared
with HS*T (Figure 1a,b). In addition, keratinocyte hyperproliferation, a key feature of pso-
riasis, is manifested by the increased thickness of the living epidermis of PS*T compared
with HS*T (Figure le,f,m), as well as the increased number of Ki-67-positive cells (Figure
1i,j,n). Two treatments were also performed on psoriatic substitutes. First, an IL-17A-neu-
tralizing antibody was used to validate that the PS*T model responded appropriately to a
known psoriasis treatment (PS*T+IL-17amAb) More detailed analyses of anti-IL17a-neutraliz-
ing antibody efficacy have been presented elsewhere [4]. BI-D1870, a ribosomal s6 kinase
(RSK) inhibitor, was also used to investigate the impact of inhibiting a target of the ERK1/2
signaling pathway and to evaluate its potential on PS*T (PS#T+RsK inhibitor)  Both treatments
restored the phenotype closer to that observed in the healthy skin by decreasing the pro-
liferation of psoriatic keratinocytes. Indeed, based on histological analyses, both PS*T+L-17
mAb and PS*T+RSKinhibitor displayed decreased acanthosis. Measurements confirmed that both
treatments reduced epidermal thickness (Figure 1f~h,m). Moreover, the detection of the
proliferation marker Ki-67 by immunofluorescence revealed that both treatments restored
the proportion of Ki-67-positive cells to that of healthy controls (Figure 1j-1n).
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Figure 1. Morphological aspect of the skin substitutes. (a-d) Macroscopic aspect and (e-h) histolog-
ical cross-section following hematoxylin and eosin staining of the skin substitutes. (i-1) Detection of
Ki67-positive cells (in green) by immunofluorescence. Epidermal thickness quantification from he-
matoxylin and eosin staining (m) and the ratio of Ki67-positive cells to the total number of basal
keratinocytes (n) are illustrated. White arrows highlight Ki67-positive cells. Statistical significance
was determined using one-way ANOVA followed by Tukey’s post hoc test, *** p <0.001 (n = 3 do-
nors per condition, except for treated conditions (n = 2), n = 2 skin substitutes per donor). Scale bars:
(a—d) 1 cm, (e-1) 100 um. HS*T, healthy skin substitutes with T cells; PS*T, psoriatic skin substitutes
with T cells; PS*T*-17AmAb psoriatic skin substitutes with T cells treated with an IL-17A-neutralizing
antibody; PS*TRSKinhibitor psoriatic skin substitutes with T cells treated with a RSK inhibitor; SC, stra-
tum corneum; E, epidermis; D, dermis.

3.2. Differentially Expressed Genes between Healthy and Psoriatic Skin Substitutes

Gene profiling analyses were conducted using total RNA extracted from T cell-en-
riched skin substitutes produced with cells either from three different healthy donors
(HS'T; 18, 46 and 49 years old) or from four different psoriatic patients (PS*T; 36, 46, 49 and
64 years old) and used for microarray analyses. The scatter plot analysis of the probes
loaded on the chip showed important changes in the pattern of genes expressed by PS*T
compared with H5*T (Figure 2a, R2 = 0.976). Analysis of the different transcripts contained
on the microarray revealed that 1549 genes were differentially expressed by more than
two-fold between H5'T and PS*T, including 595 genes deregulated by more than three-fold.
The results from this analysis were then uploaded into the Ingenuity Pathway Analysis
(IPA) software to establish an interaction network among these differentially expressed
genes for biological functions of interest, namely, proliferation, differentiation and migra-
tion (Figure 2b). As shown on the heatmap presented in Figure 2b, the 10 most signifi-
cantly (p < 0.05) altered genes identified through the IPA analysis were also identified
among the most differentially expressed by gene microarray (Figure 2b). Among these,
four genes showed decreased expression (PTPRM, NR2F2, KRT31, IFNK) in PS*T while the
other six genes (NELL2, IRX1, CCDCS8, POU2AF1, MCHR1, TRPS1) were rather
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overexpressed. Moreover, the deregulated genes identified in this study were also com-
pared to three transcriptomic studies performed from psoriatic skin biopsies [3,31,32]. Of
the 60 randomly selected genes among those identified as deregulated in psoriasis by
Gudjonsson et al., Li et al. and Pasquali et al., a total of 38 (63%) were similarly deregulated
between PS*T and HS*T conditions and a total of 49 (82%) were deregulated between PS*T
and HST conditions (Supplementary Table S3).

a.
=
[
2
=L
:.3 1
£ .
=3
W
L2,
s.
S .
w0
o - |
y R2=0.976
v ' [ ]
N R N L L T L —
Healthy substitutes*T P
b oy
" C. -~
. % 5 I”
Healthy substitutes*” Psoriatic substitutes*T o -
HS$1 HS2 HS3 P31 PS2 PS3 PS4 - :’ ‘ Proliferation of cells
-
{;:} Apoptosis
n . .
% Migration of cells
Low I I High "\.‘ TS T
~ ~
~ -~ B3 N \\\
TSN i .
oy Differentiation
SA
Prediction legend :
Colours Interactions
Mo.reP dicted activation i iatic substitutes*™ I?e_ss A ‘B’ Correlation
.Pred!cted ac[’1 !:'at_mn .|n psotnafm sub stnt ut es.+T - { N N "B_} Inhibition
- 're .|ce .m i |.|on in p.sorla ic substitutes™™  © (B = B Activation
“_/Findings inconsistent with state of downstream molecule e Direct
. Effect not predicted "
————— Indirect

Figure 2. Microarray analysis of the gene expression pattern between T cell-enriched healthy and
psoriatic skin substitutes. (a) Scatter plots of log2 of signal intensity from 60,000 different probes
covering the entire human transcriptome of HS'T (x-axis) against PS*T (y-axis). The color scale corre-
sponds to the level of gene expression (dark blue being the lowest and dark red the highest) (b)
Heatmap representation of the expression profile for the 10 genes identified through the IPA anal-
ysis as the most strongly deregulated between healthy (1 = 3) and psoriatic (1 = 4) skin substitutes
enriched with T cells. (c) Ingenuity pathway analysis of gene interaction networks altered in PS*T
condition built around biological functions of interest: proliferation, differentiation, migration,

apoptosis and cell division. HS*T, healthy skin substitutes with T cells; PS*T, psoriatic skin substitutes
with T cells.

3.3. Validation of Deregulated Genes at the Proteomic Level

The transcriptomic results were further validated at the proteomic level by perform-
ing Western blots against PTPu (encoded by the PTPRM gene) and NELL2 proteins, as
well as through an ELISA assay for IFNk secretion. Consistent with the gene expression
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profile on the microarray, PTPu expression is decreased in PS*T compared with HS'T,
while the opposite is observed for NELL2, with an increase in its expression in PS*T com-
pared with HS'T (compare Figures 3a and 2c). In addition, healthy populations 1 and 3
showed higher levels of PTPu compared with healthy population 2. The same was also
observed for the psoriatic populations 1, 2 and 4, which exhibited higher levels of expres-
sion of NELL2 than psoriatic population 3. On the other hand, the levels of secreted IFN«
are in contradiction with the transcriptomic data (compare Figures 2b and 3d). However,
one should keep in mind that the substitutes used for the transcriptomic analyses were
those at the end of the cell culture, i.e., at day 21 of air-liquid culture. Consistent with the
transcriptomic data, IFN« could not be detected in the culture supernatants on day 21 of
air-liquid culture for both healthy and psoriatic substitutes (Figure 3d). However, im-
portant levels were detected on day 1 and 14 of air-liquid culture in the supernatants of
the PS*T, particularly on day 1, where the amount was significantly higher for the psoriatic
condition compared with the healthy one (Figure 3d). The increased production of IL-17A
and IFNY in the supernatant of PS*T was also validated, confirming the evidence of the
pro-inflammatory microenvironment specific of psoriasis (Figure 3e,f).
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Figure 3. Differential expression of PTPu, NELL2, IFNx, IL-17A and IFNy between healthy and
psoriatic skin substitutes enriched with T cells. (a) Expression of PTPp and NELL2 was monitored
by Western blot analyses of total protein extracts prepared from the epidermal fraction of HS*T and
PS*T (30 ug and 20 pg total protein, respectively, was loaded on a 10% reducing SDS-PAGE gel).
Densitometric analysis of the immunoblots (1 = 3 healthy donors and 4 psoriatic patients) for the
relative expression of (b) PTPu and (c) NELL2. B-actin is shown as a loading control. (d) IFN«k pro-
duction in healthy and psoriatic skin substitutes enriched in T cells was measured by ELISA at days
1, 14 and 21 of air-liquid culture. Increase in IL-17A (e) and IFNy" (f) have also been validated at day
1 of air-liquid culture by ELISA assay. The p-values were derived from Student’s t-test and consid-
ered statistically significant when p < 0.05. (* p < 0.05, ** p < 0.01, ** p < 0.001, n = 3 donors per
conditions). HS*T, healthy skin substitutes with T cells; PS*T, psoriatic skin substitutes with T cells;
D, day.
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3.4. Contribution of NELL2 and PTPp to the ERK1/2 Signaling Pathway in Psoriasis

