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Abstract: Skin diseases such as psoriasis (Ps) and psoriatic arthritis (PsA) are immune-mediated
inflammatory diseases. Overlap of autoinflammatory and autoimmune conditions hinders
diagnoses and identifying personalized patient treatments due to different psoriasis subtypes and
the lack of verified biomarkers. Recently, proteomics and metabolomics have been intensively
investigated in a broad range of skin diseases with the main purpose of identifying proteins and
small molecules involved in the pathogenesis and development of the disease. This review discusses
proteomics and metabolomics strategies and their utility in research and clinical practice in psoriasis
and psoriasis arthritis. We summarize the studies, from in vivo models conducted on animals
through academic research to clinical trials, and highlight their contribution to the discovery of
biomarkers and targets for biological drugs.
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1. Introduction

Psoriasis is a common and recurrent immune-mediated disease, mainly manifested
by skin lesions of well-demarcated and erythematous plaques usually covered with silver
scale. The presence of this pathological feature results from epidermal hyperproliferation,
abnormal keratinocyte differentiation, neovascularization, and extensive inflammatory
infiltration. The etiology of psoriasis is multifactorial and still insufficiently known, but
the dominant role is indicated by the dysregulation of the immune system with genetic
susceptibilities. Furthermore, a variety of environmental factors, such as stress, infections,
smoking cigarettes, and alcohol consumption, are also widely related to the development
of psoriasis [1]. The current worldwide prevalence of psoriasis among adults ranges
between 0.11% to 6.10%, with geographical and populational discrepancies [2]. Higher
incidence rates have been reported in Western and Central Europe and North America,
whereas the lowest rates are in Africa and Asia. The occurrence of psoriasis among the
Polish adult population is estimated at about 2.99% and was more prevalent in the north
than in the south of the country [3,4]. Epidemiological data from many countries are very
limited or unavailable, therefore, these values may be underestimated [5]. Recent studies
have suggested a constant or insignificantly decreasing tendency in psoriasis incidence
but an increase in their prevalence [2,6]. Generally, psoriasis has no gender predilection,
but some studies have shown that women are more likely to develop the disease than
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men. First symptoms may occur at any age, however, some researchers suggest two peaks
of onset—in early adulthood and in the second part of life. Additionally, factors such as
age, race, and gender contribute to the diversity in the prevalence of psoriasis [2].

Psoriasis is a heterogeneous disease with several different clinical types depending
on the morphology and anatomical location of lesions. The most widespread and well-
recognized type of psoriasis with its skin manifestation is vulgaris (PsV) or plaque
psoriasis (PsP). Several other rare clinical psoriasis subtypes have been described, such as
guttate, erythrodermic, or pustular psoriasis, but their frequency of occurrence is less than
10% of cases [7]. The extracutaneous manifestation of psoriasis is psoriatic arthritis (PsA),
which leads to chronic, systematic inflammation and debilitation of joints, ligaments, and
tendons. Psoriatic arthritis affects 30-35% of patients with dermal subtypes of psoriasis as
a result of an exacerbation of the disease [8]. Psoriasis is strongly associated with the
development of comorbidities, such as cardiovascular, metabolic, and mental health
diseases, often referred to as systemic diseases [9]. The variety of clinical symptoms and
the severity of the disease requires complex diagnostics and treatment regimens, which is
a great challenge for clinicians. Standard clinical procedure is based on the physical
examination of the skin lesions. The hallmark of psoriasis is skin plaques that are usually
located on the scalp, trunk, and limbs, especially in the flexural area, but in some cases,
the nails are also involved. The hallmark of plaque psoriasis is red, demarcated plaques
that are usually covered by silvery scales. The detachment of the adherent scales can lead
to the appearance of punctate bleeding spots, known as the Auspritz’s sign. Plaques are
usually located symmetrically on the scalp, trunk, and limbs, especially on the elbows and
knees. Severe forms of psoriasis can also lead to nail involvement. The characteristic
feature of patients with psoriasis is the presence of the Koebner’s phenomenon, which is
the appearance of new lesions on previously unchanged skin areas as a result of trauma.
Even minor exposure to triggers, such as skin injuries, infections, or tattoos can trigger the
development of Koebner’'s phenomenon [10,11]. In doubtful and atypical cases, a skin
biopsy can be performed, but it is not a routine procedure. Recommended laboratory tests,
such as C-reactive protein or red blood cell sedimentation rate (ESR), are mainly used to
monitor inflammation and indirectly predict the effectiveness of treatment. Nonetheless,
available diagnostic tests are insufficient; therefore, the search for specific biomarkers at
the early stage of the disease development is needed. For several decades, scientists have
been trying to find clinically relevant biomarkers that will differentiate psoriasis subtypes
to aid in early diagnosis and monitor the effectiveness of treatment. A precise
understanding of the roles of pathogenic inflammatory and molecular pathways in
psoriasis has enabled the use of highly effective, targeted biological therapies for
treatment [12]. Nowadays, one of the most pivotal directions of research is metabolomics
and proteomics. This review discusses proteomics and metabolomics strategies and their
utility in research and clinical practice in psoriasis and psoriasis arthritis. We summarize
the studies, from in vivo models on animals through academic research to clinical trials,
and highlight their contribution to the discovery of biomarkers and targets for biological
drugs.

2. Rodents as a Model for Psoriasis

The currently available animal research models for psoriasis do not fully reflect
human pathophysiology; However, they can be a powerful and potential tool for
preclinical application and biomarker research. Based on mice, a common rodent used in
research, researchers have both identified psoriasis spontaneous models and created
models using advanced techniques, such as xenografts or genetic engineering.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507

3 of 24

2.1. Spontaneous Mouse Models

The first psoriasis-like dermatitis model has been identified as spontaneous mouse
mutation in the BALB/c strain, characterized by, e.g., hyperkeratosis, alopecia, and single
hair-follicles [13]. Mice with spontaneous genetic mutations, such as Asebia (AB), flaky
tail, or flaky skin (Fsn), possess psoriasis-like symptoms that are not fully comparable to
humans, including parakeratosis, acanthosis, changes in vascularity, and infiltration of
mast cells. However, lack of T-cells has been observed in infiltrates in psoriasis-like lesion
spontaneous mouse models [14-19]. The interleukin 17 family plays a crucial role in the
pathogenesis of human psoriasis. Neutralization of one of the members—IL-17C—has the
effect of reducing skin inflammation in the flaky tail mice model [20]. Moreover, studies
highlight a potential role of IL-17C in psoriasis inflammation as a mediator, where it
stimulates Th17 cells through signaling using heterodimeric receptor IL-17RC, which
possesses an IL-17RA and IL-17RE unit [20-22]. Data suggest that IL-17RA could be a
potential biomarker of treatment response in psoriasis (in reference to an interactive map
of biomarkers in psoriasis: (https://imi-biomap.elixir-luxembourg.org/minerva (accessed
on 31 January 2023)). Considering the above spontaneous mouse models shows them to
be a potent research tool, not only in basic aspects of psoriasis but also in searching for
potential biomarkers.

2.2. Induced Modulation of the Skin Environment

Changes in the skin environment can be reached by repeated topical application of
imiquimod (IQ) or dermal injection of IL-23. The first model is the most common and
convenient to use in the psoriasis-like inflammation mice model. IQ is a commercially
available Toll-like receptor (TLR) 7/8 agonist which can be used for testing the therapeutic
potential of a new drug or searching for psoriasis disease mechanisms. Pathogenic
psoriasis disease underlines the significant role of IL-23 in the development and
progression of this disease [23]. The in vivo model of acute inflammation in IQ mice
manifested elevated levels of IL-23 and showed mediation throw axis IL-23/IL-17, which
is similar to human psoriasis [24-28]. A study with the IQ mice model confirms the anti-
inflammation effect of a competitive angiotensin II receptor antagonist (azilsartan, a
commercially available drug) with a simultaneous decrease of IL-23 serum level [26]. At
the same time, another protein—keratinocyte derived 2-5-oligoadenylate synthase 2—has
been selected as a potentially sensitive biomarker for severity prediction of psoriasis,
which has been reflected in the IQ mice model [29]. The summarized IQ mice model,
which reflects changes in biomarkers such as IL-23 during psoriasis development, has the
potential for research application [30]. The mice model of dermal injection of IL-23 allows
researchers to study pathways in the development of psoriasis [31]. Dermal injection of
psoriasis biomarker IL-23 directly into mice results in the development of skin
inflammation driven by Th17 cells (the same as in human psoriasis) and upregulation of
pro-inflammation cytokines (IL-22, IL-17A, INF-y) [32-34]. Simultaneous dermal injection
of IL-23 with a combination of, e.g., in mice IL-67- shows that the development of psoriasis
driven by IL-23 is mediated by other essential interleukins, such as IL-6 [32].

2.3. Psoriatic Human Skin Xenograft Model

Xenotransplantation of a human psoriatic skin mouse model with immunodeficiency
has been widely used for new anti-psoriasis drug research [35,36]. This mouse model
possesses preserved immunological and phenotypic properties of human psoriasis [37].
Active T-cells in donor grafts allow for the analyzed activity of candidates for new anti-
psoriasis drugs, which target T-cell pathways [37,38]. It should be mentioned that, in this
model, T-cells activity in donor grafts decreases over time [39,40]. Moreover, data show
that active NK cells, which have normally been active in scid/scid mice, have been
responsible for graft rejection [41,42]. Another mice model, AGR 129, has a great
advantage over scid/scid mice. According to data, human xenografts transplanted into
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AGR 129 mice recipients have not been rejected because of immature NK cells observed
in this model [43]. During the development of psoriasis phenotype in AGR129 mice after
xenotransplantation, upregulation of markers such as intercellular adhesion molecule 1
(ICAM-1), MHC class II, endothelial cell adhesion molecule-1 (PEACAM-1) and pro-
inflammation cytokines (TNF-a, 11-12 and IFN-y) [43] has been observed. It should be
mentioned that ICAM-1 has been considered a biomarker of psoriasis, which is downreg-
ulated in patients treated with golimumab [44]. To summarize, xenograft models have the
potential not only to test new drugs and observe visible changes in skin condition but also
to analyze changes after drug treatment at the molecular level using psoriasis biomarkers.

2.4. Transgenic Models

Transgenic mouse models (TM) are typically characterized by specific genetic
changes that result in overexpression or knockout (KO) of a defined protein. In standard
TM models, these changes can be observed in all cell types throughout the mouse’s body.
However, with advancements in engineering techniques, it is now possible to restrict these
genetic modifications to specific tissues in the rodent’s body. Furthermore, these genetic
modifications can be controlled by specific gene promoters or gene expression modula-
tors, such as tamoxifen or tetracycline (doxycycline) [45-49]. Those chronic inflammation
models with psoriasis-like changes in mice skin condition can include acanthosis, hy-
perparakeratosis, altered keratinocyte differentiation, epidermal hyperplasia, hypervas-
cularity, and mixed inflammatory infiltrate. Despite the fact that TM does not fully corre-
spond to human psoriasis on histological and immunological levels, during past years,
genetic mouse models have been used to understand the role of cytokines, factors, and
inflammatory mediators in the development of psoriasis, which can be potential bi-
omarkers of psoriasis [49]. Cytokines such as IL-17 and IL-23, which play a crucial role in
the pathogenesis of psoriasis, have at least a few corresponding transgenic KO mouse
models [45,50,51]. Moreover, mice models with molecules overexpression, such as vascu-
lar endothelial growth factor (VEGF), transforming growth factor a (TGF-ov), IL-6, IL-1at,
interferon gamma (INF-y), bone morphogenic protein (BMP)-6, tyrosine kinase, kal-
likrein-related peptidase 6, and many others, have been used not only to clarify the role
of a biomarker in psoriasis but also to analyze effects of new drug treatments or differ-
ences in disease progression [31,45-47,49-55].

