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Abstract: Psoriasis is a common chronic dermatological disease, affecting approximately 1-3% of the global population, and is
associated with numerous comorbidities, impaired quality of life, and reduced life expectancy compared with the general population.
The pathogenesis of psoriasis is complex and multifactorial, involving genetic susceptibility, external environmental factors, and
immune system dysregulation. Psoriasis is perceived as a systemic disorder associated with a systemic inflammatory condition. In
psoriasis, a chronically activated immune response results in the expression of numerous pro-inflammatory mediators, which enhance
and sustain the inflammatory feedback loop, thereby exacerbating cell senescence. Senescent cells adopt a hypersecretory state called
senescence-associated secretory phenotype (SASP). Multiple SASP-related mediators are dysregulated in psoriasis, including pro-
inflammatory cytokines, chemokines, growth factors, proteases and regulators, soluble or shed receptors and ligands, some of which
may serve as biomarkers or therapeutic targets. Therefore, psoriasis is closely associated with immune dysregulation and inflamma-
ging, which refers to a chronic, low-grade inflammatory state with exacerbated cellular senescence. The relationship between psoriasis,
inflammation, and cellular senescence is multidirectional, and might be considered in two hypothetical scenarios of cause-and-effect
relationship. A persistent pro-inflammatory state might promote cellular senescence and SASP upregulation, which in turn may trigger
immunological alterations characteristic of psoriasis, or psoriasis and associated dysregulation of the immune system leading to
systemic inflammation and thereby senescence. Hence, it is essential to clarify the mechanisms of inflammaging and the role of SASP
in psoriasis. It may support the development of the therapeutic strategies that take into consideration comorbidities and their shared
inflammatory background with psoriasis, enabling more precise assessment of the disease.
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Introduction
Psoriasis is one of the most common chronic dermatological diseases, affecting approximately 1-3% of the global
population,' with particularly high prevalence in Western European countries.®* This implies that millions of people
around the world struggle with the disease daily. Psoriasis is associated with several comorbidities, including cardio-
vascular and metabolic diseases, and it also affects patients’ mental health.” Psoriasis is a chronic, lifelong inflammatory
disease, and currently, there is no therapeutic strategy to definitively cure psoriasis or one that would act effectively for
every patient.

The pathogenesis of psoriasis is complex, multifactorial, and still not fully elucidated. The development of the disease
involves dysregulation of the immune response, abnormal keratinocyte differentiation and proliferation, and impaired
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angiogenesis.”’ Genetic susceptibility and numerous environmental triggers, such as infections, stress, medications,

and mechanical trauma, also contribute to disease onset and exacerbation.''!?
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The function of numerous components of the immune system is significantly disrupted in psoriasis, which is reflected
in abnormal levels of several regulatory molecules. Significantly increased concentrations of interleukins, chemokines,
growth factors and other regulatory mediators are observed. Their interplay creates a complex signaling network that
sustains chronic inflammation.

In recent years, increasing attention has been given to the role of cellular senescence and its contribution to psoriasis.
Cellular senescence is a state of irreversible cell cycle arrest induced by stressors such as oxidative stress and DNA
damage.”® Senescent cells remain metabolically active and adopt the senescence-associated secretory phenotype
(SASP).'* Established markers of senescence include increased expression of cyclin-dependent kinase inhibitors, such
as pl6”"INK4a and p21, as well as senescence-associated B-galactosidase (SA-B-gal) activity.'” Available evidence
suggests that oxidative stress and DNA damage contribute to senescence-associated pathways in psoriasis.' Increased
reactive oxygen species (ROS) in psoriatic skin can lead to DNA damage and activation of pathways such as p53/p21 and
pl6° INK4a/Rb, promoting senescence.'” These senescent cells may further amplify inflammation via SASP. Cellular
senescence is associated with markers of biological aging. Telomere shortening reflects cumulative cellular stress and can
trigger DNA damage responses.'> Additionally, epigenetic age acceleration, assessed using DNA methylation-based
clocks, provides a measure of biological aging independent of chronological age.'” These findings support the concept of
inflammaging, which describes the interplay between chronic, low-grade inflammation and aging-related processes.