We next conducted Western blot analyses in order to determine whether the IL-17A-
neutralizing antibody or the RSK inhibitor could affect the activation of the ERK signaling
pathway in our psoriatic skin substitutes. As expected, ERK1/2 phosphorylation is greater
in PS*T than in HS*T (3.2-fold increase; Figure 4a,b). However, the addition of the IL-17A-
neutralizing antibody considerably decreased the phosphorylation levels of ERK1/2 (4-
fold reduction; Figure 4a,b). RSK is a downstream target of ERK1/2, and its inhibition is
therefore not expected to have any impact on ERK1/2 activity. As expected, the inhibition
of RSK had no impact on the level of phosphorylated ERK1/2 (Figure 4a,b).
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Figure 4. Contribution of ERK1/2 signaling pathway in psoriasis. (a) Total protein (20 pg) from the
epidermal fraction of HS*T, PS*T, PS*T+RSKinhibitor gy PS#T+IL-17A mAb w35 Joaded on a 10% reducing SDS-
PAGE gel. The expression of p-ERK1/2 and total ERK1/2 (ERK1/2) was monitored by Western blot
analysis. 3-actin is shown as a loading control. (b) Densitometric analysis of the immunoblots (three
donors (HS*T and PS'T) and two donors (PS*TRSKinhibitor apd PS#T+L-7A mAb) two skin substitutes per
donor). HS*T, healthy skin substitutes with T cells; PS*T, psoriatic skin substitutes with T cells;
PS+T+RSKinhibitor psoriatic skin substitutes with T cells treated with a RSK inhibitor; PS*T*L-17AmAb pso-
riatic skin substitutes with T cells treated with an IL-17A-neutralizing antibody.

3.5. DNA-Binding Properties of Sp1 and NF-xB in Healthy and Psoriatic Keratinocytes
Stimulated by T Cells

Transcription factors mediate many cellular processes by initiating and regulating
gene transcription. They can act as both activators and/or repressors of transcription. In
order to investigate in more detail the differences in ERK1/2 phosphorylation between
healthy and psoriatic conditions, we evaluated the DNA-binding properties of two tran-
scription factors that are downstream nuclear targets of ERK1/2, namely, Sp1 and NF-kB,
in nuclear extracts prepared from monolayers of either healthy or psoriatic keratinocytes
stimulated with T cells. EMSA analyses clearly demonstrated that the DNA-binding prop-
erties of these two transcription factors are strongly increased in psoriatic keratinocytes
compared with healthy ones (Figure 5a,b). The specificity of the complex formation was
validated by competition experiments. Indeed, the formation of both the Sp1 and NF-kB
complexes was prevented only by unlabeled competitor oligonucleotides bearing their
respective high-affinity DNA binding sites (Figure 5c,d). Moreover, the addition of anti-
bodies directed against either Spl or NF-«B significantly reduced the formation of these
complexes in EMSA and also produced new, slow-migrating supershifted complexes
(SCC), confirming once again the presence of both Sp1 and NF-«B in these DNA-protein
complexes (compare lanes 7 and 8 with lane 2 (negative control) for Spl and Sp1/Sp3 in
Figure 5c and lane 7 with lane 2 (negative control) for NF-«kB on Figure 5d). We then eval-
uated the expression of both Sp1 and NF-kB by Western blot and gene profiling analyses
to establish whether the increased DNA binding observed for these transcription factors
in the EMSA resulted from a corresponding increase at the protein level or from an
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increased phosphorylation of these factors (Figure 5g—j). Interestingly, both the protein
and transcription levels remained very much the same for Spl and NFkB in both the
healthy and psoriatic conditions (Figure 5e—j). Therefore, these results suggest that the
elevated DNA-binding activity observed for these transcription factors in the psoriatic
condition clearly results from their increased phosphorylation through the activation of

the ERK1/2 pathway and not from a corresponding increase in their respective protein
concentrations.
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Figure 5. DNA-binding properties of Sp1 and NF-kB in healthy and psoriatic conditions. Electro-
phoretic mobility shift assays showing the DNA-binding of (a) Sp1 and (b) NF-xB in nuclear extracts
prepared from monolayers of either healthy (HK*T) or psoriatic (PK*T) keratinocytes stimulated with
T cells. When indicated, 50- and 500-fold molar excesses of unlabeled oligonucleotides for Sp1 ((c);
lines 3 and 4), NF-kB ((d); lines 3 and 4) and NFI ((c); lines 5 and 6, (d); lines 5 and 6) were also added



Cells 2022, 11, 2904

13 of 22

as unlabeled competitors. Antibodies directed against Sp1 and Sp1/Sp3 ((a); lines 7 and 8) as well as
against NF-«xB ((b); line 7) allowed the detection of their corresponding supershifted complexes.
Heatmap representation (e) and associated linear signals (f) of the changes in NF-«kB and Sp1 gene
expression between HS'T and PS*T. Western blot analyses for both phosphorylated and non-phos-
phorylated forms of (g) Sp1 and (h) NF-kB were performed using nuclear extracts from monolayers
of HK*T and PK'T. Densitometric analysis of the immunoblots for (i) Sp1 and (j) NF-kB. Statistical
significance was determined using one-way ANOVA followed by Tukey’s post hoc test, ** p < 0.05.
HK"T, healthy keratinocytes stimulated with T cells; PK*T, psoriatic keratinocytes stimulated with T
cells; H5*T, healthy skin substitutes with T cells; PS*T, psoriatic skin substitutes with T cells; P, labeled
probe alone; U, unbound fraction of the labeled probe; SSC, supershift complex.

4. Discussion

Psoriasis is a complex immune-mediated skin disease characterized mainly by
keratinocyte hyperproliferation. Although the signalization involved in the pathogenesis
of psoriasis has been investigated in recent years, much remains to be discovered. In this
regard, our previous studies aimed to investigate the cellular and molecular mechanisms
of psoriasis [7,8,10,13,33-36]. More recently, we developed a more complex biomaterial
allowing the study of the interaction between skin and immune cells in a microenviron-
ment that closely mimics that of the pathology [4]. In this study, the molecular pathogen-
esis of psoriasis was evaluated using both transcriptomic and proteomic approaches on
our new T cell-enriched psoriatic skin biomaterial. We showed that two genes of interest,
namely, PTPRM and NELL2, were deregulated in psoriatic skin substitutes and led to the
overactivation of the ERK1/2 signaling pathway (Figure 6). Furthermore, our results show
that this excessive activation of ERK1/2 in the psoriatic condition also increased the DNA-
binding properties of the transcription factors NF-kB and Sp1, two downstream targets of
the ERK1/2 pathway that play important roles in many different biological functions, in-
cluding cell proliferation and migration.