2.5. T-Cell Transfer Rodents Model

Shifting immunological balance can result in the development of psoriasis-like symp-
toms in mice models. Models based on T-cell transfer are more difficult to use and are
affected by the genetic properties of the recipient. Typically, T-cells from HLA-B27 trans-
genic rats [56], CD+/CD45RBhi T-cells (naive T cells, e.g., from B10.D2 mice) [57], or Th17
cells from desmoglein 3-specific-tg mice (Dsg3H1-Th17) can be used [58]. As recipients,
immunocompromised nontransgenic rats [59], scid/scid mice [56,60], or mice that produce
no mature T cells or B cells (recombination activating gene 2, Rag2-- KO mice) can be used
[61]. Shifting the immunological balance using T-cells gives the opportunity to analyze
changes in immune cell response and pathways involved in these processes. Moreover,
this transfer model gives the opportunity to confirm that both Th-17 cells and related cy-
tokines, such as IL-17 and IL-23 (biomarkers of psoriasis), are involved in the pathogenesis
of psoriasis [61]. In summary, these types of models allow confirmation that IL-17 and IL-
23 could be potential biomarkers of psoriasis development.

2.6. Genome Editing-Models Based on CRISPR/Cas9 Technology

A new biotechnological tool, the Clustered Regularly Interspaced Short Palindromic
Repeats associated protein 9 (CRISPR/Cas9), changed the perception of genetic engineer-
ing of psoriasis in mice models. This Nobel prize winning technology allows gene editing
in eukaryotic cells [62,63]. Transgenic mice with desmogelin 1 knockout exhibited peeling
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and denuded skin, typical for skin inflammation in the psoriasis-like type [64,65]. Another
set of experiments with Tiplflox/flox mice showed that Tnipl gene, which codes
TNFAIP3-interacting protein 1, has an impact on the regulation of IL-17 [66]. Mice models
with IL23A gene deletion restricted to keratinocyte confirm the signification of keratino-
cyte-derived IL-23A in psoriasis development and show the importance of IL-23 as a bi-
omarker of disease [67]. In summary, models created with CRISPR/Cas9 technology are a
potential tool to discover aspects of psoriasis pathogenesis.

Despite the wide selection of mouse models used in psoriasis research, none of them
fully correspond to the natural pathophysiology of human psoriasis. Therefore, choosing
a mouse research model still requires careful consideration of the benefits and drawbacks
of the selected model (as summarized in Table 1). However, despite the limitations of these
mouse models (including differences in skin structure, lifespan, metabolism activity and
immune system response) [68,69] all of them can still be used to identify psoriasis bi-
omarkers for future research in human psoriasis.
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Table 1. Rodents as a model for psoriasis.

Mechanism of Psoria-

Model Type Animal Most Common sis Development Advantages Disadvantages Ref.
Activation of: . . .
. Toll-like re- Inexpensive e Acute skin inflammation model
. Imiqumod in- ceptor 7 lieand Easy-to-use ¢ Limited to skin only (without arthritis and car- [24,26,70,71]
Induced modula- Mice duced . p I\%acrc; haes © Commercial available diovascular disease) e
tion of skin envi- . Rat monocvtes phag drug for induction ¢ Different respond in different mice strain
ronment y . . . .
¢ Non-selective disease induction
. Dermal injec- Stimulation of produc- Easy-to-use . .
. . . e Acute skin inflammation model [23,32]
tion of IL.23 tionIL—19 and IL-24 e Inexpensive . .
* Convenient for drug screening
* Limited availability of human material
. o ® Decrees T-cell activity during timeline
¢ Human skin Xenograft possesses ~ ® Reflects psoriasis in hu- .. . . . .
transplant to AGR129 human immune cells mans * Limited use in exploration of pathophysiologi-
Immunodeficient o T . .. . cal aspects of systemic inflammation, immune
Xenograft model mice mice, C.B-17 SCID,  which affect recipient e Devices for drug develop- cells response. and their correlation [36,38,40,44,72]
nOG and hIL-2 NOG and can induce skin le- ment . Ex eEsive I,IlO del
* scid/scid mice  sions. . T-cell activity pen .
¢ Technically challenging
* Genetic properties of the mouse affect model
:n iceImmunoclef'lclent «  CD4/CD45RBN :1 o ;1;10;15 :;igziilore inflamma-
T-cell transf Shifting the bal f Difficult t
T-cell transfer ¢ Immunocompro- ce_ transter . 1Hng the balance Ot o potent instrument to iden- o s 0 4S€ . . . [56,59-61]
mised non-transeenic T-cell transfer ~ immune cells tifv pathwavs involved in im- Affected by genetic properties of the recipient
& from HLA-B27 rats yp y
rat mune cells response
Histopathological -
*  Asebia (AB) mice ; ondenl(fecll(g)iheoh(ﬁ:znCosr;fia
Spontaneous muta- . ¢ flaky tail mice =~ mechanism dependent P e . P ® Lack of T-cells in infiltrates
; e Mice . e sis (acanthosis, infiltration of . . [13-16,19]
tion e flaky skin (Fsn) on the specific gene(s) mast cells and macrooh * Weak response to antipsoriatic treatment
mice Phages,
keratocyte hyperproliferation)
Chronic skin infl t
Gene overexpression mechanism dependent : ror'uc S 1?1 éml'n'a on -, Changes in single gene as standard
model which has similarities
Transgenic models e Mice of, e.g., TGFa, IL-6, on the down/upregula- with psoriasis Lack of full histological and clinical symp- [54]
8 e Rats INFy, VEGF, IL-23,  tion of the specific p ms

MEKTI; KLK6* gene(s)

flammation

.. . to
* Development of arthritic in- |

Expensive



http://mostwiedzy.pl

AN\ MOST

Int. J. Mol. Sci. 2023, 24, 9507

7 of 24

Gene inactivation:
CD187-, IL-1RA, in-
tegrin aE7, and
many others

¢ Powerful model to study
pathogenesis

e Can be controlled via ta-
moxifen

*  Can be tissue-specific

Genome editing  *

Mice

CRISPR/Cas9 tech-
nology

*  DPrecision of gene editing
mechanism dependent . Changes‘ in multiple genes
at the same time
* Less time needed to gener-
ate transgenic mouse
¢ Powerful model to study
pathogenesis

on the down/upregula-
tion of the specific
gene(s)

Expressive
Off-target biological phenotype

[62,64,67]

TGF-a transforming growth factor a; IL-6—interleukin 6; IL-19 —interleukin 19; IL-23 —interleukin 23; IL-24 —interleukin 24; INF-y -interferon gamma; VEGF —
vascular endothelial growth factor; KLK6 -, kallikrein-related peptidase 6; CD18—integrin beta chain-2; IL-1RA—interleukin-1 receptor antagonist;
CRISPR/Cas9— clustered regularly interspaced short palindromic repeats associated protein 9; CD+/CD45RBhi T-cells—naive T cells from B10.D2 mice.
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3. Proteomic and Metabolomic in Biomarker Discovery

Recently, proteomics and metabolomics have been intensively investigated in a
broad range of skin diseases. The main purpose is the identification of proteins and small
molecules involved in the pathogenesis and development of disease. Here, we present
proteomics and metabolomics strategies and their utility in research and clinical practice
in psoriasis and psoriasis arthritis (Figure 1A). We distinguish two main strategies: non-
targeted and targeted analysis. Strategy selection depends on several factors, such as in-
strumentation, data processing software, type of research, sample type availability, labor-
atory capabilities, and specialized staff. The limiting factor in the non-targeted proteomic
and metabolic analysis is the availability of high-resolution mass spectrometers based on
Time-Of-Flight (TOF) with electrospray ionization (ESI) or matrix-assisted laser desorp-
tion ionization (MALDI), or as hybrid instruments coupled with quadrupole (QQTOF) or
ion traps (Orbitrap) [73,74]. Manufacturers are competing to provide more sensitive and
efficient devices. High sensitivity and resolution mass spectrometers give the power for
non-targeted ‘shotgun’ analysis used mainly by researchers. The proteomic screening in
psoriasis was performed using iTRAQ [29,75,76] or TMT labeling [77] and non-labeled
strategies [78-81], obtaining relative quantitation results of differentially expressed pro-
teins (DEPs) as the difference between the control and psoriasis group. Identified bi-
omarkers in psoriasis and psoriasis arthritis mainly belong to a few function categories.
Most explored biomarkers are concerned with systemic inflammation, acute immune re-
sponse (e.g., IL-6, IL-23, anti-factor VIII, and immunoglobulin GCT-A3) [78], cytoskeletal
(profilin-1, kallikrein-8, component C3) [82], and Ca?-binding proteins (5100A7, SI00AS,
S100A9) [80,82,83] in plasma. Palvina et al. applied the intact low molecular weight pep-
tidome in psoriasis plasma to evaluate the concentrations of endogenous peptides, which
allowed them to evaluate proteolytic activity. The results of peptidome analysis agreed
with the protein identified in proteomic analysis. Increased concentrations of cytoskeletal
proteins and their peptides in psoriatic plasma emphasize the combability of these two
strategies in biomarker discovery [83]. It is worth pointing out that sample preparation in
peptidomic methods is less challenging, and the method is easier to convert for quantita-
tive analysis. However, the method’s equivalence still needs to be validated, and the clin-
ical value of the identified proteins and peptides must be determined in longitudinal stud-
ies of psoriasis. Peptidomic analysis was also applied for the identification of disease-re-
lated peptides. Comparison of Ps, PsA, and control subjects (HC) showed significant dif-
ferences in some peptides between Ps + PsA and HC groups. They identified the difference
in the number and intensity of peptides between Ps and PsA, which could be used for the
diagnosis of disease progression and differentiation [84]. Several reports focused on pro-
teins involved in lipid metabolism and in the management of vitamin D levels in psoriatic
and psoriasis arthritis patients [78,85]. Gegotek et al. investigated the changes in keratino-
cytes and lymphocytes in the blood and skin of psoriasis patients. In keratinocytes, they
observed changes that occurred in proteins involved in calcium-binding, nucleic acid
binding, and proteins with hydrolase activity. In lymphocytes, proteins responsible for
nucleic acid binding and hydrolysis and proteins with oxidoreductase and enzyme mod-
ulator activity were observed. They also investigated the difference in the level of 4-HNE-
protein adducts, where the shift from mainly 4-HNE-Lysine in control subjects to 4-HNE-
Histidine, 4-HNE-Cysteine, and 4-HNE-Lysine at balance were observed in skin keratino-
cytes. A twofold increase in 4-HNE-protein adducts was also visible in lymphocytes,
which slightly shifted from 4-HNE-Cysteine into 4-HNE-Histydyne adducts formation. 4-
HNE is a biomarker of lipid peroxidation and lipid mediator that has an impact on in-
flammation and immunological responses. [79]. Most explored biomarkers of skin tissue
belong to the skin barrier function and immune response, antigen processing, and IL-17
signaling pathways (e.g., kallikreins-8, S100A8, S100A9, component C3, SART 1, and
GLTP) [75,80,86,87]. Some proteomic studies underly the potential of markers of connec-
tive tissue remodeling (e.g., MMP3 and M-CSF), implying these are specific to PsA [87].
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In some reports, apart from untargeted studies, authors validate selected proteins by par-
allel reaction monitoring (PRM). Yu et al. identified thirteen proteins involved in two drug
metabolism pathways (by cytochrome P450 pathway or other enzymes) in psoriasis vul-
garis (PsV) subjects. Nine proteins (MPO, TYMP, IMPDH2, GSTM4, ALDH3A1, CES1,
MAOB, MGST1, and GSTT1) were significant and were proposed for future evaluation as
potential biomarkers of PsV pathogenesis and investigated by immunotherapy techniques
[77].