Epigenetic mechanisms, including DNA methylation, histone modifications, and non-coding RNAs, are known to
regulate gene expression in psoriasis.'® However, their specific role in controlling SASP-related pathways in the context

of psoriasis has not yet been clearly established and remains an emerging area of research.'’
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Keratinocytes, which play a crucial role in psoriasis pathology, are characterized by hyperproliferation and parakeratosis.
Keratinocytes in psoriasis may show a senescent-like phenotype.?’ Hyperproliferation may coexist with features of cellular
senescence.”’ Upper epidermal keratinocytes have been shown to exhibit a senescence-like state despite remaining metabo-
lically active.?' Chronic inflammatory and stress-related signals, including oxidative stress and DNA damage, may induce
cell-cycle arrest pathways.?’ Pro-survival signalling mechanisms, such as activation of the PI3K/AKT pathway, may allow
these senescent-like keratinocytes to persist within the psoriatic epidermis rather than being eliminated.*'

Dermal fibroblasts are increasingly recognized as contributors to psoriasis pathogenesis by influencing keratinocytes
and modulating local immune responses through the secretion of cytokines, growth factors, and extracellular matrix
components.zz’23 Although some features of activated fibroblasts overlap with characteristics associated with cellular
senescence, direct evidence for a senescent phenotype in fibroblasts within psoriatic lesions remains limited.*?

Endothelial cells also play an important role in psoriasis by contributing to vascular remodeling, angiogenesis, and
leukocyte recruitment within lesional skin.** Activated endothelial cells upregulate adhesion molecules, facilitating the
infiltration of immune cells into the skin.>* Although chronic inflammatory and oxidative stress conditions present in
psoriasis are known to promote endothelial senescence, direct evidence for a senescent phenotype in endothelial cells
within psoriatic lesions remains limited.**

Among immune cells involved in psoriasis pathogenesis, senescence has been most clearly demonstrated in lesional
CD4" T cells, which exhibit increased expression of pl6*"INK4a® and p21.%° Earlier studies have also suggested that
chronic T-cell activation may contribute to disease persistence and cytokine dysregulation.”®

The microscopic alterations translate into the clinical picture of psoriasis, which manifests with scaly plaques on the
skin, erythematous-scaly lesions on the scalp, and nail lesions.?’ Psoriasis significantly affects patients’ quality of life and
may lead to work disability,”®* deterioration of interpersonal relationships, and exclusion from many daily activities.*
Therefore, it is crucial to continue exploring the pathogenesis of the disease and to seek increasingly advanced, patient-
tailored therapeutic strategies aimed at restoring normal functioning for millions of patients worldwide.

Senescence-Associated Secretory Phenotype (SASP)
Senescing cells undergo irreversible morphological and functional changes. As a result of factors such as DNA damage,

d,'**132 and the cells enter a state

telomere shortening, oncogene activation, or oxidative injury, the cell cycle becomes arreste
of hypersecretion characterized by persistent release of pro-inflammatory cytokines (eg, interleukin-6 (IL-6), interleukin-1
beta (IL-1p), interleukin-8 (IL-8)),'* chemokines (eg, C-C motif chemokine ligand 2 (CCL2), C-X-C motif chemokine ligand
1 (CXCL1), C-X-C motif chemokine ligand 5 (CXCL5), C-X-C motif chemokine ligand 8 (CXCLS)),'* growth factors (eg,
vascular endothelial growth factor (VEGF), transforming growth factor beta (TGF-f), hepatocyte growth factor (HGF)), as
well as extracellular matrix—degrading enzymes such as matrix metalloproteinases (eg, matrix metalloproteinase-1 (MMP-1),
matrix metalloproteinase-3 (MMP-3), matrix metalloproteinase-10 (MMP-10))'* and serine proteases - collectively referred

3334 (Figure 1). SASP is heterogeneous,>> depending on the cell

36,37

to as the senescence-associated secretory phenotype (SASP)
type, the stimuli affecting the cell, its microenvironment, and the duration of exposure, often determining whether SASP
has a beneficial or harmful impact.*® Initially described as a protective mechanism promoting tissue repair and tumor
suppression, persistent SASP signaling can become damaging, leading to chronic inflammation and tissue remodeling.>
SASP factors secreted by senescing cells might have multimodal effects on their environment and other cells, promoting
senescence, reinforcing senescence, and altering immunological processes.*>***! This indicates the complexity of the impact
of SASP on biological processes leading to “inflammaging” and dysregulation of homeostasis, and may also contribute to the