Some studies have already reported the excessive activation of the ERK1/2 signaling
pathway in psoriasis [20,21,37-40]. Consistent with this, the inhibition of this signaling
pathway by a specific ERK1/2 inhibitor decreased psoriatic lesions in an imiquimod-in-
duced murine psoriasis model [41]. However, the detailed mechanism by which this sig-
naling pathway is overactivated remained to be further investigated. Activation of the
ERK1/2 signaling pathway was previously reported in our tissue-engineered PS model
without T cells [33]. Here, we have shown that the addition of T cells to our previous
model further supports this observed activation and that treatment with an IL-17A-neu-
tralizing antibody reduces ERK1/2 phosphorylation levels. It is reported that the MAPK
signaling pathway may be involved in IL-17-mediated inflammation. Indeed, IL-17A is
known to signal through several intracellular pathways such as ERK and to promote pro-
liferation [42,43]. Our results are in agreement with previous studies showing that IL-17
induced ERK1/2 activation [44-48]. IL-17A-neutralizing antibodies are well established as
a treatment of psoriasis [49-51]. By performing this treatment on PS*T, we aimed to vali-
date that this T cell-enriched model was responsive to an already-known treatment for
psoriasis, thus making it an interesting tool for the development of new therapeutic tar-
gets. In this sense, the clear contribution of the ERK1/2 signaling pathway in psoriasis led
us to target one of its downstream effectors, the ribosomal s6 kinase (RSK), and to evaluate
the effect of its inhibition on the PS*T morphology. Our findings show that the inhibition
of rSK in PS*T possibly restored characteristics that are much closer to those of healthy
skin by reducing keratinocyte hyperproliferation. RSK is reportedly involved in numer-
ous skin cancers by inducing cell cycle progression, cell proliferation and anchorage-in-
dependent cell transformation [52]. Since psoriatic keratinocytes are also characterized by
excessive proliferation and anti-apoptotic properties, the inhibition of RSK in PS*T is con-
sistent with the observed decrease in keratinocyte proliferation [53,54].

As previously mentioned, our transcriptomic data identified two genes of interest
that can potentially influence the ERK1/2 signaling pathway, namely, PTPRM and NELL2.
First, PTPRM is deregulated in PS*T compared with HS*T, both at the transcript and
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proteomic levels. PTPRM encodes for the protein tyrosine phosphatase (PTPs) receptor
type M (PTPu). PTPs are known to be signaling molecules that regulate a variety of cellu-
lar processes including cell growth, differentiation, apoptosis and cell movement [55].
Some studies have revealed a decrease in the expression of this gene in psoriatic skin,
without, however, providing an explanation as to its contribution to the pathology
[3,32,56]. The dynamic balance of cellular phosphotyrosine levels is achieved by the op-
posing action of protein tyrosine kinases and protein tyrosine phosphatases. PTPu has a
structure similar to that of cell adhesion molecules. In addition, it has been shown to ex-
hibit homophilic binding and to confer cell-cell adhesion in epithelial and cancer cells
[57,58]. Sun and colleagues were the first to identify a correlation between decreased
PTPRM expression and poor prognosis in breast cancer. Moreover, patients with low
PTPRM expression had shorter survival times than those with higher levels of PTPRM
levels [59]. Of note, their findings revealed that the knockdown of PTPRM resulted in
elevated adhesion, invasion and proliferation of breast cancer cells through the regulation
of the tyrosine phosphorylation of ERK. These results are consistent with our data indi-
cating a decrease in PTPRM expression in PS*T that also results in an enhanced level of
ERK phosphorylation. In another study, Sui and colleagues reported that PTPRM knock-
down in human lung microvascular endothelial cells impaired the endothelial barrier
function, whereas its overexpression improved it [60]. PTPp interacts with vascular endo-
thelial (VE)-cadherin and regulates both the tyrosine phosphorylation state of VE-cad-
herin and the integrity of the barrier function [60]. In a similar perspective, these results
can be extrapolated to psoriatic skin, which is also characterized by an impaired epider-
mal barrier function [61-63]. PTPu is also known to interact with other classical cadherins,
including epithelial (E-) cadherin [64]. In line with this hypothesis, Chung and colleagues
reported that total E-cadherin levels are dramatically reduced in psoriatic lesions in a mu-
rine skin model treated with amphiregulin, a keratinocyte growth factor overexpressed in
psoriasis. Moreover, E-cadherin downregulation was detected in the upper granular
layer, as well as in the basal layer in human psoriatic tissue [65]. The integration of these
interesting results with the findings of our study suggests for the first time a contribution
of PTPRM to the pathogenesis of psoriasis.

NELL? is another gene whose expression was deregulated in PS*T compared with
HS*T. Indeed, both the NELL2 transcript and protein levels are increased in our PS*T
model. NELL2 codes for the neural epidermal growth factor-like 2. Neural growth factors
are produced by several cell types, including keratinocytes and fibroblasts. They promote
nerve growth and increase neuropeptide regulation [66]. NELL2 has been shown to pro-
mote neuronal polarization and axon growth through the ERK signaling pathway. Con-
sistent with these results, our PS*T model has an increased expression of NELL2 compared
to HS*T, which also results in increased activation of the ERK1/2 signaling pathway in PS*T.
Little is known regarding the increased expression of NELL2 in psoriatic skin. However,
the expression of this gene is known to be increased in other skin diseases such as atopic
dermatitis [6]. It is possible that the simplified environment of the model used compared
to the complexity of native psoriatic skin may reveal some differences. More studies are
needed to establish whether NELL2 might contribute to the pathogenesis of psoriasis.

A potential association between the increase in NELL2 expression in psoriatic skin
and the increased number of nerve fibers found in the psoriatic epidermis may be an in-
teresting hypothesis. The nervous system is reported to play an essential role in the de-
velopment of psoriasis [67]. Indeed, various clinical reports show a spontaneous improve-
ment in psoriatic lesions after central or peripheral nerve damage [68-70]. Moreover, in
some cases, the return of neurological function was also followed by a return of the skin
lesions [71]. Related to the above, in a study that included twenty-four patients with pso-
riasis, Taneda and colleagues reported that the number of epidermal nerve fibers tended
to increase in approximately 40% of psoriatic patients experiencing itching compared with
healthy controls [72]. Further research will need to be undertaken to establish the
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contribution of NELL2 in psoriasis, but the overproduction of NELL2 in PS*T may offer an
explanation for the hyper-innervation that is found in psoriasis.

Another interesting finding from the transcriptomic data is related to IFNK expres-
sion. IFNK encodes interferon kappa (IFNx), a type I interferon expressed by keratinocytes
that has been reported both to be increased and decreased in psoriatic lesions, in addition
to being a major source of type I IFN in the healthy control epidermis [73-76]. The deletion
of the IFN-1 receptor has been reported as being protective in an imiquimod-induced mu-
rine psoriasis model [77]. Using this same murine model, another report suggests that the
absence of type I IFN signaling makes no difference in the disease phenotype [78]. In this
study, the IFNK transcript was found to be overexpressed in H5T compared with PS*T. It
is important to note that the microarray experiments were only performed on the last day
of culture; thus, after 21 days of air-liquid culture, when the epidermis has fully matured.
On the other hand, the ELISA assay allowed us to follow the production of IFNk over time
(from 1 to 21 days of culture). Interestingly, the amount of IFNk produced was higher in
PS*T than in HS*T in the first two weeks of air-liquid culture (at both day 1 and day 14),
but then had completely disappeared in both PS*T and HS*T at day 21, a result also con-
sistent with our transcriptomic data. Our findings support other studies reporting the de-
tection of a type I IFN signature that occurs early in the development of psoriatic lesions,
suggesting a role for type I IFN in the initiation of inflammation in psoriasis [74,79,80].
Moreover, as reported by Gharaee—Kermani and colleagues, the timing and location of
biopsies may affect these results, thus explaining the difference obtained between our
transcriptomic results at the end of culture and the amounts of IFN« previously produced,
as well as the discrepancy in IFNk production between different studies [74]. Further-
more, type I IFN is also known to activate the ERK signaling pathway [81]. Although the
quantity of IFNk on the last day of culture was below the detection threshold, the activa-
tion of the ERK1/2 pathway was still observed in PS*T, suggesting that ERK1/2 activation
results from multiple signals, many of which are still functional after 21 days of air-liquid
culture.