Most metabolomic studies have been performed as untargeted discovery screenings
to identify small molecules involved in psoriasis pathologies [88-93]. Obtained results un-
derline the importance of polyunsaturated fatty acids and amino acid levels, which were
involved in several metabolic pathways, such as immune activity, urea cycle, cell turno-
ver, cardiovascular disease, nitric oxide synthase, collagen synthesis, or protein synthesis.
Targeted metabolomics based on specific metabolite analysis is popular in some classes of
metabolites, such as lipidomic [94-96] or amino acids [97-99]. Only a few reports present
comprehensive data from untargeted discovery studies with results verification in tar-
geted analysis. Non-targeted metabolomics was performed to identify significantly al-
tered amino acids and carnitines in psoriasis patients. Based on that, carnitine and amino
acid-targeted metabolomic profiling were investigated in plasma samples of mice induced
by imiquimod (IMQ) to explore the role of metabolism in psoriasis. Studies identified 23
upregulated amino acids, including essential amino acids (EAAs) and branched-chain
amino acids (BCAAs), whereas glutamine, cysteine, and asparagine were significantly
downregulated. In the carnitine-targeted metabolomic analysis, 40 significantly altered
carnitines were identified. Hexanoylcarnitine (C6) and 3-OH-octadecenoylcarnitine
(C18:1-OH) were significantly upregulated, and 14 carnitines, included palmitoylcarnitine
(C16), were downregulated in psoriasis [99]. The lipidomic analysis demonstrated
changes in phospholipid profiles associated with changes in fatty acids composition. Am-
brozewicz et al. showed the decreased concentration of phospholipid LA (18:2, 18:3), free
AA (20:4) and DHA (22:6) in Ps and PsA patients compared with healthy subjects. In PsA,
fatty acid levels were significantly reduced compared to Ps [95]. Another study used
metabolomic fingerprinting to identify psoriasis conversion to PsA and disease activity
biomarkers. Similar metabolomic profiles of psoriasis patients who developed PsA and
mild PsA were observed. Some eicosanoids were detected only in samples of patients with
moderate and severe PsA, and these eicosanoids are known to have pro- or anti-inflam-
matory properties. Patients with severe PsA had elevated levels of some long-chain fatty
acids, 3-hydroxydodecanedioic acid, and 3-hydroxytetradecanedioic acid, which suggests
dysregulation of fatty acid metabolism. Furthermore, 1,11-undecanedicarboxylic acid was
identified as a classifier in PsA patients vs. healthy individuals [93]. Intensive metabolome
research was also performed by Kishikawa et al. to identify metabolite biomarkers of pso-
riasis and its subtypes. They showed an increased level of ethanolamine phosphate and
decreased concentration of XA0019, nicotinic acid, and 20a-hydroxyprogesterone in pso-
riasis samples than in the controls. In psoriasis subtypes (PsA vs. cutaneous psoriasis
PsC), tyramine level was decreased, whereas mucic acid increased in PsA [89]. Targeted
metabolomic analysis was performed for TMAQO, arginine and their dimethyl analogs
(ADMA), and homocysteine, which are cardiovascular biomarkers, to investigate comor-
bidities in psoriasis [90,97,98]. They found an increased concentration of TMAO and be-
taine, which correlate positively with PASI. Significantly higher levels of ADMA and ho-
mocysteine with lower citrulline and L-arginine/ADMA values in psoriatic patients was
observed. They also presented a strong relationship between ADMA levels and disease
severity in psoriasis patients.

Proteomic/metabolomic studies are very expensive because of the biological material
collection (transport, storage), and procedure for sample preparation and analysis. Each
step needs special consumable material, reagents, and analytical devices. Complex data
analysis using special proteomics software and libraries programs needs time and special-
ists to reject the false positive results. The biggest advantage of non-targeted analysis is
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the verification of possible diagnostic markers and therapeutic targets, as well as molecu-
lar mechanisms and signaling pathways in skin disease development. From a thousand
proteins/ molecules identified as potential biomarkers, only a few of them have the chance
to be approved in clinical practice. Most publications present proteomic/metabolomic data
using relative quantitation methods to determine protein/molecule expression as up or
downregulated without the level of physiological norm limits. This could be crucial for
final biomarker clinical validation.
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Figure 1. (A) Basic techniques used in proteomic/metabolomic analysis and their utility in psoriasis.
(B) Catalogue of future candidate proteomic and metabolomic biomarkers differentiating psoriasis
and psoriatic arthritis [100]. Black font represents biomarkers identified in both diseases and
green/yellow fonts correspond, respectively, to Ps and PsA.

The international experts from the Biomarkers in Atopic Dermatitis (AD) and Psori-
asis (Ps) BIOMAP consortium proceed with a cross-sectional two-round survey to predict
the core elements of high-quality AD and Ps biomarkers to prepare medical recommen-
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dations [101]. The study underlines the importance of three statements: performance, pur-
pose, and obstacle. The authors emphasize the importance that biomarkers of skin disease
should characterize high-test reliability and high clinical performance. The therapeutic
response statement was considered to be the highest purpose. The biggest challenges and
priorities in biomarkers development were stated for more validation studies, harmoni-
zation, and creation of data sources [101].

Data comparisons between different study groups must be completed very carefully.
Different instruments, study groups, biological material, sample preparation, analytical
and acquisition methodology or data processing, programs, and statistical analysis are
usually used. This all has an impact on the final results of non-targeted proteomic/metab-
olomic analysis, and it is challenging to harmonize workflow to obtain reproducible re-
sults. The next step should be method modification for targeted analysis, where the use of
internal standards will allow for quantitative analysis. In this case, multi-reaction moni-
toring (MRM) workflow, internal standard correction, and calibration curves enable
method standardization and validation for standard clinical analysis. The targeted analy-
sis is much less costly and time-consuming, providing fast results for patients. The tar-
geted metabolomics approach is much easier to implement because of the availability of
metabolite standards and internal standards. This approach is often used in psoriasis and
psoriasis arthritis analysis of lipids [94-96] and amino acids [97-99]. The targeted prote-
omics approach is more complicated to implement because of the low availability of in-
ternal standards and their high costs. Only a few reports are available that used qualitative
analysis in psoriasis or psoriasis arthritis [29,76,77].

The latest publication summarizing current proteomics and metabolomics
knowledge of biomarkers with future potential utility for predicting psoriasis severity and
psoriasis arthritis was prepared by the international experts BIOMAP consortium. Pre-
sented results were based on 181 reports including only studies with more than 50 partic-
ipants. They analyzed studies published mostly in the last decade, in which almost 49%
were dominated by studies of proteomic biomarkers. In summary, of the studies of bi-
omarkers in psoriasis and psoriasis arthritis, around 60% of them concentrated on the im-
mune system, especially in cytokines and chemokines and acute case response, and less
in immune cells and their signaling, antigen presentation, and innate immune response.
Similar interest was taken (around 15-20%) in metabolism (mainly fat and iron metabo-
lism), tissue homeostasis (angiogenesis, tissue remodeling, and skin barrier function), and
intracellular signaling (hormonal signaling). A comparison of available data from 181
studies allowed authors to identify of six proteomic and two metabolomic biomarkers in
psoriasis development. Interestingly, only one shared proteomic (IL-17A) and metabo-
lomic biomarker (tyramine) was identified in both disease types. Biomarkers that could
differentiate Ps vs. PsA were: IgG aHDL, GlycA, I-FABP and kallikrein 8, CXCL10, Mac-2
binding protein, integrin b5, matrix metalloproteinase-3 and macrophage-colony stimu-
lating factor (proteomic), and mucic acid (metabolomic), which are presented in Figure 1B
[100]. Half of the biomarkers presented above were discovered during the proteo-
mic/metabolomic studies investigated by mass spectrometry, and half by standard ana-
lytical methods such as ELISA, western blot, flow cytometry, and NMR, which were often
used for biomarker verification and validation in mass spectrometry reports. One of the
important roles in proteomics studies is an analysis of post-translational modifications,
which play a crucial role in enzyme regulation, protein integration, and molecular mech-
anism evaluation, and which will be discussed in the next section.

3.1. Post-Translational Modifications (PTMs) of Proteins

Post-translational modifications (PTMs) change the structure, stability, and protein—
protein interactions by the covalent adding of a functional group to the protein substrates.
Psoriasis is an inflammatory skin disease characterized by keratinocyte hyperproliferation
and infiltration of immune cells that are subjected to various PTMs. The most common
types of PTMs in psoriasis are acetylation/deacetylation, glycosylation, citrullination, and
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PARylation. Most reports present the importance of post-translational modifications in
single protein/enzyme studies on a genetically induced model of psoriasis in mice
[102,103]. Fewer reports present PTMs in the human sample [104,105], where they explain
how deacetylation/acetylation and phosphorylation processes are involved in SIRT1,
STATS3 activity regulation in psoriatic keratinocytes. They underline the proinflammatory
cytokine IFN-y responsibility for SIRT1 reduction and STAT3 acetylation in the pathogen-
esis of psoriasis. PARylation is a PTM that relies on ADP-ribose moiety in addition to the
amino acid in protein catalyzed by PARP, which plays a crucial role in inflammation. It
was found that PARP1 regulates the expression of NF-kB in inflammation [106]. In
imiquimod-induced psoriasis, PARP1 showed an anti-inflammatory action, and its
PARP1- mice model in genetic deletion exacerbated symptoms by increasing the secre-
tion of cytokines IL-6, IL-17, and IL-23 [103]. The next common and abundant PTMs is
protein glycosylation, proceed by glycosyltransferases. FUTS8, one of the major glycosyl-
transferases generating a core fucose structure on N-glycans. In skin tissues affected by
psoriasis, expression of FUT8 was upregulated and correlated with disease severity. Tar-
get identification of the FUTS8 and associated proteins that regulate cell proliferation was
analyzed by liquid chromatography with tandem mass spectrometry-based protein iden-
tification. FUT8 increased the EGFR fucosylation activating keratinocyte proliferation and
psoriasis development [107]. Another study of serum analysis identified 12 different N-
glycan, where 4 N-glycan were significantly increased in psoriasis patients compared to
healthy subjects, and another 4 were decreased. The level of one N-glycan was increased
gradually with the disease severity and could be a promising biomarker in early diagnosis
of psoriasis and be exerted in progression monitoring [108]. The above findings suggest
that glycosylation can be involved in the pathogenesis of psoriasis, but enlarged patient
groups are needed for clinical validation. Several reports try to identify new types of PTM
and explain their role in psoriasis. As an example, the Lysine 2-hydroxyisobutyrylation
(Khib) modification was compared between lesional and nonlesional psoriasis patients.
Proteomics was used to verify 72 proteins with upregulated Khib and 44 proteins with
downregulated Khib [109]. Another newly reported reversible PTM is palmitoylation, in
which a 16-carbon palmitoyl group is transferred onto the protein target by palmitoyl
transferases and depalmitoylating enzymes. Recently, Zhou et al. investigated the role of
a palmitoyl transferase ZDHHC2 in psoriasis development in IMQ-induced psoriasis
mouse models [110].

Yang and Yan demonstrated the involvement of post-translational modifications,
such as acetylation, phosphorylation, and glycosylation, in the pathogenesis of psoriasis.
However, the interdependence between these differential PTMs has not yet been fully ex-
plained. They also underly the importance of SIRTs and PARPs regarding their therapeu-
tic application in skin diseases. SIRTs and PARP inhibitors or activators could be a new
biological drug in psoriasis development [111]. However, some effort must be taken to
design inhibitors and activators specific to one target. Most of the presented reports were
performed on the psoriasis mouse model using flow cytometry, western blot, or immuno-
fluorescence to confirm the evidence of PTMs. Within recent years, mass spectrometry has
proven to be extremely useful in PTMs discovery. High-resolution mass spectrometry
provides a series of analytical functions that are useful for the characterization of modified
proteins. Mass spectrometry-based protein identification was used in PTMs in psoriasis,
as presented above [107-109].