pathophysiology of skin diseases.*

Inflammaging in Psoriasis

The concept of inflammaging refers to a chronic, low-grade inflammatory state that increases with age or pathological
triggers like ultraviolet radiation (UVR), pollution, chronic inflammatory disorders, and in which senescent cells and
their SASP play a central role.** Senescent cells, which adopt a particular SASP profile, accelerate or sustain chronic
inflammation, leading to progressive tissue dysfunction and the amplification of inflammatory pathways characteristic of
psoriasis39 (Figure 2). Psoriasis is considered a disease linked to inflammaging. In psoriasis, the same molecular
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Figure | Cell in response to the aggravating factors develop a senescence-associated secretory phenotype (SASP), secreting numerous mediators e.g. cytokines,
chemokines, growth factors, proteases and regulators, soluble or shed receptors or ligands. SASP components may affect numerous processes, including promoting
senescence, sustaining inflammation, participating in angiogenesis and tissue remodeling, and promoting or suppressing tumor development. Created in BioRender.
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Figure 2 Schematic immunology of psoriasis. Trigger factor (e.g. injury, infection, drugs, toxic substances, genetics and others) cause damage-associated molecular patterns
(DAMPs) release. Activated keratinocytes secrete antimicrobial peptides (AMPs), LL-37 and DNA of damaged cells, that form complexes and through the toll-like receptors
(TLR) activate plasmacytoid dendritic cells (pDCs). Interferon alpha (IFN-a) participates in dendritic cells (DCs) maturation. DCs secrete interleukin-23 (IL-23), interleukin-
12 (IL-12), interleukin-6 (IL-6), tumour necrosis factor alpha (TNF-0), which participate in the activation of lymphocytes. IL-23 induces Th17 lymphocytes to produce IL-17,
IL-22. IL-17 affects keratinocytes, causing hyperproliferation, secretion of pro-inflammatory cytokines, secretion of chemokines that attract immune cells, therefore
sustaining the inflammatory feedback loop. IL-22 impairs keratinocytes differentiation. IL-12 induces Thl lymphocytes to produce TNF-a and IFN- y, which in turn activates
dendritic cells, keratinocytes, exaerbates inflammation. TNF-o and IL-6 induces Th22 lymphocytes to produce IL-22. This results in chronic inflammation and the transition
of cells toward a senescence-associated secretory phenotype (SASP). Created in BioRender.
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pathways - including interleukin-17 (IL-17), interleukin-23 (IL-23) and tumour necrosis factor alpha (TNF-a), oxidative
stress, and endothelial dysfunction - are constitutively activated, resulting in cellular senescence features and an
inflammaging-like profile.'? The chronic inflammatory condition in psoriasis is not only limited to the local skin
inflammation, but rather systemic, which may account for the higher risk of comorbidities such as cardiovascular
disease, obesity, metabolic syndrome, and others, in which the inflammatory background is also being explored.*
Patients with moderate to severe psoriasis have approximately a 5-year reduction in life expectancy compared with the
general population,**** because of chronic systemic inflammation that increases the risk of comorbidities.*>*® Numerous
SASP mediators in psoriasis demonstrate dysregulated expression, contributing to the development and persistence of
inflammaging. The relationship between psoriasis, inflammation, and cellular senescence is multidirectional,*” and might
be considered in two hypothetical scenarios of cause-and-effect relationship. A persistent pro-inflammatory state might
promote cellular senescence and SASP upregulation, which in turn may trigger immune dysregulation characteristic of
psoriasis, or psoriasis and associated dysregulation of the immune system leading to systemic inflammation and thereby
senescence. The pathogenesis of psoriasis may be associated with impaired regulation of cellular senescence,*® which
emphasizes the importance of clarifying the mechanisms of inflammaging and the role of SASP in psoriasis.

Senescence-Associated Secretory Phenotype Factors and Their
Involvement in Psoriasis
Cytokines

The secretory profile in psoriasis includes many cytokines released by fibroblasts, keratinocytes, immune cells such as
dendritic cells and lymphocytes. Among the cytokines, whose role has been investigated extensively in the pathogenesis
of psoriasis, there are IL-17, IL-23, IL-12, IL-22, TNF-q, and interferon gamma (IFN-y).* Some cytokines involved in
the pathogenesis of psoriasis are also SASP components. Table 1 summarizes major SASP-cytokines and their
contribution to the pathogenesis of psoriasis.

One of the most important immune pathways in psoriasis is the interleukin-23/T helper 17 (IL-23/Th17) axis.”” IL-23,
produced mainly by antigen-presenting cells (APCs), influences the expansion and stabilization of Th17 cells,”” which in
turn secrete IL-17 and IL-22. IL-17 influences the proliferation and differentiation of keratinocytes and stimulates the
production of pro-inflammatory cytokines (eg, IL-1, IL-6, TNF),”® chemokines (CXCL-1-3, CXCL-5, CXCL-8/IL-8,
CCL-20),* which in turn drives the pro-inflammatory cascade.”® IL-22, secreted mainly by Th17 and Th22, stimulates
keratinocyte proliferation and influences their differentiation.***' In the context of psoriasis, pro-inflammatory cytokines
such as IL-la, IL-1pB, IL-6, IL-7, IL-13, IL-15, IL-18, and TNF-a are components of the SASP, and their altered
expression contributes to the maintenance and amplification of chronic inflammation.'*