These data were obtained with a complex model using pathological skin cells, but
enriched with activated T cells from healthy donors, thus constituting possibly the main
limitation of our model. Indeed, the development of completely autologous skin models
represents a major challenge. One of the reasons behind this difficulty is the cryopreser-
vation of T cells. Fibroblasts and keratinocytes are isolated from psoriatic lesions and
properly frozen to generate a psoriatic skin cell bank. These cell banks can then be gener-
ated over several years, and the skin cells are thawed to produce skin substitutes when
needed. However, the same is not true for T cells since the impact of freezing is not yet
validated, thus preventing the production of a relevant T cell bank matching that of pso-
riatic skin cells [82]. It should be noted that, to our knowledge, there is no 3D in vitro
model produced using psoriatic skin cells and psoriatic T cells. The presence of complex
models, either with a combination of psoriatic skin cells and healthy T cells as in this study
or with a combination of healthy skin cells and psoriatic T cells as developed by Shin et
al., remains very interesting and provides complementary and relevant information re-
garding the study of the molecular and cellular mechanisms of psoriasis [4,5].

The exact comparison between transcriptomic studies performed on native psoriatic
skin and our model is challenging considering the differences between these types of stud-
ies. However, taking these differences into consideration, it is still possible to raise some
relevant conclusions. Among in vivo transcriptomic studies performed on native psoriatic
skin, Gudjonsson and coworkers identified an impressive number of deregulated genes
between healthy and psoriatic skin biopsies using a microarray [31]. In addition, using
RNA-seq, Li and coworkers highlighted the contribution of transcripts with low levels of
expression which could not be identified by microarray studies [32]. In addition, this
study raised the deregulation of four of the top deregulated genes identified in PS*T,
namely, PTPRM, MCHR1, KRT31 and NR2F2, in psoriatic skin which had not been iden-
tified by the study of Gudjonsson and coworkers. Along with the findings in the study by
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Li et al.,, the downregulation of KRT31 is highlighted in other studies investigating its ex-
pression from epidermal keratinocytes directly instead of global skin analysis [3,7,83].
Pasquali and colleagues also performed a relevant study by evaluating the transcriptomic
profile of keratinocytes extracted and isolated from healthy and psoriatic skin biopsies
through a selection of CD45-negative epidermal cells [3]. From the 60 randomly selected
genes from those identified as deregulated in psoriasis by Gudjonsson et al., Li et al. and
Pasquali et al., a total of 39 (65%) were similarly deregulated between PS*T and HS'T. In-
terestingly, the study performed by Pasquali et al. was the only one of these three in which
keratinocytes were isolated from biopsies prior to transcriptome analysis. Consequently,
this study allowed to highlight for the first time the deregulation of the TRPS1 gene, cod-
ing for a transcription factor involved in the regulation of epidermal differentiation and
inflammation [3]. This study suggests an improvement in the gene profile compared to
our previous T cell-free psoriatic skin model that showed 54% similarity (Supplementary
Table S3) [7]. These data are encouraging, especially since this new T cell-enriched psori-
atic skin model still lacks some components, such as the presence of nerves and other
immune cell types. Moreover, in contrast to healthy skin which is not considered to be in
an inflammatory context, native psoriatic skin is in a state of chronic inflammation where
multiple immune cells are recruited and produce various pro-inflammatory cytokines.
Considering this, the PS*T model was also compared to the HS™ one to reflect this condi-
tion (Supplementary Table S3). This comparison revealed 50 genes out of 60 (83%) that
were similarly deregulated with the two in vivo transcriptomic studies, as well as raising
important differences that were attenuated when compared to HS*T (Supplementary Table
S3). Since the transcriptomic profile obtained in this study is mainly from epidermal
keratinocytes, we believe that comparing PS*T to HST is similar to comparing keratino-
cytes from native psoriatic skin in an inflammatory state to those from healthy skin. Be-
yond the differences caused by the composition of our skin model compared to native
skin, it is relevant to point out that RNA isolated directly from biopsies does not go
through the same processes as those isolated from our skin substitutes. These differences
may influence the gene expression profile and explain the additional discrepancies ob-
served between these two types of studies.

Finally, two downstream nuclear targets of ERK1/2 were also investigated, namely,
the transcription factors NF-kB and Sp1. NF-«B is one of the most potent activating tran-
scription factors of proinflammatory gene activity, thereby making it an important medi-
ator of inflammation in the pathogenesis of psoriasis [84]. As for Spl, it is a well-known,
ubiquitous transcription factor that participates in the regulation of tissue-specific re-
sponse genes, as well as cell cycle and signalling pathways [85,86]. In this study, NF-xB
and Spl showed increased DNA-binding properties in psoriatic keratinocytes compared
with healthy ones without displaying different expression levels at both the tran-
scriptomic and proteomic levels. These results are in agreement with the high levels of
NF-kB activation found in the inflamed skin. Indeed, several treatments aimed at decreas-
ing active NF-kB levels have demonstrated antipsoriatic effects, including tumor necrosis
factor-a blockers and glucocorticoids [87,88]. Moreover, dimethyl fumarate, a drug used
for decades in the treatment of psoriasis, has been identified as an NF-kB inhibitor, spe-
cifically targeting the C-terminal kinase domain of RSK [89,90]. Little information is avail-
able about the involvement of Sp1 in psoriasis. However, the progressive loss of Sp1 ex-
pression during higher passages of human skin keratinocytes has been correlated with
their growth arrest and terminal differentiation [30,91]. Taking that into account, the in-
crease in Sp1 activity under psoriatic conditions is expected to support the hyperprolifer-
ation of keratinocytes and their impaired differentiation in the pathology. The increased
DNA-binding properties of both NF-«xB and Sp1 are also supported by the excessive acti-
vation of ERK1/2 observed in our psoriatic biomaterials.
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Figure 6. Contribution of PTPp and NELL2 to the ERK1/2 signaling pathway. NELL2 contributes to
the activation of ERK1/2 while PTPp inhibits its activation through dephosphorylation. In our T cell-
enriched psoriatic skin substitutes, NELL2 expression was upregulated, whereas that of PTPu was
decreased, both resulting in an overactivation of the ERK1/2 signaling pathway.

5. Conclusions

In conclusion, this study further investigated the molecular and cellular mechanisms
of psoriasis using a novel T cell-enriched psoriatic skin biomaterial. Our findings suggest
for the first time a contribution of the PTPRM gene product to the pathogenesis of psori-
asis. The excessive activation of the ERK1/2 pathway in psoriatic substitutes can be ex-
plained by decreased PTPRM expression, which promotes keratinocyte survival and pro-
liferation. Because of its involvement in the excessive proliferation of pathological
keratinocytes, the PTPY/ERK1/2 signaling pathway could represent a promising avenue
for the treatment of psoriasis. This model provides a valuable tool for the study of disease
mechanisms and for the validation of potential therapeutic targets.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cells11182904/s1, Figure S1: MTS assay performed on psori-
atic keratinocytes grown as monolayer to test three different doses of neutralizing anti-IL17A, and
five different doses of ribosomal s6 kinase inhibitor (BI-D1870); Table S1: Complete list of antibodies
used for indirect immunofluorescence, EMSA and Western blot analyses; Table S2: Oligonucleotides
used as labeled probes or competitors in the EMSAs; Tables S3: Comparison between published
microarray and RNA-seq datasets with 60 deregulated genes of our study.

Author Contributions: Conceptualization, G.R., S.L.G. and R.P.; methodology, G.R., E.T., G.L.-B.
and C.G,; software, G.R. and G.L.-B.; validation, G.R., G.L.-B., S.L.G. and R.P.; formal analysis, G.R.,



Cells 2022, 11, 2904 18 of 22

G.L.-B,, S.L.G. and R P.; investigation, G.R., S.L.G. and R.P.; resources, S.L.G. and R.P.; data curation,
G.R,, S.L.G. and R.P.; writing—original draft preparation, G.R.; writing—review and editing, G.R.,
F.T, GL.-B, C.G, S.L.G. and R P.; visualization, G.R., S.L.G. and R.P.; supervision, S.L.G. and R.P.;
project administration, R.P.; funding acquisition, R.P. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding: This research was funded by the Canadian Institutes of Health Research (CIHR), grant
number PJT-165822 to Roxane Pouliot. G. Rioux received studentships from the Fonds de Recherche
du Québec-Santé (FRQS), the Fonds d’Enseignement et de Recherche (FER) of the Faculté de Phar-
macie, Université Laval, Québec, Canada, and the Centre de Recherche en Organogénese Expéri-
mentale de I’Université Laval. R. Pouliot is a career award scholar from the FRQS.