3.2. Biological Material Selection for Proteomics/Metabolomics Studies

The selection of biological material for proteomic and metabolomic analysis in skin
diseases depends on the research purpose, such as biomarker discovery, disease progres-
sion, metabolite turnover, or drug response therapies. The most recent biological material
types and their complexity in proteomic/metabolomic study are presented in Table 2. Each
type has different sample complexity, collection, and preparation procedure to overcome
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to obtain appropriate results. Plasma/serum is the most popular biological sample for pro-
teomic/metabolomic studies in psoriasis (Ps) and psoriasis arthritis (PsA), especially when
investigating disease progression and conversion of Ps to PsA [78]. Blood samples col-
lected using the standard clinical procedure are the most useful biological material be-
cause of their complexity and because they provide data about organism’s whole metab-
olism. In some cases, such as psoriasis/psoriasis arthritis, analysis of blood components
could be useful, as changes in white blood cells give information about inflammatory re-
actions and increased keratinocyte proliferation. This was found to be crucial in lipidomic
studies of samples from psoriatic patients, where proteome and lipidome, skin, and its
individual cell types, as well as blood and blood cells, were analyzed [85]. The advantage
of a blood sample is reproducible and easy to compare between the samples from different
stages of the disease progression. The disadvantage that could have an impact on the re-
sults is a hemolyzed sample from problematic blood collection or a lipemic sample from
patients with hypercholesterolemia. Another important biological material in skin disease
is skin analysis, which provides information on local changes caused by psoriasis
[29,77,112]. Skin sample collection exists as a standard clinical procedure, such as a biopsy,
blister fluid, or scraping. Depending on the method used, the tissue size, dip, and skin
layers will be different, which has a significant impact on the results. Identical patient skin
samples are difficult to collect, causing a problem with gathering a representative group
of patients. Several proteomic studies analyzed pooled psoriasis skin samples to compare
with normal-looking skin [87,113-115], differentiating protein expression. Some studies
present proteomic profiling on the epidermis skin layer [75] or stratum corneum of dis-
eased skin [116,117]. Comparison between the studies is more complex. Another incon-
venience is the possibility of sample contamination by hair or cosmetics/drugs residue,
which, when analyzed by highly sensitive mass spectrometry methods LC/MS/MS, could
affect results. The biological materials mentioned above, namely skin samples and blood
samples, are commonly used in the standard analysis of skin diseases. In contrast, urine
sample analysis is given relatively less attention and is mainly used for drug treatment
and toxicity monitoring. However, urine analysis can provide valuable insights into cell
growth and division, metabolite turnover, and immunomodulatory effects. [118-120].
Simultaneous analysis of blood and skin samples on different disease stages will play a
crucial role in understanding the functional changes in psoriasis development
[29,112,121]. Sample collection, processing procedure, and analytical method validation
must be followed by clinical validation on large groups of control and psoriasis patients
on different disease progression stages and subtypes.

Table 2. Biological material types and their complexity in proteomic/metabolomic analysis in skin
disease.

Sample Skin Plasma/Serum Urine
Easy to:
+ ++ ++
o collect
-+ 4+ ++
o transport
-+ +++ +++
¢} store
Non-invasive + ++ +++
Reproducible + ++ ++
Complexity ++ 4+ +
Preparation ++ +++ ++
Metabolomics ++ +++ +
Proteomics ++ +++ +
L hair hemolyzed proteins
Contamination . . . . .
cosmetic/drugs residues lipemic particles
Different method for sample collection:
Other biopsy, blister fluid, - -

scraping, epidermis, stratum corneum
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After the discovery stage, the preclinical verification and validation of putative bi-
omarkers are needed. Identifying robust biomarkers as representative of various clinical
psoriasis phenotypes would allow patients to be stratified into subgroups and tailor treat-
ments according to personalized medicine. Over the past 20 years, several in vivo mouse
psoriasis models, as well as proteomic and metabolomic studies, have contributed to the
understanding of psoriasis development and the underlying pathogenesis of the disease.
This has an impact on the increase in treatments for inflammatory and autoimmune dis-
eases as it targets biological drugs in clinical care. FDA and EMA approved multiple tar-
geted therapies, but because of heterogeneity in efficacy and tolerability, not all patients
improve. To improve treatment response, a fast and precise diagnostic is needed, which
is why many clinical trials still evaluate the utility of the biomarker in diagnosing psoria-
sis, its severity, and drug response.

4. Clinical Trials in Proteomic and Metabolomic Biomarkers Discovery

This review presents selected, completed, and currently recruiting clinical trials from
the last decade (Table 3). The first five clinical trials completed from 2013 to 2019 were
conducted to search for potential biomarkers to predict the effectiveness of treatment, de-
velopment, and severity of psoriasis and psoriatic arthritis. The study group characteris-
tics were similar in all clinical trials, including patients over 18 years old and of both gen-
ders. Of the 5 studies, 2 were conducted in Europe and enrolled nearly 100 participants
each; the other three trials were conducted in the United States and had around 30 partic-
ipants each.
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Table 3. Selected, completed, and currently recruiting clinical trials, based on https://clinicaltrials.gov/ (accessed on 6 February 2023).

Clinical Trial/ End-of-
Localization Number of Participants Clinical Biomarkers Examined Method
NCT Number .
Trial
Psoriatic Inflammation Markers Predictive mRNA expression in skin;
of Response to Adalimumab (IMPRA)/ France 85 2019 Drue res - Adali /b RT-PCR
NCT03389984 g response: Adalimuma
Multiple-dose Regimen Study to Assess Ef-
fect of 12 Months of Secukinumab Treat- histological disease reversal score in skin
ment on Skin Response and Biomarkers in  United States 36 2014 biopsies; histological examination
Psoriasis Patients/ Drug response: Secukinumab
NCT01537432
Monocyte Biomarkers in Moderate to Severe Serum markers of activated monocytes,
itlﬁif:;?ams Subjects Treated With United States 28 2018 mO?ggEggjﬁiﬁ:ﬁ?ﬁfﬁiﬁ;iﬁ; 5 flow cytometry, qPCR
NCT03442088 Drug response: Apremilast
Psoriasis Inflammation and Systemic Co IL17A gene expression, inflammatory cy- . .
Morbidities/ ’ United States 29 2013 tokine§ metabilic and vascular marl}:er};; ECL, RT_PCR.’ hlstologlcal exam-
NCT01170715 Drug response: Etanercept mnation
Identification of New Prognostic Markers in Serum levels of cytokine referable to
Psoriatic Arthritis/ Italy 100 2016 Th17 pathway, MMPs, TIMPs, and Data not provided
NCT03455166 markers of bone remodeling.
Lipidomic of the stratum corneum, cuta-
An Explorative Psoriasis Biomarker Study/ Netherlands 50 2022 c;i:(s)zls)saer’: :ﬁ;aéziziib;?(ﬁ;;zi?gz d LC-MS, ELISA, NGS, flow cy-
NCT04394936 . tometry
genotyping
Drug response: Guselkumab

Metabolic Biomarkers in Hashimoto’s Thy- . L
roiditis and Psoriasis/ ’ Greece 200 2024 Urinary organic acids levels, blood fatty GC-MS

NCT04693936

acids
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Identification of New Biomarkers to Pro-
mote Personalized Treatment of Patients

With Inflammatory Rheumatic Diseases/ Denmark 20, 000 2024 Data not provided Data not provided
NCT03214263

lecular Si in Infl ki
M.o ecular Signatures in Inflammatory Skin Immune cell composition, transcriptome, DNA/RNA sequencing, ELISA,
Disease (MSID)/ Germany 300 2028 roteome, and microbiome signatures MS, flow cytometr
NCT03358693 P / 8 oW ytomety

lomics of i BT —

Metabolic Profiling of Immune Responses hgzzz};?nonl::is Eef;rg; I;Z ziilaJSiis
in Immune-mediated diseases/ United States 150 2027 PErip ’ ’ RNA sequencing, MS

NCT04864886

skin biopsies, skin tape strips, and skin
swabs, metabolomics of the microbiome

RT-PCR —reverse transcription polymerase chain reaction, qPCR —quantitative polymerase chain reaction, ECL —electrochemiluminescence, MPO—myeloperox-
idase, TF —tissue factor, IL—17 —interleukin 17, MMPs —matrix metallopeptidase, TIMPs—tissue inhibitor of metalloproteinase, LC-MS—liquid chromatography-
mass spectrometry, ELISA —enzyme linked immunosorbent assays, NGS—next-generation sequencing, GC-MS—gas chromatography-mass spectrometry, MS—

mass spectrometry.
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Many of the selected clinical trials focused on biomarkers that could have the ability
to predict responses to treatment with biologic disease modifying antirheumatic drugs
(DMARDs), such as secukinumab, apremilast, and adalimumab. The primary purpose of
the trials was to investigate inflammatory pathways and report changes in the levels of
inflammatory markers at baseline and after treatment. To achieve the assumed goal, var-
ious analytical methods were used, such as RT-PCR and qPCR to assess the gene inflam-
matory biomarkers, flow cytometry to reveal the aberrant inflammatory profiles of cells,
and histological examination to evaluate the reversing of lesion skin inflammation. The
association between putative biomarkers and the progression and severity of psoriasis
and psoriatic arthritis was investigated in several trials. Three independent clinical trials
have identified matrix metalloproteinase (MMP-3) as a potential biomarker. This finding
is consistent with the results presented by Ramessur et al., who identified MMP-3 as a
proteomic candidate for predicting the development of psoriatic arthritis (PsA) from pso-
riasis lesions based on an analysis of 181 scientific articles [100]. Serum level of cytokines
implicated in the Th17 pathway was measured in three clinical trials, indicating that IL
17A was a candidate for predicting psoriasis severity. In the study ‘Identification of New
Prognostic Markers in Psoriatic Arthritis’, the concentration of IL 17A and other cytokines
was correlated with markers of bone remodeling, identifying the molecular pathways in-
volved in psoriatic arthropathy. The progression of psoriasis leads to the development of
many comorbidities other than psoriatic arthritis, such as metabolic syndrome and cardi-
ovascular diseases [122]. The study ‘Psoriasis Inflammation and Systemic Co Morbidities’
was intended to explore the pathophysiology of psoriasis and its comorbidities, but it also
provided guidance on how long-term treatment of inflammation can reduce or prevent
cardiovascular events.

The next five selected clinical trials presented in Table 3 are currently recruiting pa-
tients for candidate biomarkers investigation to predict severity and responsiveness to
treatment in psoriasis and psoriatic arthritis. These open-label trials are multicentered,
and a large number of patients are planned to be enrolled. The smallest estimated number
of participants is 50 patients in the ‘An Explorative Psoriasis Biomarker Study’, conducted
in the Netherlands. The clinical trial requires fewer participants than others currently re-
cruiting. However, it assumes a very wide breadth of its outcome. The study involves the
analysis of various chemokines, cytokines, and immune cells in the blood and lesion and
non-lesion skin, determination of skin and fecal microbiome, analysis of epidermal home-
ostasis and immune cell infiltration, measurement of skin surface biomarkers concentra-
tion and stratum lipidomic analysis of corneum and biopsy transcriptome.

‘Identification of New Biomarkers to Promote Personalized Treatment of Patients
With Inflammatory Rheumatic Diseases’ is a multicentered study in Denmark with the
largest number of participants. A total of 11 centers across Denmark are recruiting, with
20,000 patients with psoriasis, psoriatic arthritis, and other rheumatic diseases required.
The incidence of psoriasis in Denmark is 2.26%, which is higher than in other western
European countries. Therefore, implementing this clinical trial is highly important and
will help increase the effectiveness of personalized treatment [123]. Presented clinical tri-
als are not limited to patients with psoriasis and psoriatic arthritis; they are open to all
patients with inflammatory rheumatic skin diseases. The study ‘Metabolic Profiling of Im-
mune Responses in Immune-mediated disease’ is conducted in the United States and is
recruiting all patients with primary immunodeficiency, atopic dermatitis, and psoriasis.

Psoriasis is strongly associated with Hashimoto’s disease and shares common meta-
bolic pathways in its pathogenesis [124]. This issue became the focus of a clinical study,
‘Metabolic Biomarkers in Hashimoto’s Thyroiditis and Psoriasis’, that was conducted in
Greece. The main aim of these clinical trials is to identify metabolic biomarkers and inves-
tigate the role of epigenetic factors involved in metabolic pathways. For this purpose, the
concentration of organic and fatty acids of patients with Hashimoto’s disease and psoria-
sis and healthy participants is planned to quantify by gas chromatography with mass
spectrometry.
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It should be highlighted that the completed clinical trials were mostly characterized
by a limited number of participants, and the largest of them had only 100 subjects, while
the ongoing recruitment for the trials estimates the number of participants to be 200-300
and even 20,000 subjects. The presented studies show that attempts to research candidate
biomarkers take into account a variety of biological materials, not only serum or plasma,
but also urine, synovial fluid, or skin biopsies. The broad extent of measurements, meth-
ods and multifarious characteristics of study groups provide the increased clinical value
and usefulness in clinical practice to the biomarkers.