TNF-o is one of the main pro-inflammatory factors in psoriasis; it promotes dendritic cell maturation and IL-23
production, enhances IL-23/ Th17 response and NF-kB-dependent activation/proliferation of keratinocytes, and increases
endothelial activation and leukocyte recruitment within plaques.’® TNF-a inhibitors are well-established and evidence-
based therapeutic option in the management of moderate-to-severe psoriasis.>>

IL-1a and IL-1P are pro-inflammatory cytokines involved in the pathogenesis of psoriasis. IL-1f is mainly circulating
cytokine that contributes to the systemic inflammatory response. IL-1a is associated with local inflammatory processes
due to its mainly cell membrane-bound form.*> The function of IL-la and IL-1pB is similar, targeting keratinocytes,
fibroblasts, endothelial cells and lymphocytes. They contribute to increased production of cytokines, chemokines, and
adhesion molecules, leading to enhanced recruitment and accumulation of inflammatory cells in the skin.®'

IL-18 is a part of the IL-1 cytokine family. IL-18 acts mainly on NK cells and T lymphocytes. Together with IL-12
(secreted by dendritic cells and macrophages), it leads to increased production of IFN-y by Thl cells.®!

IL-6 is a pro-inflammatory cytokine that has a significant function in acute inflammatory processes as well as in
sustaining chronic inflammation.®® Therapies targeting IL-6, such as tocilizumab (an antibody against the IL-6 receptor)
and siltuximab (an IL-6 antagonist), have been used in IL-6 associated diseases (eg. rheumatoid arthritis, cytokine release
syndrome).** Further research may help determine the full therapeutic potential, including psoriasis.
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Table | The Table Summarizes Major SASP-Cytokines and Their Contribution to the Pathogenesis of Psoriasis

Cytokines Mechanism of Action Role in Psoriasis
(related to SASP/Senescence Microenvironment)

TNF-a Context dependent SASP factor, central inflammatory mediator, | Upregulated in psoriatic lesions (human studies);**®' affects

(other tissue evidence)*' keratinocyte proliferation; induces Th1/Th17 activation;*” anti-

TNF-0, agents - well-established psoriasis treatment®>

IL-la Core SASP regulator, key pro-inflammatory cytokine, acts on Expression altered in psoriatic lesions (human studies);®’
the IL-IR1 receptor; thereby activating p38 MAPK and the influences immune cells eg. DCs, T cells; promotes IL-23/Th17
transcription factor NF-kB;>* enhances the production of other | responses; involved in maintenance of chronic inflammation®®>’

SASP factors,™ (skin and other tissue evidence)®®

IL-1B Context dependent SASP component, key pro-inflammatory Upregulated in psoriatic lesions (human studies),®* Promotes
cytokine, activated by inflammasomes (eg, NLRP3); binds to the | inflammation by affecting keratinocytes, enhances Th17
IL-1R1 receptor, activates NF-kB and MAPK, induces the mediated immune response, contributes to chronic
expression of other cytokines and chemokines (including IL-6, inflammation®”

IL-8, TNF-a); when secreted, impacts its microenvironment,

(other tissue evidence, mice skin model)®*¢'

IL-6 Core SASP component, sustains chronic inflammation,®> may Upregulated in psoriatic lesions and serum (human studies),®®
affect the senescence of neighboring cells, (skin and other tissue | promotes Thl7 differentiation and keratinocyte proliferation®®
evidence)'*¢*

IL-7 Context dependent SASP component,'* can support the survival | Upregulated in psoriatic lesions and serum, does not correlate
of memory T cells; deficiencies impair the development and with disease severity (human studies).®®*° Blockade of IL-7
homeostasis of immune cells, (other tissue evidence)®’ receptor o chain reduces skin inflammation”®

IL-13 Context dependent SASP component,*' Th2 cytokine; promotes | Not fully established

cellular senescence, (other tissue evidence)”'

IL-15 Context dependent SASP component, maintains immune Upregulated in psoriatic lesions (human studies); affects

surveillance and chronic inflammation, (other tissue evidence)’® | keratinocyte proliferation; affects Th17 response;”> IL-15

blockade reduces psoriatic inflammation’*

IL-18 Context dependent SASP component, member of the IL-| Upregulated in psoriatic lesions (human studies),”® correlates
family, promotes chronic inflammation, acting synergistically with | with the severity of the disease’®

other cytokines (IL12, occasionally IL-15) stimulates production
of IFN-y, (other tissue evidence)®’

Abbreviations: DCs, dendritic cells; IFN-y, interferon gamma; IL, interleukin (np. IL-1, IL-6, IL-7, IL-13, IL-15, IL-18); IL-IR1, interleukin-1 receptor type |; MAPK, mitogen-
activated protein kinase; NLRP3, NLR (NOD-like receptor) family pyrin domain containing 3; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; SASP,
senescence-associated secretory phenotype; Thl, T helper | cells; Th17, T helper 17 cells; TNF-a, tumor necrosis factor alpha.