Institutional Review Board Statement: This study was conducted in agreement with the Helsinki
declaration and was performed under the guidelines of the Research Ethics Committee of the CHU
de Québec-Université Laval (ethic code: DR-002-1121 and DR-002-1387, both renewals approved on
19 January 2022). All donors were given adequate information to provide written consent.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: All microarray data presented in this study comply with the Mini-
mum Information About Microarray Experiment requirements. The gene expression data have been
deposited in the National Center for Biotechnology and Information’s Gene Expression Omnibus
(http://www .ncbinlm.nih.gov/geo/, accessed on 17 June 2022) and are accessible through GEO Se-
ries accession number GSE206311
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206311, accessed on 17 June 2022).

Acknowledgments: We are grateful to Jacques Soucy for kindly providing us with the psoriatic skin
biopsies from his volunteer patients. We also thank Sergio Cortez-Ghio and Marie-Héléne Lavoie
Pelletier for their expert ideas, support and technical assistance. We acknowledge the Réseau de
thérapie cellulaire, tissulaire et génique du Québec-ThéCell, a thematic network supported by the
Fonds de recherche du Québec-Santé (FRQS), and the Centre ARThrite (Arthrite Recherche Traite-
ment) de I'Université Laval.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Lowes, M.A.; Suarez-Farinas, M.; Krueger, ].G. Immunology of psoriasis. Annu. Rev. Immunol. 2014, 32, 227-255.
https://doi.org/10.1146/annurev-immunol-032713-120225.

Rioux, G.; Ridha, Z.; Simard, M.; Turgeon, F.; Guérin, S.L.; Pouliot, R. Transcriptome Profiling Analyses in Psoriasis: A Dynamic
Contribution of Keratinocytes to the Pathogenesis. Genes 2020, 11, 1155. https://doi.org/10.3390/genes11101155.

Pasquali, L.; Srivastava, A.; Meisgen, F.; Das Mahapatra, K; Xia, P.; Xu Landen, N.; Pivarcsi, A.; Sonkoly, E. The Keratinocyte
Transcriptome in Psoriasis: Pathways Related to Immune Responses, Cell Cycle and Keratinization. Acta Derm.-Venereol. 2019,
99, 196-205. https://doi.org/10.2340/00015555-3066.

Rioux, G.; Simard, M.; Morin, S.; Lorthois, I.; Guérin, S.L.; Pouliot, R. Development of a 3D psoriatic skin model optimized for
infiltration of IL-17A producing T cells: Focus on the crosstalk between T cells and psoriatic keratinocytes. Acta Biomater. 2021,
136, 210-222. https://doi.org/10.1016/j.actbio.2021.09.018.

Shin, J.U.; Abaci, H.E.; Herron, L.; Guo, Z.; Sallee, B.; Pappalardo, A.; Jackow, J.; Wang, E.H.C.; Doucet, Y.; Christiano, A.M.
Recapitulating T cell infiltration in 3D psoriatic skin models for patient-specific drug testing. Sci. Rep. 2020, 10, 4123.
https://doi.org/10.1038/s41598-020-60275-0.

Van den Bogaard, E.H.; Tjabringa, G.S.; Joosten, I.; Vonk-Bergers, M.; van Rijssen, E.; Tijssen, H.].; Erkens, M.; Schalkwijk, J.;
Koenen, H. Crosstalk between keratinocytes and T cells in a 3D microenvironment: A model to study inflammatory skin
diseases. J. Investig. Dermatol. 2014, 134, 719-727. https://doi.org/10.1038/jid.2013.417.

Rioux, G.; Pouliot-Berube, C.; Simard, M.; Benhassine, M.; Soucy, J.; Guerin, S.L.; Pouliot, R. The Tissue-Engineered Human
Psoriatic Skin Substitute: A Valuable In Vitro Model to Identify Genes with Altered Expression in Lesional Psoriasis. Int. J. Mol.
Sci. 2018, 19, 2923. https://doi.org/10.3390/ijms19102923.

Pouliot-Berube, C.; Zaniolo, K.; Guerin, S.L.; Pouliot, R. Tissue-engineered human psoriatic skin supplemented with cytokines
as an in vitro model to study plaque psoriasis. Regen. Med. 2016, 11, 545-557. https://doi.org/10.2217/rme-2016-0037.

Niehues, H.; van den Bogaard, E.H. Past, present and future of in vitro 3D reconstructed inflammatory skin models to study
psoriasis. Exp. Dermatol. 2018, 27, 512-519. https://doi.org/10.1111/exd.13525.



Cells 2022, 11, 2904 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Martin, G.; Guerard, S.; Fortin, M.M.; Rusu, D.; Soucy, J.; Poubelle, P.E.; Pouliot, R. Pathological crosstalk in vitro between T
lymphocytes and lesional keratinocytes in psoriasis: Necessity of direct cell-to-cell contact. Lab. Investig. . Tech. Methods Pathol.
2012, 92, 1058-1070. https://doi.org/10.1038/labinvest.2012.69.

Lorthois, I.; Simard, M.; Morin, S.; Pouliot, R. Infiltration of T Cells into a Three-Dimensional Psoriatic Skin Model Mimics
Pathological Key Features. Int. ]. Mol. Sci. 2019, 20, 1670. https://doi.org/10.3390/ijms20071670.

Guérard, S.; Allaeys, I.; Martin, G.; Pouliot, R.; Poubelle, P.E. Psoriatic keratinocytes prime neutrophils for an overproduction
of superoxide anions. Arch. Dermatol. Res. 2013, 305, 879-889. https://doi.org/10.1007/s00403-013-1404-z.

Rosa Fortin, M.; Poubelle, P.E.; Soucy, J.; Pouliot, R. Cellular Interactions in Vitro: Psoriatic Keratinocytes Enhance T
Lymphocyte Survival. Psoriasis Forum 2010, 16, 12-15.

Eckert, R.L.; Efimova, T.; Dashti, S.R.; Balasubramanian, S.; Deucher, A.; Crish, ].F.; Sturniolo, M.; Bone, F. Keratinocyte survival,
differentiation, and death: Many roads lead to mitogen-activated protein kinase. J. Investig. Dermatol. Symp. Proc. 2002, 7, 36-40.
https://doi.org/10.1046/j.1523-1747.2002.19634 .x.

Zhang, W; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9-18.
https://doi.org/10.1038/sj.cr.7290105.

Anderson, N.G.; Maller, J.L.; Tonks, N.K,; Sturgill, T.W. Requirement for integration of signals from two distinct
phosphorylation pathways for activation of MAP kinase. Nature 1990, 343, 651-653. https://doi.org/10.1038/343651a0.

Kim, E.K,; Choi, E.J. Pathological roles of MAPK signaling pathways in human diseases. Biochim. Biophys. Acta 2010, 1802, 396~
405. https://doi.org/10.1016/j.bbadis.2009.12.009.

Liao, Y.F.; Wang, B.J.; Cheng, H.T.; Kuo, L.H.; Wolfe, M.S. Tumor necrosis factor-alpha, interleukin-1lbeta, and interferon-
gamma stimulate gamma-secretase-mediated cleavage of amyloid precursor protein through a JNK-dependent MAPK
pathway. J. Biol. Chem. 2004, 279, 49523-49532. https://doi.org/10.1074/jbc.M402034200.

Balmanno, K.; Cook, S.J. Tumour cell survival signalling by the ERK1/2 pathway. Cell Death Differ. 2009, 16, 368-377.
https://doi.org/10.1038/cdd.2008.148.

Johansen, C.; Kragballe, K.; Westergaard, M.; Henningsen, J.; Kristiansen, K.; Iversen, L. The mitogen-activated protein kinases
p38 and ERK1/2 are increased in lesional psoriatic skin. Br. J. Dermatol. 2005, 152, 37-42. https://doi.org/10.1111/j.1365-
2133.2004.06304.x.