5. Conclusions

In vivo psoriasis mouse models do not fully reflect the human pathophysiology of
psoriasis. However, they can be a powerful tool for preclinical application and pick out
biomarkers for future research in human psoriasis. Non-targeted mass spectrometry anal-
ysis is mainly used by scientists to discover and explain some molecular mechanisms of
skin disease, thus proposing the possible therapeutic target and monitoring of treatment.
However, this is usually performed on small patient groups and needs to be validated
during longitudinal clinical trials. The availability of multiple biological therapies did not
give the expected results in all patients because of heterogeneity in efficacy and tolerabil-
ity. That is why untargeted proteomics should be available for patients that did not re-
spond to treatments. Identifying robust biomarkers as representative of various clinical
psoriasis phenotypes would allow the stratification of patients into subgroups and treat-
ments to be tailored to them as personalized medicine. The most significant conclusion is
that the majority of presented psoriasis-like dermatitis in vivo models, academic research,
and clinical trials focus on intensive research on proteomic and metabolic markers in pso-
riasis diagnosis, their severity, and in drug response treatment. The use of multiomic tech-
nologies is currently essential and is one of the most promising directions in the identifi-
cation of biomarkers associated with psoriasis and psoriatic arthritis.

Author Contributions: Conceptualization, A.R., LP.-M., LT.D. and L.K; resources, L.K.; methodol-
ogy, AR, LP.-M,, KJ. and L.K; formal analysis, A.R., L.P.-M., KJ. and L. K,; investigation, A.R., L.P.-
M., KJ., LT.D. and L.K.; writing—original draft preparation, A.R., LP.-M., KJ. and L.K.; writing—
review and editing, A.R., LP.-M,, KJ.,, LT.D. and L.K;; supervision, L.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Polish Ministry of Education and Science, grants no.
DIR/WK/2017/01 and 10/E-389/SPUB/SP/2020.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data sharing not applicable.

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

References

1.

Yan, D.; Gudjonsson, J.E.; Le, S.; Maverakis, E.; Plazyo, O.; Ritchlin, C.; Scher, J.U.; Singh, R.; Ward, N.L.; Bell, S.; et al. New
Frontiers in Psoriatic Disease Research, Part I: Genetics, Environmental Triggers, Immunology, Pathophysiology, and Precision
Medicine. J. Investig. Dermatol. 2021, 141, 2112-2122.e3.

Parisi, R.; Iskandar, 1.Y.K.; Kontopantelis, E.; Augustin, M.; Griffiths, C.E.M.; Ashcroft, D.M. National, Regional, and Worldwide
Epidemiology of Psoriasis: Systematic Analysis and Modelling Study. BM]J 2020, 369, m1590. https://doi.org/10.1136/bmj.m1590.
Borzecki, A.; Koncewicz, A.; raszewska-Famielec, M.; Dudra-Jastrzebska, M. Epidemiology of Psoriasis in the Years 2008-2015
in Poland. Przegl. Dermatol. 2018, 105, 693-700. https://doi.org/10.5114/dr.2018.80837.

Purzycka-Bohdan, D.; Kisielnicka, A.; Zabtotna, M.; Nedoszytko, B.; Nowicki, R.J.; Reich, A.; Samotij, D.; Szczech, ].; Krasowska,
D.; Bartosiniska, J.; et al. Chronic Plaque Psoriasis in Poland: Disease Severity, Prevalence of Comorbidities, and Quality of Life.
J. Clin. Med. 2022, 11, 1254. https://doi.org/10.3390/jcm11051254.

Michalek, I.M.; Loring, B.; John, S.M. A Systematic Review of Worldwide Epidemiology of Psoriasis. ]. Eur. Acad. Dermatol.
Venereol. 2017, 31, 205-212.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 19 of 24

10.
11.
12.
13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

AlQassimi, S.; AlBrashdji, S.; Galadari, H.; Hashim, M.]. Global Burden of Psoriasis—Comparison of Regional and Global Epi-
demiology, 1990 to 2017. Int. ]. Dermatol. 2020, 59, 566-571. https://doi.org/10.1111/ijd.14864.

Rendon, A ; Schikel, K. Psoriasis Pathogenesis and Treatment. Int. |. Mol. Sci. 2019, 20, 1475.

Zachariae, H. Prevalence of Joint Disease in Patients with Psoriasis: Implications for Therapy. Am. J. Clin. Dermatol. 2003, 4, 441—
447.

Bu, J.; Ding, R.; Zhou, L.; Chen, X.; Shen, E. Epidemiology of Psoriasis and Comorbid Diseases: A Narrative Review. Front.
Immunol. 2022, 13, 880201.

Griffiths, C.E.M.; Armstrong, A.W.; Gudjonsson, J.E.; Barker, J.N.W.N. Psoriasis. Lancet 2021, 397, 1301-1315.
https://doi.org/10.1016/S0140-6736(20)32549-6.

Sanchez, D.P.; Sonthalia, S. Koebner Phenomenon; StatPearls Publishing: Treasure Island, FL, USA, 2023.

Renholt, K.; Iversen, L. Old and New Biological Therapies for Psoriasis. Int. J. Mol. Sci. 2017, 18, 2297.

Gates, A.H.; Karasek, M. Hereditary Absence of Sebaceous Glands in the Mouse. Science 1965, 148, 1471-1473.
https://doi.org/10.1126/science.148.3676.1471.

Sundberg, J.P.; Dunstan, R.W.; Roop, D.R.; Beamer, W.G. Full-Thickness Skin Grafts from Flaky Skin Mice to Nude Mice:
Maintenance of the Psoriasiform Phenotype. ]. Investig. Dermatol. 1994, 102, 781-788.

Sundberg, ].P.; Beamer, W.G.; Shultz, L.D.; Dunstan, R.W. Inherited Mouse Mutations as Models of Human Adnexal, Cornifi-
cation, and Papulosquamous Dermatoses. J. Investig. Dermatol. 1990, 95, 625-63S. https://doi.org/10.1111/1523-1747.ep12505816.
Sundberga, J.P.; Francea, M.; Boggessa, D.; Sundberga, B.A ; Jenson’, A.B.; Beamera, W.G.; Shultza, L.D.; Words, K. Development
and Progression of Psoriasiform Dermatitis and Systemic Lesions in the Flaky Skin (Fsn) Mouse Mutant. Pathobiology 1997, 65,
271-286.

Brown, W.R.; Hardy, M.H. A Hypothesis on the Cause of Chronic Epidermal Hyperproliferation in Asebia Mice. Clin. Exp.
Dermatol. 1988, 13, 74-77. https://doi.org/10.1111/j.1365-2230.1988.tb00661.X.

Fallon, P.G.; Sasaki, T.; Sandilands, A.; Campbell, L.E.; Saunders, S.P.; Mangan, N.E.; Callanan, J.J.; Kawasaki, H.; Shiohama, A.;
Kubo, A,; et al. A Homozygous Frameshift Mutation in the Mouse Flg Gene Facilitates Enhanced Percutaneous Allergen Prim-
ing. Nat. Genet. 2009, 41, 602—-608. https://doi.org/10.1038/ng.358.

Wilkinson, D.I; Karasek, M. A. Skin Lipids of a Normal and Mutant (Asebic) Mouse Strain. J. Investig. Dermatol. 1966, 47, 449—
455. https://doi.org/10.1038/jid.1966.168.

Vandeghinste, N.; Klattig, J.; Jagerschmidt, C.; Lavazais, S.; Marsais, F.; Haas, ].D.; Auberval, M.; Lauffer, F.; Moran, T.; Onge-
naert, M.; et al. Neutralization of IL-17C Reduces Skin Inflammation in Mouse Models of Psoriasis and Atopic Dermatitis. J.
Investig. Dermatol. 2018, 138, 1555-1563. https://doi.org/10.1016/j.jid.2018.01.036.

Ho, AW, Gaffen, S.L. IL-17RC: A Partner in IL-17 Signaling and Beyond. Semin. Immunopathol. 2010, 32, 33-42.
https://doi.org/10.1007/s00281-009-0185-0.

Nies, J.F.; Panzer, U. IL-17C/IL-17RE: Emergence of a Unique Axis in TH17 Biology. Front. Immunol. 2020, 11, 341.

Chan, T.C.; Hawkes, J.E.; Krueger, J.G. Interleukin 23 in the Skin: Role in Psoriasis Pathogenesis and Selective Interleukin 23
Blockade as Treatment. Ther. Adv. Chronic Dis. 2018, 9, 111-119. https://doi.org/10.1177/2040622318759282.

van der Fits, L.; Mourits, S.; Voerman, J.S.A.; Kant, M.; Boon, L.; Laman, ]J.D.; Cornelissen, F.; Mus, A.-M.; Florencia, E.; Prens,
E.P.; et al. Imiquimod-Induced Psoriasis-Like Skin Inflammation in Mice Is Mediated via the IL-23/IL-17 Axis. J. Immunol. 2009,
182, 5836-5845. https://doi.org/10.4049/jimmunol.0802999.

Nakahara, T.; Kido-Nakahara, M.; Ulzii, D.; Miake, S.; Fujishima, K.; Sakai, S.; Chiba, T.; Tsuji, G.; Furue, M. Topical Application
of Endothelin Receptor a Antagonist Attenuates Imiquimod-Induced Psoriasiform Skin Inflammation. Sci. Rep. 2020, 10, 9510.
https://doi.org/10.1038/541598-020-66490-z.

Mohammed, S.S.; Kadhim, H.M.; Al-Sudani, I.M.; Musatafa, W.W. Anti-Inflammatory Effects of Topically Applied Azilsartan
in a Mouse Model of Imiquimod-Induced Psoriasis. Int. J. Drug Deliv. Technol. 2022, 12, 1249-1255.
https://doi.org/10.25258/ijddt.12.3.53.

Yang, Y.; Zhao, Y.; Lai, R; Xian, L.; Lei, Q.; Xu, J.; Guo, M.; Xian, D.; Zhong, J. An Emerging Role of Proanthocyanidins on
Psoriasis: Evidence from a Psoriasis-Like Mouse Model. Oxid. Med. Cell. Longev. 2022, 2022, 5800586.
https://doi.org/10.1155/2022/5800586.

Schafer, P.H.; Chen, P.; Fang, L.; Wang, A.; Chopra, R. The Pharmacodynamic Impact of Apremilast, an Oral Phosphodiesterase
4 Inhibitor, on Circulating Levels of Inflammatory Biomarkers in Patients with Psoriatic Arthritis: Substudy Results from a
Phase III, Randomized, Placebo-Controlled Trial (PALACE 1). [J. Immunol. Res. 2015, 2015, 906349.
https://doi.org/10.1155/2015/906349.

Zhou, Y.; Wang, P.; Yan, B.X,; Chen, X.Y.; Landeck, L.; Wang, Z.Y.; Li, X.X.; Zhang, ].; Zheng, M.; Man, X.Y. Quantitative Prote-
omic Profile of Psoriatic Epidermis Identifies OAS2 as a Novel Biomarker for Disease Activity. Front. Immunol. 2020, 11, 1432.
https://doi.org/10.3389/fimmu.2020.01432.

Bugaut, H.; Aractingi, S. Major Role of the IL17/23 Axis in Psoriasis Supports the Development of New Targeted Therapies.
Front. Immunol. 2021, 12, 621956.

Bromley, S.K.; Larson, R.P.; Ziegler, S.F.; Luster, A.D. IL-23 Induces Atopic Dermatitis-Like Inflammation Instead of Psoriasis-
Like Inflammation in CCR2-Deficient Mice. PLoS ONE 2013, 8, e58196. https://doi.org/10.1371/journal.pone.0058196.

Lindroos, J.; Svensson, L.; Norsgaard, H.; Lovato, P.; Moller, K.; Hagedorn, P.H.; Olsen, G.M.; Labuda, T. IL-23-Mediated Epi-
dermal Hyperplasia Is Dependent on IL-6. J. Investig. Dermatol. 2011, 131, 1110-1118. https://doi.org/10.1038/jid.2010.432.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 20 of 24

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Chan, J.R; Blumenschein, W.; Murphy, E.; Diveu, C.; Wiekowski, M.; Abbondanzo, S.; Lucian, L.; Geissler, R.; Brodie, S.; Kim-
ball, A.B.; et al. IL-23 Stimulates Epidermal Hyperplasia via TNF and IL-20R2-Dependent Mechanisms with Implications for
Psoriasis Pathogenesis. |. Exp. Med. 2006, 203, 2577-2587. https://doi.org/10.1084/jem.20060244.