IL-7 is classified as part of the SASP profile in selected models depending on the context. It modulates the immune
response by influencing the development and maintenance of numerous immune cells, including T cells.®’

Typically described as a Th2 cytokine, IL-13 has complex mechanisms of action and its role in psoriasis is not fully
established. It has been shown that IL-13 in psoriasis acts synergistically with IFN-y to stimulate the production of
chemokines CCL2 and CCL5%%. In patients with psoriasis, serum IL-13 levels were lower than in the control group and
did not correlate with pruritus or disease severity.** IL-13 may act as a context-dependent SASP factor, promoting cell
aging, which leads to increased expression of SASP markers, and may itself belong to the cell SASP profile.'**

IL-15 might play a role in pathogenesis of psoriasis. Experimental mouse models have shown that the blockade of IL-
15 reduced the severity of psoriasis.”* IL-15, acting synergistically with IL-23, affects the Th17-dependent response.”

Chemokines
Chemokines, cytokines with chemotactic properties, are a large family of molecules responsible for directing the
migration (chemotaxis) of cells.*® In psoriasis, keratinocytes, endothelial cells produce chemokines that regulate the

6 https: Psoriasis: Targets and Therapy 2026:16



Filipek et al

influx of neutrophils, Th1/Th17 T cells, and other immune cells into lesional skin, thereby sustaining chronic
inflammation.'**”#% Cytokines, which play a key role in the pathogenesis of psoriasis, regulate the expression of
chemokines and their receptors. Table 2 summarizes chemokines, their receptors, and their contribution to psoriasis
pathogenesis, and their role as SASP. IL-17 upregulates expression of CXCL1, CXCL2, CXCLS8, CCL2, CCL7 and
CCL20, while IFN-y upregulates expression of CXCL9, CXCL10, CXCL11'%, thereby enhancing and sustaining the
inflammatory feedback loop.® In patients with psoriasis, the levels of several chemokines (including CCL2, CCL3,
CCL20, CXCL8, CXCL9, CXCL10 and CXCLI11) are elevated in lesional skin or serum.'? For some of these
chemokines, serum or tissue concentrations show a positive correlation with disease severity. For example, CCL20 is
being investigated as a potential biomarker in psoriasis,*> CXCL10 as a predictive biomarker for the development of
psoriatic arthritis in patients with psoriasis.”® The expression of receptors for specific chemokines is crucial for the
development of the immune response and the regulation of chemotaxis. In psoriasis, increased expression of these

receptors on T cells is observed, which may intensify chemotaxis even at lower concentrations of chemokines.'? SASP of

Table 2 The Table Summarizes Chemokines, Their Receptors, and Their Contribution to Psoriasis Pathogenesis, and Their Role as