Yu, X.J.; Li, C.Y,; Dai, H.Y.; Cai, D.X.; Wang, K.Y.; Xu, Y.H.; Chen, L.M.; Zhou, C.L. Expression and localization of the activated
mitogen-activated  protein  kinase in lesional psoriatic skin. Exp. Mol. Pathol. 2007, 83, 413-418.
https://doi.org/10.1016/j.yexmp.2007.05.002.

Pages, G.; Lenormand, P.; L’Allemain, G.; Chambard, J.C.; Meloche, S.; Pouysségur, J. Mitogen-activated protein kinases
p42mapk and p44mapk are required for fibroblast proliferation. Proc. Natl. Acad. Sci. USA 1993, 90, 8319-8323.
https://doi.org/10.1073/pnas.90.18.8319.

Germain, L.; Rouabhia, M.; Guignard, R.; Carrier, L.; Bouvard, V.; Auger, F.A. Improvement of human keratinocyte isolation
and culture using thermolysin. Burn. J. Int. Soc. Burn. Inj. 1993, 19, 99-104.

Manel, N.; Unutmaz, D.; Littman, D.R. The differentiation of human T(H)-17 cells requires transforming growth factor-beta and
induction of the nuclear receptor RORgammat. Nat. [mmunol. 2008, 9, 641-649. https://doi.org/10.1038/ni.1610.
Acosta-Rodriguez, E.V.; Napolitani, G.; Lanzavecchia, A.; Sallusto, F. Interleukins 1beta and 6 but not transforming growth
factor-beta are essential for the differentiation of interleukin 17-producing human T helper cells. Nat. Immunol. 2007, 8, 942-949.
https://doi.org/10.1038/ni1496.

Zhu, J.; Yamane, H.; Paul, W.E. Differentiation of effector CD4 T cell populations (*). Annu. Rev. Immunol. 2010, 28, 445-489.
https://doi.org/10.1146/annurev-immunol-030409-101212.

Jean, ].; Lapointe, M.; Soucy, J.; Pouliot, R. Development of an in vitro psoriatic skin model by tissue engineering. J. Dermatol.
Sci. 2009, 53, 19-25. https://doi.org/10.1016/j.jdermsci.2008.07.009.

Couture, C.; Zaniolo, K.; Carrier, P.; Lake, J.; Patenaude, J.; Germain, L.; Guérin, S.L. The tissue-engineered human cornea as a
model to study expression of matrix metalloproteinases during corneal wound healing. Biomaterials 2016, 78, 86-101.
https://doi.org/10.1016/j.biomaterials.2015.11.006.

Krémer, A.; Green, J.; Pollard, J., Jr.; Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics
2014, 30, 523-530. https://doi.org/10.1093/bioinformatics/btt703.

Le-Bel, G.; Cortez Ghio, S.; Larouche, D.; Germain, L.; Guérin, S.L. Qualitatively Monitoring Binding and Expression of the
Transcription Factors Sp1 and NFI as a Useful Tool to Evaluate the Quality of Primary Cultured Epithelial Stem Cells in Tissue
Reconstruction. Methods Mol. Biol. 2019, 1879, 43-73. https://doi.org/10.1007/7651_2018_153.

Gudjonsson, J.E.; Ding, J.; Johnston, A.; Tejasvi, T.; Guzman, A.M.; Nair, R.P.; Voorhees, ].J.; Abecasis, G.R.; Elder, J.T.
Assessment of the psoriatic transcriptome in a large sample: Additional regulated genes and comparisons with in vitro models.
J. Investig. Dermatol. 2010, 130, 1829-1840. https://doi.org/10.1038/jid.2010.36.

Li, B.; Tsoi, L.C.; Swindell, W.R.; Gudjonsson, ].E.; Tejasvi, T.; Johnston, A.; Ding, J.; Stuart, P.E.; Xing, X.; Kochkodan, J.].; et al.
Transcriptome analysis of psoriasis in a large case-control sample: RNA-seq provides insights into disease mechanisms. J.
Investig. Dermatol. 2014, 134, 1828-1838. https://doi.org/10.1038/jid.2014.28.

Simard, M.; Rioux, G.; Morin, S.; Martin, C.; Guérin, S.L.; Flamand, N.; Julien, P.; Fradette, J.; Pouliot, R. Investigation of Omega-
3 Polyunsaturated Fatty Acid Biological Activity in a Tissue-Engineered Skin Model Involving Psoriatic Cells. J. Investig.
Dermatol. 2021, 141, 2391-2401. https://doi.org/10.1016/j.jid.2021.02.755.



Cells 2022, 11, 2904 20 of 22

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Morin, A.; Simard, M.; Rioux, G.; Grenier, A.; Morin, S.; Pouliot, R. Application of an In Vitro Psoriatic Skin Model to Study
Cutaneous Metabolization of Tazarotene. Processes 2019, 7, 871. https://doi.org/10.3390/pr7120871.

Morin, S.; Simard, M.; Rioux, G.; Julien, P.; Pouliot, R. Alpha-Linolenic Acid Modulates T Cell Incorporation in a 3D Tissue-
Engineered Psoriatic Skin Model. Cells 2022, 11, 1513.

Simard, M.; Grenier, A.; Rioux, G.; Tremblay, A.; Blais, I.; Flamand, N.; Pouliot, R. Remodeling of the Dermal Extracellular
Matrix in a Tissue-Engineered Psoriatic Skin Model by n-3 Polyunsaturated Fatty Acids. Biomedicines 2022, 10, 1078.

Wu, Y,; Liu, L,; Bian, C.; Diao, Q.; Nisar, M.F.; Jiang, X.; Bartsch, ].W.; Zhong, M.; Hu, X; Zhong, ]J.L. MicroRNA let-7b inhibits
keratinocyte differentiation by targeting IL-6 mediated ERK signaling in psoriasis. Cell Commun. Signal. CCS 2018, 16, 58.
https://doi.org/10.1186/s12964-018-0271-9.

Lories, R.J.; Derese, I; Luyten, F.P.; de Vlam, K. Activation of nuclear factor kappa B and mitogen activated protein kinases in
psoriatic arthritis before and after etanercept treatment. Clin. Exp. Rheumatol. 2008, 26, 96-102.

Takahashi, H.; Ibe, M.; Nakamura, S.; Ishida-Yamamoto, A.; Hashimoto, Y.; lizuka, H. Extracellular regulated kinase and c-Jun
N-terminal kinase are activated in psoriatic involved epidermis. ]. Dermatol. Sci. 2002, 30, 94-99. https://doi.org/10.1016/s0923-
1811(02)00064-6.

Haase, I.; Hobbs, R.M.; Romero, M.R; Broad, S.; Watt, F.M. A role for mitogen-activated protein kinase activation by integrins
in the pathogenesis of psoriasis. J. Clin. Investig. 2001, 108, 527-536. https://doi.org/10.1172/jci12153.

Huang, X,; Yu, P.; Liu, M; Deng, Y.; Dong, Y.; Liu, Q.; Zhang, J.; Wu, T. ERK inhibitor JSI287 alleviates imiquimod-induced
mice skin lesions by ERK/IL-17 signaling pathway. Int.  Immunopharmacol. 2019, 66, 236-241.
https://doi.org/10.1016/j.intimp.2018.11.031.

Cochaud, S.; Giustiniani, J.; Thomas, C.; Laprevotte, E.; Garbar, C.; Savoye, A.M.; Curé, H.; Mascaux, C.; Alberici, G.; Bonnefoy,
N.; et al. IL-17A is produced by breast cancer TILs and promotes chemoresistance and proliferation through ERK1/2. Sci. Rep.
2013, 3, 3456. https://doi.org/10.1038/srep03456.

Swaidani, S.; Liu, C.; Zhao, J.; Bulek, K.; Li, X. TRAF Regulation of IL-17 Cytokine Signaling. Front. Immunol. 2019, 10, 1293.
https://doi.org/10.3389/fimmu.2019.01293.

Awane, M.; Andres, P.G.; Li, D.].; Reinecker, H.C. NF-kappa B-inducing kinase is a common mediator of IL-17-, TNF-alpha-,
and IL-1 beta-induced chemokine promoter activation in intestinal epithelial cells. ]. Immunol. 1999, 162, 5337-5344.