Austin, L.M.; Ozawa, M.; Kikuchi, T.; Walters, I.B.; Krueger, ].G. The Majority of Epidermal T Cells in Psoriasis Vulgaris Lesions
Can Produce Type 1 Cytokines, Interferon-y, Interleukin-2, and Tumor Necrosis Factor-a, Defining TC1 (Cytotoxic T Lympho-
cyte) and TH1 Effector Populations: 1 a Type 1 Differentiation Bias Is Also Measured in Circulating Blood T Cells in Psoriatic
Patients. J. Investig. Dermatol. 1999, 113, 752-759.

Svensson, L.; Repke, M.A.; Norsgaard, H. Psoriasis Drug Discovery: Methods for Evaluation of Potential Drug Candidates.
Expert Opin. Drug Discov. 2012, 7, 49-61. https://doi.org/10.1517/17460441.2011.632629.

Haftek, M.; Ortonne, J.P.; Staquet, M.].; Viac, J.; Thivolet, ]. Normal and Psoriatic Human Skin Grafts on “nude” Mice: Morpho-
logical and Immunochemical Studies. J. Investig. Dermatol. 1981, 76, 48-52. https://doi.org/10.1111/1523-1747.ep12524864.
Raychaudhuri, S.; Raychaudhuri, S. Scid Mouse Model of Psoriasis: A Unique Tool for Drug Development of Autoreactive T-
Cell and TH-17 Cell-Mediated Autoimmune Diseases. Indian ]. Dermatol. 2010, 55, 157. https://doi.org/10.4103/0019-5154.62752.
Di Domizio, J.; Conrad, C.; Gilliet, M. Xenotransplantation Model of Psoriasis. In Inflammation: Methods in Molecular Biology;
Clausen, B., Laman, J., Eds.; Humana Press: New York, NY, USA, 2017; Volume 1559, pp. 83-90. https://doi.org/10.1007/978-1-
4939-6786-5_7.

Tiirikainen, M.L.; Woetmann, A.; Norsgaard, H.; Santamaria-Babi, L.F.; Lovato, P. Ex Vivo Culture of Lesional Psoriasis Skin
for Pharmacological Testing. ]. Dermatol. Sci. 2020, 97, 109-116. https://doi.org/10.1016/j.jdermsci.2019.12.010.

Norsgaard, H.; Svensson, L.; Hagedorn, P.H.; Moller, K.; Olsen, G.M.; Labuda, T. Translating Clinical Activity and Gene Ex-
pression Signatures of Etanercept and Ciclosporin to the Psoriasis Xenograft SCID Mouse Model. Br. |. Dermatol. 2012, 166, 649—
652. https://doi.org/10.1111/.1365-2133.2011.10713.x.

Gourlay, W.A.; Chambers, W.H.; Monaco, A.P.; Maki, T. Importance of natural killer cells in the rejection of hamster skin xen-
ografts. Transplantation 1998, 65, 727-734. https://doi.org/10.1097/00007890-199803150-00021.

Ashkar, A.A,; Di Santo, ].P.; Croy, B.A. Interferon y Contributes to Initiation of Uterine Vascular Modification, Decidual Integ-
rity, and Uterine Natural Killer Cell Maturation during Normal Murine Pregnancy. J. Exp. Med. 2000, 192, 259-270.
https://doi.org/10.1084/jem.192.2.259.

Boyman, O.; Hefti, H.P.; Conrad, C.; Nickoloff, B.].; Suter, M.; Nestle, F.O. Spontaneous Development of Psoriasis in a New
Animal Model Shows an Essential Role for Resident T Cells and Tumor Necrosis Factor-a. |. Exp. Med. 2004, 199, 731-736.
https://doi.org/10.1084/jem.20031482.

Wagner, C.L.; Visvanathan, S.; Elashoff, M.; McInnes, I.B.; Mease, P.J.; Krueger, G.G.; Murphy, E.T.; Papp, K.; Gomez-Reino, ].J.;
Mack, M.; et al. Markers of Inflammation and Bone Remodelling Associated with Improvement in Clinical Response Measures
in Psoriatic Arthritis Patients Treated with Golimumab. Ann. Rheum. Dis. 2013, 72, 83-88. https://doi.org/10.1136/annrheumdis-
2012-201697.

Chen, L.; Deshpande, M.; Grisotto, M.; Smaldini, P.; Garcia, R.; He, Z.; Gulko, P.S; Lira, S.A.; Furtado, G.C. Skin Expression of
IL-23 Drives the Development of Psoriasis and Psoriatic Arthritis in Mice. Sci. Rep. 2020, 10, 8259. https://doi.org/10.1038/s41598-
020-65269-6.

Van Nulffel, E.; Staal, J.; Baudelet, G.; Haegman, M.; Driege, Y.; Hochepied, T.; Afonina, L.S.; Beyaert, R. MALT 1 Targeting Sup-
presses CARD 14-induced Psoriatic Dermatitis in Mice. EMBO Rep. 2020, 21, e49237. https://doi.org/10.15252/embr.201949237.
Schonthaler, H.B.; Huggenberger, R.; Wculek, S.K.; Detmar, M.; Wagner, E.F.; Karin, M. Systemic Anti-VEGF Treatment
Strongly Reduces Skin Inflammation in a Mouse Model of Psoriasis. Proc. Natl. Acad. Sci. USA 2009, 106, 21264-21269.

Retser, E.; Schied, T.; Skryabin, B.V.; Vogl, T.; Kanczler, ] M.; Hamann, N.; Niehoff, A.; Hermann, S.; Eisenblitter, M.;
Wachsmuth, L.; et al. Doxycycline-Induced Expression of Transgenic Human Tumor Necrosis Factor a in Adult Mice Results in
Psoriasis-like Arthritis. Arthritis Rheum. 2013, 65, 2290-2300. https://doi.org/10.1002/art.38026.

Voskas, D.; Jones, N.; Van Slyke, P.; Sturk, C.; Chang, W.; Haninec, A.; Olya Babichev, Y.; Tran, J.; Master, Z.; Chen, S.; et al. A
Cyclosporine-Sensitive Psoriasis-Like Disease Produced in Tie2 Transgenic Mice. Am. ]. Pathol. 2005, 166, 843-855.

Nakajima, K.; Kanda, T.; Takaishi, M.; Shiga, T.; Miyoshi, K.; Nakajima, H.; Kamijima, R.; Tarutani, M.; Benson, J.M.; Elloso,
M.M.; et al. Distinct Roles of IL-23 and IL-17 in the Development of Psoriasis-Like Lesions in a Mouse Model. J. Immunol. 2011,
186, 4481-4489. https://doi.org/10.4049/jimmunol.1000148.

Rizzo, H.L.; Kagami, S.; Phillips, K.G.; Kurtz, S.E.; Jacques, S.L.; Blauvelt, A. IL-23-Mediated Psoriasis-Like Epidermal Hyper-
plasia Is Dependent on IL-17A. |. Immunol. 2011, 186, 1495-1502. https://doi.org/10.4049/jimmunol.1001001.

Detmar, M.; Brown, L.F.; Schén, M.P.; Elicker, B.M.; Velasco, P.; Richard, L.; Fukumura, D.; Monsky, W.; Claffey, K.P.; Jain, R.K.
Increased Microvascular Density and Enhanced Leukocyte Rolling and Adhesion in the Skin of VEGF Transgenic Mice. |. Inves-
tig. Dermatol. 1998, 111, 1-6.

Blessing, M.; Schirmacher, P.; Kaiser, S. Overexpression of Bone Morphogenetic Protein-6 (BMP-6) in the Epidermis of Trans-
genic Mice: Inhibition or Stimulation of Proliferation Depending on the Pattern of Transgene Expression and Formation of
Psoriatic Lesions. J. Cell Biol. 1996, 135, 227-239. https://doi.org/10.1083/jcb.135.1.227.

Billi, A.C.; Ludwig, ].E.; Fritz, Y.; Rozic, R.; Swindell, W.R.; Tsoi, L.C.; Gruzska, D.; Abdollahi-Roodsaz, S.; Xing, X.; Diaconu, D.;
et al. KLK6 Expression in Skin Induces PAR1-Mediated Psoriasiform Dermatitis and Inflammatory Joint Disease. J. Clin. Investig.
2020, 130, 3151-3157. https://doi.org/10.1172/JCI133159.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 21 of 24

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Johnston, A.; Fritz, Y.; Dawes, S.M.; Diaconu, D.; Al-Attar, P.M.; Guzman, A.M.; Chen, C.S.; Fu, W.; Gudjonsson, J.E.; McCor-
mick, T.S.; et al. Keratinocyte Overexpression of IL-17C Promotes Psoriasiform Skin Inflammation. J. Immunol. 2013, 190, 2252—
2262. https://doi.org/10.4049/jimmunol.1201505.

SchOn, P.; Detmar, M.; Parker’, C.M. Murine Psoriasis-like Disorder Induced by Naive CD4+ T Cells. Nat. Med. 1997, 3, 183-188.
Davenport, C.M.; Mcadams, H.A.; Kou, J.; Mascioli, K.; Eichman, C.; Healy, L.; Peterson, J.; Murphy, S.; Coppola, D.; Truneh,
A. Inhibition of Pro-Inf Lammatory Cytokine Generation by CTLA4-Ig in the Skin and Colon of Mice Adoptively Transplanted
with CD45RB Hi CD4 + T Cells Correlates with Suppression of Psoriasis and Colitis. Int. Immunopharmacol. 2002, 2, 653—-672.
Takahashi, H.; Kouno, M.; Nagao, K.; Wada, N.; Hata, T.; Nishimoto, S.; Iwakura, Y.; Yoshimura, A.; Yamada, T.; Kuwana, M.;
et al. Desmoglein 3-Specific CD4+ T Cells Induce Pemphigus Vulgaris and Interface Dermatitis in Mice. J. Clin. Investig. 2011,
121, 3677-3688. https://doi.org/10.1172/JCI57379.

Breban, M.; Fernandez-Sueiro, ].L.; Richardson, ].A.; Hadavand, R.R.; Maika, S.D.; Hammer, R.E.; Taurog, ].D. T Cells, but Not
Thymic Exposure to HLA-B27, Are Required for the Inflammatory Disease of HLA-B27 Transgenic Rats. J. Immunol. 1996, 156,
794-803. https://doi.org/10.4049/jimmunol.156.2.794.

Hong, K.; Chu, A.; Lt, B.R,; Berg, E.L.; Ehrhardt, R.O. IL-12, Independently of IFN-gamma, Plays a Crucial Role in the Patho-
genesis of a Murine Psoriasis-Like Skin Disorder. J. Immunol. 1999, 162, 7480-7491.

Nishimoto, S.; Kotani, H.; Tsuruta, S.; Shimizu, N.; Ito, M.; Shichita, T.; Morita, R.; Takahashi, H.; Amagai, M.; Yoshimura, A.
Th17 Cells Carrying TCR Recognizing Epidermal Autoantigen Induce Psoriasis-like Skin Inflammation. J. Immunol. 2013, 191,
3065-3072. https://doi.org/10.4049/jimmunol.1300348.

Dort, E.N.; Tanguay, P.; Hamelin, R.C. CRISPR/Cas9 Gene Editing: An Unexplored Frontier for Forest Pathology. Front. Plant
Sci. 2020, 11, 1126.

Strzyz, P. CRISPR-Cas9 Wins Nobel. Nat. Rev. Mol. Cell Biol. 2020, 21, 714-714. https://doi.org/10.1038/s41580-020-00307-9.
Roth-Carter, Q.R.; Godsel, L.; Koetsier, ].L.; Broussard, J.A.; Burks, H.E.; Fitz, G.; Huffine, A.L.; Amagai, S.; Lloyd, S.; Kweon, J.;
et al. 225 Desmoglein 1 Deficiency in Knockout Mice Impairs Epidermal Barrier Formation and Results in a Psoriasis-like Gene
Signature in E18.5 Embryos. J. Investig. Dermatol. 2020, 140, S26. https://doi.org/10.1016/j.jid.2020.03.230.