SASP

Chemokines | Receptor Role in Psoriasis Role as SASP
CCL2/MCP-1 CCR?2, Upregulated in psoriatic lesions (human studies). Expression | Core SASP chemokine. Maintenance of low-grade
CCR4 induced by TNF-a and IFN-y. Amplification of the TNF-o/IL- | inflammation, (senescent dermal fibroblasts and
IB inflammatory loop.”' =3 other tissue model).*"*
CCL3/MIP-1a; | CCRI, Upregulated in serum (human studies)”%® SASP chemokines. Amplification of local
CCL4/MIP-1B | CCR5 inflammation around senescent cells, (other than
skin tissue model).”
CCL5/ CCRI, Upregulated in psoriatic lesions (human studies). Expression | SASP chemokine. Local SASP-driven inflammation
RANTES CCR3, induced by IFN-y.”8% (other than skin tissue model).'®
CCR5
CCL20/MIP- CCR6 Upregulated in psoriatic lesions (human studies). Expression | SASP chemokine. Recruiting CCR6" cells.
3a induced by IFN-y, TNF-a, IL-17A, and IL-22. Recruits IL-17- | Amplification of local inflammation (other than skin
producing CCRé" cells; amplifies IL-23/IL-17 axis.'®" tissue model).'*'%°
CXCLI/GRO- | CXCR2 Upregulated in psoriatic lesions (human studies). Expression | Core SASP chemokine. Neutrophil
o induced by IL-17A and TNF-o. Neutrophil chemotaxis to the | chemoattractant, (senescent dermal fibroblasts and
skin. Formation of Munro microabscesses.'*>'% other tissue model).”*%”
CXCL2/GRO- | CXCR2 Upregulated in psoriatic lesions (human studies). Neutrophil | Core SASP chemokine. Neutrophil
B chemotaxis.'* chemoattractant, (other than skin tissue model).””
CXCLS8/IL-8 CXCRI/2 | Upregulated in psoriatic lesions and serum (human studies). | Core SASP chemokine. Neutrophil
Neutrophil chemotaxis to the skin. Additional pro- chemoattractant, (senescent dermal fibroblasts and
inflammatory functions beyond chemotaxis.'®® other tissue model).”*”’
CXCLI/MIG CXCR3 Upregulated in psoriatic lesions (human studies). T cells Not a typical SASP component
chemotaxis. IFN-y-induced chemokine.'®
CXCLI0/1P- CXCR3 Upregulated in psoriatic lesions (human studies). T cells Not a typical SASP component; reported only in
10 chemotaxis. IFN-y-induced chemokine.'® some senescence contexts*!
CXCLII/ CXCR3 Upregulated in psoriatic lesions (human studies). T cells Not a typical SASP component
I-TAC chemotaxis. IFN-y-induced chemokine.'%

Abbreviations: CCL, C-C Motif Chemokine Ligand; CCR, C-C Motif Chemokine Receptor; CXCL, C-X-C Motif Chemokine Ligand; CXCR, C-X-C Motif Chemokine
Receptor; GRO-a, Growth-Regulated Oncogene-alpha; GRO-B, Growth-Regulated Oncogene-beta; I-TAC, Interferon-Inducible T-Cell Alpha Chemoattractant; IL,
Interleukin; IP-10, Interferon-y—Induced Protein 10; MCP-1, Monocyte Chemoattractant Protein-1; MIG, Monokine Induced by IFN-y; MIP-10, Macrophage Inflammatory
Protein-| alpha; MIP-18, Macrophage Inflammatory Protein-| beta; MIP-30, Macrophage Inflammatory Protein-3 alpha; RANTES, Regulated upon Activation, Normal T-cell
Expressed and Secreted; SASP - senescence-associated secretory phenotype; TNF-a - tumor necrosis factor alpha.
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senescent keratinocytes and fibroblasts of the skin includes chemokines (eg, CCL2, CXCLS), some of these chemokines
overlap with the chemokine secretion profile observed in psoriasis.'*

Growth Factors

Growth factors (GFs) are a crucial component of the complex signaling system that regulates proliferation, differentia-
tion, and cellular interactions within the skin. In psoriasis, their overexpression leads to a dysfunctional homeostasis
contributing to chronic inflammation and abnormal tissue regeneration.'®”'°® Table 3 summarizes the role of growth
factors in psoriasis.

Significantly increased VEGF expression was observed within plaques of psoriasis and in the serum of patients with
psoriasis.'®'"® A positive correlation between VEGF concentration in serum and psoriatic plaques and disease activity
was also confirmed.''® VEGF represents a superfamily of molecules, among which VEGF-A is the main member, and the
term VEGF usually refers to VEGF-A.'** VEGF molecules act through the receptors: vascular endothelial growth factor
receptor 1 and 2 (VEGFR-1, 2), which are mainly present on vascular endothelial cells.'?' Their activation leads to
inflammatory angiogenesis. In psoriasis, this process causes vascular abnormalities such as increased endothelial cell
proliferation, formation of new blood vessels, vessel enlargement, and increased endothelial permeability,'** which
clinically contributes to the occurrence of the Auspitz sign.'*> A significant decrease in serum VEGF concentration has
been observed in patients treated with TNF-a inhibitors.'**!*® This suggests that these drugs may indirectly reduce
angiogenesis and indicates the need for further studies focusing on angiogenesis as a potential therapeutic target.''® There
have also been single reports of patients in whom anti-VEGF therapy, initially used for oncological or ophthalmological
conditions, resulted in a significant reduction in the severity of psoriatic lesions.'?”'*° Due to the role of VEGF in the
pathogenesis of psoriasis, a study was conducted on transgenic mice to assess how overexpression of the VEGF gene in
the skin affects vascular and immune processes.'*! The study showed that increased local production of VEGF leads to

abnormal angiogenesis and chronic skin inflammation resembling human psoriasis.'>' VEGF may serve as a biomarker