Sebkova, L.; Pellicano, A.; Monteleone, G.; Grazioli, B.; Guarnieri, G.; Imeneo, M.; Pallone, F.; Luzza, F. Extracellular signal-
regulated protein kinase mediates interleukin 17 (IL-17)-induced IL-8 secretion in Helicobacter pylori-infected human gastric
epithelial cells. Infect. Immun. 2004, 72, 5019-5026. https://doi.org/10.1128/iai.72.9.5019-5026.2004.

Tan, Q.; Yang, H.; Liu, E;; Wang, H. P38/ERK MAPK signaling pathways are involved in the regulation of filaggrin and
involucrin by IL-17. Mol. Med. Rep. 2017, 16, 8863-8867. https://doi.org/10.3892/mmr.2017.7689.

Xing, X,; Yang, J.; Yang, X.; Wei, Y.; Zhu, L.; Gao, D.; Li, M. IL-17A induces endothelial inflammation in systemic sclerosis via
the ERK signaling pathway. PLoS ONE 2013, 8, e85032. https://doi.org/10.1371/journal.pone.0085032.

Rahman, M.S,; Yamasaki, A.; Yang, J.; Shan, L.; Halayko, A.J.; Gounni, A.S. IL-17A induces eotaxin-1/CC chemokine ligand 11
expression in human airway smooth muscle cells: Role of MAPK (Erk1/2, JNK, and p38) pathways. J. Immunol. 2006, 177, 4064—
4071. https://doi.org/10.4049/jimmunol.177.6.4064.

Lowes, M.A_; Russell, C.B.; Martin, D.A.; Towne, J.E.; Krueger, J.G. The IL-23/T17 pathogenic axis in psoriasis is amplified by
keratinocyte responses. Trends Immunol. 2013, 34, 174-181. https://doi.org/10.1016/.it.2012.11.005.

Blauvelt, A. T-helper 17 cells in psoriatic plaques and additional genetic links between IL-23 and psoriasis. J. Investig. Dermatol.
2008, 128, 1064-1067. https://doi.org/10.1038/jid.2008.85.

Blauvelt, A. Safety of secukinumab in the treatment of psoriasis. Expert Opin. Drug. Saf. 2016, 15, 1413-1420.
https://doi.org/10.1080/14740338.2016.1221923.

Arul, N.; Cho, Y.Y. A Rising Cancer Prevention Target of RSK2 in Human Skin Cancer. Front. Oncol. 2013, 3, 201.
https://doi.org/10.3389/fonc.2013.00201.

Zeng, ].; Zhang, Y.; Zhang, H.; Zhang, Y.; Gao, L.; Tong, X,; Xie, Y.; Hu, Q.; Chen, C; Ding, S.; et al. RPL22 Overexpression
Promotes Psoriasis-Like Lesion by Inducing Keratinocytes Abnormal Biological Behavior. Front. Immunol. 2021, 12, 699900.
https://doi.org/10.3389/fimmu.2021.699900.

Wrone-Smith, T.; Mitra, R.S.; Thompson, C.B.; Jasty, R.; Castle, V.P.; Nickoloff, B.]. Keratinocytes derived from psoriatic plaques
are resistant to apoptosis compared with normal skin. Am. J. Pathol. 1997, 151, 1321-1329.

Soulsby, M.; Bennett, A.M. Physiological signaling specificity by protein tyrosine phosphatases. Physiology 2009, 24, 281-289.
https://doi.org/10.1152/physiol.00017.2009.

Starr, I; Seiffert-Sinha, K.; Sinha, A.A.; Gokcumen, O. Evolutionary context of psoriatic immune skin response. Evol. Med. Public
Health 2021, 9, 474-486. https://doi.org/10.1093/emph/eoab042.

Becka, S.; Zhang, P.; Craig, S.E.; Lodowski, D.T.; Wang, Z.; Brady-Kalnay, S.M. Characterization of the adhesive properties of
the type IIb subfamily receptor protein tyrosine phosphatases. Cell Commun. Adhes. 2010, 17, 34-47.
https://doi.org/10.3109/15419061.2010.487957.

Brady-Kalnay, S.M.; Flint, A.]J.; Tonks, N.K. Homophilic binding of PTP mu, a receptor-type protein tyrosine phosphatase, can
mediate cell-cell aggregation. J. Cell Biol. 1993, 122, 961-972. https://doi.org/10.1083/jcb.122.4.961.



Cells 2022, 11, 2904 21 of 22

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Sun, P.H.; Ye, L.; Mason, M.D.; Jiang, W.G. Protein tyrosine phosphatase p (PTP p or PTPRM), a negative regulator of
proliferation and invasion of breast cancer cells, is associated with disease prognosis. PLoS ONE 2012, 7, e50183.
https://doi.org/10.1371/journal.pone.0050183.

Sui, X.F.; Kiser, T.D.; Hyun, S.W.; Angelini, D.].; Del Vecchio, R.L.; Young, B.A.; Hasday, ].D.; Romer, L.H.; Passaniti, A.; Tonks,
N.K.; et al. Receptor protein tyrosine phosphatase micro regulates the paracellular pathway in human lung microvascular
endothelia. Am. J. Pathol. 2005, 166, 1247-1258. https://doi.org/10.1016/s0002-9440(10)62343-7.

Takahashi, H.; Tsuji, H.; Minami-Hori, M.; Miyauchi, Y.; lizuka, H. Defective barrier function accompanied by structural
changes of psoriatic stratum corneum. J. Dermatol. 2014, 41, 144-148. https://doi.org/10.1111/1346-8138.12393.

Orsmond, A.; Bereza-Malcolm, L.; Lynch, T.; March, L.; Xue, M. Skin Barrier Dysregulation in Psoriasis. Int. ]. Mol. Sci. 2021, 22,
10841. https://doi.org/10.3390/ijms221910841.

Montero-Vilchez, T.; Segura-Fernandez-Nogueras, M.V.; Pérez-Rodriguez, I.; Soler-Gongora, M.; Martinez-Lopez, A.;
Fernandez-Gonzalez, A.; Molina-Leyva, A.; Arias-Santiago, S. Skin Barrier Function in Psoriasis and Atopic Dermatitis:
Transepidermal Water Loss and Temperature as Useful Tools to Assess Disease Severity. |. Clin. Med. 2021, 10, 359.
https://doi.org/10.3390/jcm10020359.

Brady-Kalnay, S.M.; Mourton, T.; Nixon, J.P.; Pietz, G.E.; Kinch, M.; Chen, H.; Brackenbury, R.; Rimm, D.L.; Del Vecchio, R.L.;
Tonks, N.K. Dynamic interaction of PTPmu with multiple cadherins in vivo. J. Cell Biol. 1998, 141, 287-296.
https://doi.org/10.1083/jcb.141.1.287.

Chung, E.; Cook, P.W.; Parkos, C.A.; Park, Y.K,; Pittelkow, M.R.; Coffey, R.]. Amphiregulin causes functional downregulation
of adherens junctions in psoriasis. J. Investig. Dermatol. 2005, 124, 1134-1140. https://doi.org/10.1111/j.0022-202X.2005.23762.x.
Ikoma, A.; Steinhoff, M.; Stander, S.; Yosipovitch, G.; Schmelz, M. The neurobiology of itch. Nat. Rev. Neurosci. 2006, 7, 535-547.
https://doi.org/10.1038/nrn1950.

Zhang, X.; He, Y. The Role of Nociceptive Neurons in the Pathogenesis of Psoriasis. Front. Immunol. 2020, 11, 1984.
https://doi.org/10.3389/fimmu.2020.01984.

Farber, E.M.; Lanigan, S.W.; Boer, J. The role of cutaneous sensory nerves in the maintenance of psoriasis. Int. ]. Dermatol. 1990,
29, 418-420. https://doi.org/10.1111/j.1365-4362.1990.tb03825.x.

Joseph, T.; Kurian, J.; Warwick, D.].; Friedmann, P.S. Unilateral remission of psoriasis following traumatic nerve palsy. Br. .
Dermatol. 2005, 152, 185-186. https://doi.org/10.1111/j.1365-2133.2005.06330.x.