Godsel, L.M.; Roth-Carter, Q.R.; Koetsier, J.L.; Tsoi, L.C.; Broussard, J.A; Fitz, G.N.; Lloyd, S.M.; Kweon, ].; Huffine, A.L.; Burks,
H.E; et al. Thl7-Skewed Inflammation Due to Genetic Deficiency of a Cadherin Stress Sensor. bioRxiv 2020.
https://doi.org/10.1101/2020.12.01.406587.

Ippagunta, S.K.; Gangwar, R.; Finkelstein, D.; Vogel, P.; Pelletier, S.; Gingras, S.; Redeckea, V.; Héackera, H. Keratinocytes Con-
tribute Intrinsically to Psoriasis upon Loss of TNIP1 Function. Proc. Natl. Acad. Sci. USA 2016, 113, E6162-E6171.
https://doi.org/10.1073/pnas.1606996113.

Li, H.; Yao, Q.; Mariscal, A.G.; Wu, X.; Hiilse, J.; Pedersen, E.; Helin, K.; Waisman, A.; Vinkel, C.; Thomsen, S.F.; et al. Epigenetic
Control of IL-23 Expression in Keratinocytes Is Important for Chronic Skin Inflammation. Nat. Commun. 2018, 9, 1420.
https://doi.org/10.1038/s41467-018-03704-z.

Zomer, H.D.; Trentin, A.G. Skin Wound Healing in Humans and Mice: Challenges in Translational Research. J. Dermatol. Sci.
2018, 90, 3-12. https://doi.org/10.1016/].JDERMSCIL.2017.12.009.

Gangwar, R.S.; Gudjonsson, J.E.; Ward, N.L. Mouse Models of Psoriasis: A Comprehensive Review. . Investig. Dermatol. 2022,
142, 884-897. https://doi.org/10.1016/].JID.2021.06.019.

Smajlovi¢, A.; Haveri¢, A.; Ali¢, A.; Hadzi¢, M.; Smajlovi¢, A.; Mujezinovi¢, I.; Lojo-Kadri¢, N.; Rami¢, J.; Elez-Burnjakovi¢, N.;
Haveri¢, S.; et al. Molecular and Histopathological Profiling of Imiquimod Induced Dermatosis in Swiss Wistar Rats: Contribu-
tion to the Rat Model for Novel Anti-Psoriasis Treatments. Mol. Biol. Rep. 2021, 48, 4295-4303. https://doi.org/10.1007/s11033-
021-06445-3.

Liu, N.; Qin, H,; Cai, Y.; Li, X;; Wang, L.; Xu, Q.; Xue, F.; Chen, L.; Ding, C.; Hu, X,; et al. Dynamic Trafficking Patterns of IL-17-
Producing I'd T Cells Are Linked to the Recurrence of Skin Inflammation in Psoriasis-like Dermatitis. EBioMedicine 2022, 82,
104136. https://doi.org/10.1016/j.ebiom.2022.104136.

Christensen, P.K.F.; Hansen, A.K,; Skov, S.; Engkilde, K.; Larsen, J.; Hoyer-Hansen, M.H.; Koch, J. Sustaining the T-Cell Activity
in Xenografted Psoriasis Skin. PLoS ONE 2023, 18, e0278390. https://doi.org/10.1371/journal.pone.0278390.

Kowalczyk, T.; Ciborowski, M.; Kisluk, J.; Kretowski, A.; Barbas, C. Mass Spectrometry Based Proteomics and Metabolomics in
Personalized  Oncology. Biochim. Biophys.  Acta (BBA)—Mol. Basis Dis. 2020, 1866, 165690.
https://doi.org/10.1016/]. BBADIS.2020.165690.

Rozanova, S.; Barkovits, K.; Nikolov, M.; Schmidt, C.; Urlaub, H.; Marcus, K. Quantitative Mass Spectrometry-Based Prote-
omics: An Overview. In Methods in Molecular Biology; Humana: New York, NY, USA, 2021; Volume 2228, pp. 85-116.
https://doi.org/10.1007/978-1-0716-1024-4_8.

Schonthaler, H.B.; Guinea-Viniegra, J.; Wculek, S.K.; Ruppen, L; Ximénez-Embun, P.; Guio-Carrién, A.; Navarro, R.; Hogg, N.;
Ashman, K.; Wagner, E.F. S100A8-5100A9 Protein Complex Mediates Psoriasis by Regulating the Expression of Complement
Factor C3. Immunity 2013, 39, 1171-1181. https://doi.org/10.1016/j.immuni.2013.11.011.

Yan, K.X; Meng, Q.; He, H.; Zhu, HW.; Wang, Z.C.; Han, L.; Huang, Q.; Zhang, Z.H.; Yawalkar, N.; Zhou, H.; et al. ITRAQ-
Based Quantitative Proteomics Reveals Biomarkers/Pathways in Psoriasis That Can Predict the Efficacy of Methotrexate. J. Eur.
Acad. Dermatol. Venereol. 2022, 36, 1784-1795. https://doi.org/10.1111/JDV.18292.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 22 of 24

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Li, Y,;Lin, P.; Wang, S.; Li, S.; Wang, R.; Yang, L.; Wang, H. Quantitative Analysis of Differentially Expressed Proteins in Psoriasis
Vulgaris Using Tandem Mass Tags and Parallel Reaction Monitoring. Clin. Proteom. 2020, 17, 30. https://doi.org/10.1186/512014-
020-09293-8.

Gegotek, A.; Domingues, P.; Wronski, A.; Wojcik, P.; Skrzydlewska, E. Proteomic Plasma Profile of Psoriatic Patients. . Pharm.
Biomed. Anal. 2018, 155, 185-193. https://doi.org/10.1016/j.jpba.2018.03.068.

Gegotek, A.; Domingues, P.; Wronski, A.; Ambrozewicz, E.; Skrzydlewska, E. The Proteomic Profile of Keratinocytes and Lym-
phocytes in Psoriatic Patients. Proteom. Clin. Appl. 2019, 13, 1800119. https://doi.org/10.1002/prca.201800119.

Gegotek, A.; Domingues, P.; Wroniski, A.; Skrzydlewska, E. Changes in Proteome of Fibroblasts Isolated from Psoriatic Skin
Lesions. Int. |. Mol. Sci. 2020, 21, 5363. https://doi.org/10.3390/ijms21155363.

Xu, M.; Deng, J.; Xu, K,; Zhu, T.; Han, L.; Yan, Y.; Yao, D.; Deng, H.; Wang, D.; Sun, Y.; et al. In-Depth Serum Proteomics Reveals
Biomarkers of Psoriasis Severity and Response to Traditional Chinese Medicine. Theranostics 2019, 9, 2475-2488.
https://doi.org/10.7150/thno.31144.

Reindl, J.; Pesek, J.; Kriiger, T.; Wendler, S.; Nemitz, S.; Muckova, P.; Biichler, R.; Opitz, S.; Krieg, N.; Norgauer, J.; et al. Proteomic
Biomarkers for Psoriasis and Psoriasis Arthritis. ]. Proteom. 2016, 140, 55-61. https://doi.org/10.1016/].JPROT.2016.03.040.
Plavina, T.; Hincapie, M.; Wakshull, E.; Subramanyam, M.; Hancock, S.W. Increased Plasma Concentrations of Cytoskeletal and
Aa2+-Binding Proteins and Their Peptides in Psoriasis Patients. Clin. Chem. 2008, 54, 1805-1814.
https://doi.org/10.1373/clinchem.2008.103770.

Matsuura, T.; Sato, M.; Nagai, K.; Sato, T.; Arito, M.; Omoteyama, K.; Suematsu, N.; Okamoto, K.; Kato, T.; Soma, Y.; et al. Serum
Peptides as Putative Modulators of Inflammation in Psoriasis. ]. Dermatol. Sci. 2017, 87, 36—49. https://doi.org/10.1016/].JDERM-
SCIL.2017.03.014.

Luczaj, W.; Gegotek, A.; Skrzydlewska, E. Analytical Approaches to Assess Metabolic Changes in Psoriasis. . Pharm. Biomed.
Anal. 2021, 205, 114359.

Eissa, A.; Cretu, D.; Soosaipillai, A.; Thavaneswaran, A.; Pellett, F.; Diamandis, A.; Cevikbas, F.; Steinhoff, M.; Diamandis, E.P.;
Gladman, D.; et al. Serum Kallikrein-8 Correlates with Skin Activity, but Not Psoriatic Arthritis, in Patients with Psoriatic Dis-
ease. Clin. Chem. Lab. Med. 2013, 51, 317-325. https://doi.org/10.1515/cclm-2012-0251.

Wang, W.; Xu, Q.; Li, B,; Li, H.; Shen, S.; Wu, ].; Ge, H.; Zhang, H.; Chen, S.; Chen, W.; et al. Proteomic Analysis of Psoriatic Skin
Lesions in a Chinese Population. ]. Proteom. 2021, 240, 104207. https://doi.org/10.1016/j.jprot.2021.104207.

S.-S.Li; Y. Liu; H. Li; L.-P. Wang; L.-F. Xue; G.-S. Yin; X.-5. Wu Identification of Psoriasis Vulgaris Biomarkers in Human Plasma
by Non-Targeted Metabolomics Based on UPLC-Q-TOF/MS. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 3940-3950.

Kishikawa, T.; Arase, N.; Tsuji, S.; Maeda, Y.; Nii, T.; Hirata, J.; Suzuki, K.; Yamamoto, K.; Masuda, T.; Ogawa, K,; et al. Large-
Scale Plasma-Metabolome Analysis Identifies Potential Biomarkers of Psoriasis and Its Clinical Subtypes. ]. Dermatol. Sci. 2021,
102, 78-84. https://doi.org/10.1016/j.jdermsci.2021.03.006.

Sun, L.; Guo, X,; Qin, Y.; Li, P.; Yu, C.; Gao, X,; Xie, X.; Xu, X. Serum Intestinal Metabolites Are Raised in Patients with Psoriasis
and Metabolic Syndrome. Clin. Cosmet. Investig. Dermatol. 2022, 15, 879-886. https://doi.org/10.2147/CCID.S5351984.

Armstrong, A.W.; Wu, J.; Johnson, M.A.; Grapov, D.; Azizi, B.; Dhillon, J.; Fiehn, O. Metabolomics in Psoriatic Disease: Pilot
Study Reveals Metabolite Differences in Psoriasis and Psoriatic Arthritis. FI1000Research 2014, 3, 248-248.
https://doi.org/10.12688/f1000research.4709.1.

Kang, H,; Li, X.; Zhou, Q.; Quan, C.; Xue, F.; Zheng, J.; Yu, Y. Exploration of Candidate Biomarkers for Human Psoriasis Based
on Gas Chromatography-Mass Spectrometry Serum Metabolomics. Br. ]J. Dermatol. 2017, 176, 713-722.
https://doi.org/10.1111/bjd.15008.

Looby, N.; Roszkowska, A.; Reyes-Garcés, N.; Yu, M.; Baczek, T.; Kulasingam, V.; Pawliszyn, J.; Chandran, V. Serum Metabolic
Fingerprinting of Psoriasis and Psoriatic Arthritis Patients Using Solid-Phase Microextraction—Liquid Chromatography —
High-Resolution Mass Spectrometry. Metabolomics 2021, 17, 59. https://doi.org/10.1007/s11306-021-01805-3.

Mysliwiec, H.; Harasim-Symbor, E.; Baran, A.; Szterling-Jaworowska, M.; Milewska, A.]J.; Chabowski, A.; Flisiak, I. Abnormal
Serum Fatty Acid Profile in Psoriatic Arthritis. Arch. Med. Sci. 2019, 15, 1407-1414. https://doi.org/10.5114/aoms.2019.89451.
Ambrozewicz, E.; Wéjcik, P.; Wronski, A.; Luczaj, W.; Jastrzab, A.; Zarkovié, N.; Skrzydlewska, E. Pathophysiological Altera-
tions of Redox Signaling and Endocannabinoid System in Granulocytes and Plasma of Psoriatic Patients. Cells 2018, 7, 159.
https://doi.org/10.3390/cells7100159.