Table 3 The Table Summarizes Key Growth Factors Implicated in Psoriasis and Their Relevance to SASP-Related Processes Within
the Inflammatory and Pro-Angiogenic Microenvironment

Growth Role in Psoriasis Role in SASP
Factor
VEGF-A Overexpressed in psoriatic lesions and serum (human studies),'” | Context dependent SASP component, promoting
correlates with severity; promotes angiogenesis, vascular angiogenesis and endothelial activation,
abnormalities; potential therapeutic target''° (other than skin tissue model)'"'
FGF-2 Overexpressed in serum (human studies), Context dependent SASP component, enhancing
promotes angiogenesis''2 proliferation and tissue remodeling,
(other than skin tissue model)'"
PDGF Overexpressed in psoriatic lesions (human studies), promotes Context dependent SASP component, supporting
angiogenesis' 3 fibroblast activation and vessel stabilization,
(other than skin tissue model)''*
EGF / TGF-a / Dysregulated EGFR signaling in psoriatic lesions (human studies);''> | Not a typical SASP component, SASP-linked autocrine
HB-EGF (EGFR may impact keratinocyte proliferation and abnormal differentiation, | loop sustaining hyperproliferation, (other than skin
ligands) promising target for further investigation''®''® tissue model)*!
IGFBP2, IGFBP3, | Dysregulated expression psoriatic lesions (human studies), ECM SASP components, regulators of ECM, senescence
IGFBP7 remodeling, angiogenesis, altered keratinocyte regulation''” microenvironment signaling,
(other than skin tissue model)*'

Abbreviations: ECM, extracellular matrix; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; FGF-2, fibroblast growth factor 2; HB-EGF, heparin-
binding EGF-like growth factor; IGFBP2, insulin-like growth factor-binding protein 2; IGFBP3, insulin-like growth factor-binding protein 3; IGFBP7, insulin-like growth factor—
binding protein 7; PDGF, platelet-derived growth factor; SASP, senescence-associated secretory phenotype; TGF-a, transforming growth factor alpha.
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of psoriasis activity and as a potential therapeutic target; however, the efficacy and safety of direct inhibition of this
pathway require further confirmation in clinical studies.'"”

Like VEGF, fibroblast growth factor 2 (FGF-2) and platelet-derived growth factor (PDGF) participate in the process
of pathological angiogenesis in psoriasis, creating vessels with an unstable structure that promote chronic
inflammation.'** '** Elevated concentration of FGF-2 has been observed in patients with psoriasis.''? Significantly
increased expression of PDGF and its receptor has been demonstrated in skin lesions in psoriasis.''? However, their
potential role in potential diagnostic/therapeutic solutions requires further investigation.

Another group of important factors is those from the epidermal growth factor (EGF) family, including epidermal
growth factor (EGF), transforming growth factor alpha (TGF-a), and heparin-binding epidermal growth factor (HB-EGF)
,'3° which activate the epidermal growth factor receptor/mitogen-activated protein kinase (EGFR/MAPK) pathway,
intensifying keratinocyte proliferation and thickening of the epidermis.''> Overexpression of EGF family ligands has
been observed in psoriatic skin and has been linked to the pathogenesis of the disease.''®'?® The relationship between
EGF concentration and clinical disease severity was observed and suggests that EGF might be investigated as a potential
marker for assessing disease severity.'>® EGFR overexpression in keratinocytes promotes inflammatory changes in
psoriasis.''>'3” Furthermore, individual clinical observations of cancer patients treated with EGFR inhibitors (eg,
cetuximab, lapatinib, erlotinib, panitumumab) for cancer who also had psoriasis showed a reduction in psoriatic
lesions.'"?

Insulin-like growth factor-binding proteins (IGFBPs) regulate insulin-like growth factor 1 and 2 (IGF-1, 2) by
modulating their interaction with their receptor, and also influence the proliferation, differentiation, and inflammatory
response of keratinocytes and fibroblasts.'*® Among IGFBPs 17, the significance of IGFBP2, IGFBP3, and IGFBP7 in
psoriasis has been investigated. It has been observed that IGFBP2 is aberrantly expressed in keratinocytes taken from
skin lesions of patients with psoriasis, where this protein contributed to the reduction of keratinocyte apoptosis and the
persistence of chronic inflammation.''” IGFBP3 shows increased expression in the epidermis from psoriasis lesions, but
its function remains unclear.'*>'*" In psoriasis, IGFBP7 plays a complex role depending on the cell type — in
keratinocytes, its reduced expression promotes excessive proliferation and epidermal differentiation dysfunction,'®!
while in endothelial cells, increased IGFBP7 expression escalates the inflammatory process.'** These data indicate
that IGFBP7 participates in both the regulation of epidermal proliferation and the regulation of inflammation, making it
a potential therapeutic target in psoriasis.'**'*?