Raychaudhuri, S.P.; Farber, E.M. Are sensory nerves essential for the development of psoriatic lesions? |. Am. Acad. Dermatol.
1993, 28, 488-489. https://doi.org/10.1016/s0190-9622(08)81760-4.

Zhu, T.H.; Nakamura, M.; Farahnik, B.; Abrouk, M.; Lee, K.; Singh, R.; Gevorgyan, A.; Koo, J.; Bhutani, T. The Role of the
Nervous System in the Pathophysiology of Psoriasis: A Review of Cases of Psoriasis Remission or Improvement Following
Denervation Injury. Am. J. Clin. Dermatol. 2016, 17, 257-263. https://doi.org/10.1007/s40257-016-0183-7.

Taneda, K.; Tominaga, M.; Negi, O.; Tengara, S.; Kamo, A.; Ogawa, H.; Takamori, K. Evaluation of epidermal nerve density and
opioid receptor levels in psoriatic itch. Br. J. Dermatol. 2011, 165, 277-284. https://doi.org/10.1111/j.1365-2133.2011.10347 x.

Li, Y,; Song, Y.; Zhu, L.; Wang, X,; Yang, B.; Lu, P.; Chen, Q.; Bin, L.; Deng, L. Interferon Kappa Is Up-Regulated in Psoriasis
and It Up-Regulates Psoriasis-Associated Cytokines in vivo. Clin. Cosmet. Investig. Dermatol. 2019, 12, 865-873.
https://doi.org/10.2147/ccid.S218243.

Gharaee-Kermani, M.; Estadt, S.N.; Tsoi, L.C.; Wolf-Fortune, S.J.; Liu, J.; Xing, X.; Theros, J.; Reed, T.J.; Lowe, L.; Gruszka, D.; et
al. IFN-x Is a Rheostat for Development of Psoriasiform Inflammation. |. Investig. Dermatol. 2021, 142, 155-165.
https://doi.org/10.1016/j.jid.2021.05.029.

Scarponi, C.; Nardelli, B.; Lafleur, D.W.; Moore, P.A.; Madonna, S.; De Pita, O.; Girolomoni, G.; Albanesi, C. Analysis of IFN-
kappa expression in pathologic skin conditions: Downregulation in psoriasis and atopic dermatitis. J. Interferon Cytokine Res.
Off. ]. Int. Soc. Interferon Cytokine Res. 2006, 26, 133-140. https://doi.org/10.1089/jir.2006.26.133.

Sarkar, M.K,; Hile, G.A.; Tsoi, L.C,; Xing, X; Liu, J.; Liang, Y.; Berthier, C.C.; Swindell, W.R,; Patrick, M.T.; Shao, S.; et al.
Photosensitivity and type I IFN responses in cutaneous lupus are driven by epidermal-derived interferon kappa. Ann. Rheum.
Dis. 2018, 77, 1653-1664. https://doi.org/10.1136/annrheumdis-2018-213197.

Ueyama, A.; Yamamoto, M.; Tsujii, K.; Furue, Y.; Imura, C.; Shichijo, M.; Yasui, K. Mechanism of pathogenesis of imiquimod-
induced skin inflammation in the mouse: A role for interferon-alpha in dendritic cell activation by imiquimod. J. Dermatol. 2014,
41, 135-143. https://doi.org/10.1111/1346-8138.12367.

Wohn, C.; Ober-Blobaum, J.L.; Haak, S.; Pantelyushin, S.; Cheong, C.; Zahner, S.P.; Onderwater, S.; Kant, M.; Weighardt, H.;
Holzmann, B.; et al. Langerin(neg) conventional dendritic cells produce IL-23 to drive psoriatic plaque formation in mice. Proc.
Natl. Acad. Sci. USA 2013, 110, 10723-10728. https://doi.org/10.1073/pnas.1307569110.

van der Fits, L.; van der Wel, L.I; Laman, ].D.; Prens, E.P.; Verschuren, M.C. In psoriasis lesional skin the type I interferon
signaling pathway is activated, whereas interferon-alpha sensitivity is unaltered. ]. Investig. Dermatol. 2004, 122, 51-60.
https://doi.org/10.1046/j.0022-202X.2003.22113.x.

Zhang, L.-j. Typel Interferons Potential Initiating Factors Linking Skin Wounds With Psoriasis Pathogenesis. Front. Immunol.
2019, 10, 1440 https://doi.org/10.3389/fimmu.2019.01440.

Platanias, L.C. Mechanisms of type-I- and type-Il-interferon-mediated signalling. Nat. Rev. Immunol. 2005, 5, 375-386.
https://doi.org/10.1038/nril1604.



Cells 2022, 11, 2904 22 of 22

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Mallone, R.; Mannering, S.I.; Brooks-Worrell, B.M.; Durinovic-Bello, I.; Cilio, C.M.; Wong, F.S.; Schloot, N.C. Isolation and
preservation of peripheral blood mononuclear cells for analysis of islet antigen-reactive T cell responses: Position statement of
the T-Cell Workshop Committee of the Immunology of Diabetes Society. Clin. Exp. Immunol. 2011, 163, 33-49.
https://doi.org/10.1111/j.1365-2249.2010.04272.x.

Eding, C.B.; Enerbédck, C. Involved and Uninvolved Psoriatic Keratinocytes Display a Resistance to Apoptosis that may
Contribute to Epidermal Thickness. Acta Derm.-Venereol. 2017, 97, 788-796. https://doi.org/10.2340/00015555-2656.

Liu, T.; Zhang, L.; Joo, D.; Sun, S.C. NF-xB signaling in inflammation. Signal Transduct. Target. Ther. 2017, 2, 17023.
https://doi.org/10.1038/sigtrans.2017.23.

Briggs, M.R.; Kadonaga, J.T.; Bell, S.P.; Tjian, R. Purification and biochemical characterization of the promoter-specific
transcription factor, Sp1. Science 1986, 234, 47-52. https://doi.org/10.1126/science.3529394.

O’Connor, L.; Gilmour, J.; Bonifer, C. The Role of the Ubiquitously Expressed Transcription Factor Spl in Tissue-specific
Transcriptional Regulation and in Disease. Yale ]. Biol. Med. 2016, 89, 513-525.

Lizzul, P.F.; Aphale, A,; Malaviya, R; Sun, Y.; Masud, S.; Dombrovskiy, V.; Gottlieb, A.B. Differential expression of
phosphorylated NF-kappaB/RelA in normal and psoriatic epidermis and downregulation of NF-kappaB in response to
treatment with etanercept. J. Investig. Dermatol. 2005, 124, 1275-1283. https://doi.org/10.1111/j.0022-202X.2005.23735.x.
Goldminz, AM.; Au, S.C.; Kim, N.; Gottlieb, A.B.; Lizzul, P.F. NF-«kB: An essential transcription factor in psoriasis. J. Dermatol.
Sci. 2013, 69, 89-94. https://doi.org/10.1016/j.jdermsci.2012.11.002.

Seidel, P.; Merfort, L; Hughes, ].M.; Oliver, B.G.; Tamm, M.; Roth, M. Dimethylfumarate inhibits NF-{kappa}B function at
multiple levels to limit airway smooth muscle cell cytokine secretion. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 297, L326—
L339. https://doi.org/10.1152/ajplung.90624.2008.

Gesser, B.; Rasmussen, M.K,; Raaby, L.; Rosada, C.; Johansen, C.; Kjellerup, R.B.; Kragballe, K.; Iversen, L. Dimethylfumarate
inhibits MIF-induced proliferation of keratinocytes by inhibiting MSK1 and RSK1 activation and by inducing nuclear p-c-Jun
(563) and p-p53 (S15) expression. Inflamm. Res. Off. |. Eur. Histamine Res. Soc. 2011, 60, 643-653. https://doi.org/10.1007/s00011-
011-0316-7.

Masson-Gadais, B.; Fugere, C.; Paquet, C.; Leclerc, S.; Lefort, N.R.; Germain, L.; Guérin, S.L. The feeder layer-mediated extended
lifetime of cultured human skin keratinocytes is associated with altered levels of the transcription factors Sp1 and Sp3. . Cell.
Physiol. 2006, 206, 831-842. https://doi.org/10.1002/jcp.20529.