Tsoukalas, D.; Fragoulakis, V.; Sarandi, E.; Docea, A.O.; Papakonstaninou, E.; Tsilimidos, G.; Anamaterou, C.; Fragkiadaki, P.;
Aschner, M.; Tsatsakis, A.; et al. Targeted Metabolomic Analysis of Serum Fatty Acids for the Prediction of Autoimmune Dis-
eases. Front. Mol. Biosci. 2019, 6, 120. https://doi.org/10.3389/fmolb.2019.00120.

Bilgic, oF Altinyazar, H.C.; Baran, H.; Unli, A. Serum Homocysteine, Asymmetric Dimethyl Arginine (ADMA) and Other Ar-
ginine-NO Pathway Metabolite Levels in Patients with Psoriasis. Arch. Dermatol. Res. 2015, 307, 439-444.
https://doi.org/10.1007/s00403-015-1553-3.

Sikora, M.; Kiss, N.; Stec, A.; Giebultowicz, J.; Samborowska, E.; Jazwiec, R.; Dadlez, M.; Olszewska, M.; Rudnicka, L. Trime-
thylamine N-Oxide, a Gut Microbiota-Derived Metabolite, Is Associated with Cardiovascular Risk in Psoriasis: A Cross-Sec-
tional Pilot Study. Dermatol. Ther. 2021, 11, 1277-1289. https://doi.org/10.1007/s13555-021-00547-3.

Chen, C.; Hou, G.; Zeng, C.; Ren, Y.; Chen, X.; Peng, C. Metabolomic Profiling Reveals Amino Acid and Carnitine Alterations as
Metabolic Signatures in Psoriasis. Theranostics 2020, 11, 754-767. https://doi.org/10.7150/thno.51154.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 23 of 24

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Ramessur, R.; Corbett, M.; Marshall, D.; Acencio, M.L.; Barbosa, I.A.; Dand, N.; Di Meglio, P.; Haddad, S.; Jensen, A H.M.;
Koopmann, W.; et al. Biomarkers of Disease Progression in People with Psoriasis: A Scoping Review. Br. J. Dermatol. 2022, 187,
481-493.

Ziehfreund, S.; Tizek, L.; Hangel, N.; Fritzsche, M.-C.; Weidinger, S.; Smith, C.; Bryce, P.J.; Greco, D.; Van Den Bogaard, E.H.;
Flohr, C.; et al. Requirements and Expectations of High-Quality Biomarkers for Atopic Dermatitis and Psoriasis in 2021—A
Two-Round Delphi Survey among International Experts. J. Eur. Acad. Dermatol. Venereol. 2022, 36, 1467-1476
https://doi.org/10.1111/jdv.18178.

Shelef, M.A; Sokolove, ].; Lahey, L.J.; Wagner, C.A.; Sackmann, E.K.; Warner, T.F.; Wang, Y.; Beebe, D.].; Robinson, W.H.; Hut-
tenlocher, A. Peptidylarginine Deiminase 4 Contributes to Tumor Necrosis Factor a-Induced Inflammatory Arthritis. Arthritis
Rheumatol. 2014, 66, 1482-1491. https://doi.org/10.1002/art.38393.

Kiss, B.; Szanto, M.; Hegedds, C.; Antal, D.; Sz6dényi, A.; Marton, J.; Méhes, G.; Virag, L.; Szegedi, A.; Bai, P. Poly(ADP-Ribose)
Polymerase-1 Depletion Enhances the Severity of Inflammation in an Imiquimod-Induced Model of Psoriasis. Exp. Dermatol.
2020, 29, 79-85. https://doi.org/10.1111/exd.14061.

Sestito, R.; Madonna, S.; Scarponi, C.; Cianfarani, F.; Failla, C.M.; Cavani, A.; Girolomoni, G.; Albanesi, C. STAT3-dependent
Effects of IL-22 in Human Keratinocytes Are Counterregulated by Sirtuin 1 through a Direct Inhibition of STAT3 Acetylation.
FASEB |. 2011, 25, 916-927. https://doi.org/10.1096/1j.10-172288.

Fan, X.; Yan, K;; Meng, Q.; Sun, R; Yang, X.; Yuan, D.; Li, F.; Deng, H. Abnormal Expression of SIRTs in Psoriasis: Decreased
Expression of SIRT 1-5 and Increased Expression of SIRT 6 and 7. Int. |. Mol. Med. 2019, 44, 157-171.
https://doi.org/10.3892/ijmm.2019.4173.

Bohio, A.A,; Sattout, A.; Wang, R.; Wang, K.; Sah, RK,; Guo, X,; Zeng, X.; Ke, Y.; Boldogh, I.; Ba, X. C-Abl-Mediated Tyrosine
Phosphorylation of PARP1 Is Crucial for Expression of Proinflammatory Genes. ]. Immunol. 2019, 203, 1521-1531.
https://doi.org/10.4049/jimmunol.1801616.

Kelel, M.; Yang, R.B.; Tsai, T.F.; Liang, P.H.; Wu, F.Y,; Huang, Y.T.; Yang, M.F.; Hsiao, Y.P.; Wang, L.F,; Tu, C.F.; et al. FUT8
Remodeling of EGFR Regulates Epidermal Keratinocyte Proliferation during Psoriasis Development. |. Investig. Dermatol. 2021,
141, 512-522. https://doi.org/10.1016/j.jid.2020.07.030.

Zou, C; Huang, C.; Yan, L.; Li, X.; Xing, M.; Li, B.; Gao, C.; Wang, H. Serum N-Glycan Profiling as a Diagnostic Biomarker for
the Identification and Assessment of Psoriasis. |. Clin. Lab. Anal. 2021, 35, €23711. https://doi.org/10.1002/jcla.23711.

Ge, H,; Li, B.; Chen, W.; Xu, Q.; Chen, S.; Zhang, H.; Wu, J.; Zhen, Q.; Li, Y.; Yong, L.; et al. Differential Occurrence of Lysine 2-
Hydroxyisobutyrylation in Psoriasis Skin Lesions. J. Proteom. 2019, 205, 103420. https://doi.org/10.1016/j.jprot.2019.103420.
Zhou, B;; Yang, W.; Li, W.; He, L.; Lu, L.; Zhang, L.; Liu, Z.; Wang, Y.; Chao, T.; Huang, R.; et al. Zdhhc2 Is Essential for Plasmacy-
toid Dendritic Cells Mediated Inflammatory Response in Psoriasis. Front. Immunol. 2021, 11, 607442.
https://doi.org/10.3389/fimmu.2020.607442.

Yang, L.; Yan, Y. Emerging Roles of Post-Translational Modifications in Skin Diseases: Current Knowledge, Challenges and
Future Perspectives. . Inflamm. Res. 2022, 15, 965-975.

Lundberg, K.C,; Fritz, Y.; Johnston, A.; Foster, A.M.; Baliwag, J.; Gudjonsson, J.E.; Schlatzer, D.; Gokulrangan, G.; McCormick,
T.S.; Chance, M.R.; et al. Proteomics of Skin Proteins in Psoriasis: From Discovery and Verification in a Mouse Model to Confir-
mation in Humans. Mol. Cell. Proteom. 2015, 14, 109-119. https://doi.org/10.1074/mcp.M114.042242.

Swindell, W.R.; Remmer, H.A ; Sarkar, M.K,; Xing, X.; Barnes, D.H.; Wolterink, L.; Voorhees, ].J.; Nair, R.P.; Johnston, A.; Elder,
J.T.; et al. Proteogenomic Analysis of Psoriasis Reveals Discordant and Concordant Changes in MRNA and Protein Abundance.
Genome Med. 2015, 7, 86. https://doi.org/10.1186/s13073-015-0208-5.

Ryu, J; Park, S.G.; Park, B.C.; Choe, M.; Lee, K.S.; Cho, ].W. Proteomic Analysis of Psoriatic Skin Tissue for Identification of
Differentially Expressed Proteins: Up-Regulation of GSTP1, SEN and PRDX2 in Psoriatic Skin. Int. J. Mol. Med. 2011, 28, 785—
792. https://doi.org/10.3892/ijmm.2011.757.

Piruzian, E.; Bruskin, S.; Ishkin, A.; Abdeev, R.; Moshkovskii, S.; Melnik, S.; Nikolsky, Y.; Nikolskaya, T. Integrated Network
Analysis of Transcriptomic and Proteomic Data in Psoriasis. BMIC Syst. Biol. 2010, 4, 41. https://doi.org/10.1186/1752-0509-4-41.
Méhul, B.; Ménigot, C.; Fogel, P.; Seraidaris, A.; Genette, A.; Pascual, T.; Duvic, M.; Voegel, ].J. Proteomic Analysis of Stratum
Corneum in Cutaneous T-Cell Lymphomas and Psoriasis. Exp. Dermatol. 2019, 28, 317-321.

Méhul, B.; Laffet, G.; Séraidaris, A.; Russo, L.; Fogel, P.; Carlavan, I; Pernin, C.; Andres, P.; Queille-Roussel, C.; Voegel, ].J.
Noninvasive Proteome Analysis of Psoriatic Stratum Corneum Reflects Pathophysiological Pathways and Is Useful for Drug
Profiling. Br. ]. Dermatol. 2017, 177, 470-488. https://doi.org/10.1111/bjd.15346.

Kapoor, S.R.; Filer, A.; Fitzpatrick, M.A.; Fisher, B.A.; Taylor, P.C.; Buckley, C.D.; Mclnnes, 1.B.; Raza, K.; Young, S.P. Metabolic
Profiling Predicts Response to Anti-Tumor Necrosis Factor a Therapy in Patients with Rheumatoid Arthritis. Arthritis Rheum.
2013, 65, 1448-1456. https://doi.org/10.1002/art.37921.

Julia, A.; Vinaixa, M.; Domeénech, E.; Fernandez-Nebro, A.; Canete, ].D.; Ferrandiz, C.; Tornero, J.; Gisbert, J.P.; Nos, P.; Casbas,
A.G,; et al. Urine Metabolome Profiling of Immune-Mediated Inflammatory Diseases. BMC Med. 2016, 14, 133.
https://doi.org/10.1186/s12916-016-0681-8.

van Swelm, R.P.L.; Laarakkers, C.M.M.; Kooijmans-Otero, M.; de Jong, EIM.G.].; Masereeuw, R.; Russel, F.G.M. Biomarkers for
Methotrexate-Induced Liver Injury: Urinary Protein Profiling of Psoriasis Patients. Toxicol. Lett. 2013, 221, 219-224.
https://doi.org/10.1016/]. TOXLET.2013.06.234.


http://mostwiedzy.pl

A\ MOST

Int. J. Mol. Sci. 2023, 24, 9507 24 of 24

121.

122.

123.

124.

Owczarczyk-Saczonek, A.; Purzycka-Bohdan, D.; Nedoszytko, B.; Reich, A.; Szczerkowska-Dobosz, A.; Bartosinska, J.; Batycka-
Baran, A.; Czajkowski, R.; Dobrucki, I.T.; Dobrucki, L.W.; et al. Pathogenesis of Psoriasis in the “Omic” Era. Part III. Metabolic
Disorders, Metabolomics, Nutrigenomics in Psoriasis. Postepy Dermatol. Alergol. 2020, 37, 452-467.

Boehncke, W.H. Systemic Inflammation and Cardiovascular Comorbidity in Psoriasis Patients: Causes and Consequences.
Front. Immunol. 2018, 9, 579. https://doi.org/10.3389/fimmu.2018.00579.

Egeberg, A.; Skov, L.; Gislason, G.; Thyssen, J.; Mallbris, L. Incidence and Prevalence of Psoriasis in Denmark. Acta Dermato-
Venereol. 2017, 97, 808-812. https://doi.org/10.2340/00015555-2672.

Alidrisi, H.A.; Al Hamdi, K.; Mansour, A.A. Is There Any Association Between Psoriasis and Hashimoto’s Thyroiditis? Cureus
2019, 11, e4269. https://doi.org/10.7759/cureus.4269.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://mostwiedzy.pl