Growth factors do not act independently, but form a complex communication system of interdependencies with
inflammatory cytokines.” IL-17A and TNF-o induce the secretion of VEGF-A, FGF-2, and HB-EGF in

144,145

keratinocytes, and these in turn cause an increased lymphocyte influx by increasing the expression of adhesion

molecules (ICAM-1, VCAM-1).>* This results in a self-perpetuating inflammatory cascade.’

Proteases and Regulators

CXCLI3/B-Lymphocyte Chemoattractant

CXCL13/B-lymphocyte chemoattractant (BLC) is a chemokine that binds to the receptor CXCRS5 and regulates the
chemotaxis of B cells and T follicular helper cells, affecting the proper functioning and organization of secondary
lymphatic organs.'*®'*” Disturbances of the CXCLI13/CXCRS5 axis are observed in several autoimmune and
inflammatory diseases.'*® In psoriasis, upregulation of CXCLI13 is observed in lesional skin and peripheral
blood and correlates with the disease severity. It has also been noted that CXCL13 levels in psoriatic lesions
decrease after anti-IL-23 treatment, suggesting its potential role as a biomarker.'*®'** Considered a SASP factor in
certain  tissue models, it contributes to immunosenescence by modulating the inflammatory

microenvironment, 2% 13!

Cathepsin B
Cathepsin B, a member of the cysteine cathepsin family, is a proteolytic enzyme found physiologically mainly in

lysosomes that is involved in extracellular matrix (ECM) remodeling. Cathepsin B has been identified as a contributor to
cancer progression, and its expression is elevated in several tumor types.'>* Senescent cells show dysregulated expression
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and activity of cathepsin B, suggesting that this protease may influence senescence-related remodeling of the tissue
microenvironment.*'*'>* In psoriatic skin, cathepsin B-positive senescent keratinocytes and mast cells may therefore
contribute to the pathogenesis of psoriasis, and cathepsin B has been identified as a potential biomarker or therapeutic
talrget.154
Cyclo-Oxygenase-| and —2

Cyclo-oxygenase-1 and —2 (COX-1 and COX-2) are key enzymes in prostaglandin synthesis and therefore play a crucial
role in regulating inflammatory processes.'>>'*° Both COX-1 and COX-2 show dysregulated expression in psoriatic skin,
which leads to altered prostaglandin synthesis and contributes to the maintenance of chronic inflammation characteristic
of psoriasis.'*”!%®

CD26/Dipeptidyl Peptidase 4

CD26/dipeptidyl peptidase 4 (DPP4/DP4/DPPIV) molecule is involved in several complex processes. It performs an
enzymatic function by degrading numerous peptides, including GLP-1 and GIP (incretins regulating insulin secretion),
which is why DPP4 inhibitors are used in the treatment of type 2 diabetes. In addition, DPP4 is involved in
immunological processes, participates in the activation of T lymphocytes, contributes to the degradation of chemokines,
and modulates the inflammatory response.'>® An 11-fold increase in the expression of the CD26/DPP4 mRNA in
psoriatic epidermis has been demonstrated.'®® Another study demonstrated elevated serum expression of DPP4 in
individuals with psoriasis and proposed its potential role in the induction of pruritus.'®'

Granulocyte Colony-Stimulating Factor

Granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), macro-
phage colony-stimulating factor (M-CSF) play a crucial role in hematopoiesis, regulating the differentiation and
development of neutrophils, granulocytes, and monocytes/macrophages.'® In contrast, aging cells secrete them along
with other pro-inflammatory molecules, amplifying chronic inflammation in the tissue microenvironment.*' Increased
expression of the GM-CSF was found in the skin and serum of patients with psoriasis.'®® Clinical case reports document
that administration of recombinant GM-CSF or G-CSF for neutropenia may induce or exacerbate psoriatic-like
lesions.'®*'°® However, a randomized, controlled study demonstrated that namilumab, a specific human anti-GM-CSF

monoclonal antibody, has not been effective enough to treat patients with psoriasis.'®’

Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are responsible for the degradation and remodeling of extracellular matrix compo-
nents, regulating processes such as healing and cell migration. MMPs activity is regulated by their inhibitors eg. tissue
inhibitor of metalloproteinases-1 (TIMP-1), tissue inhibitor of metalloproteinases-2 (TIMP-2).'%® Several molecules from
the MMPs family, which also belong to the classic SASP of skin cells, are involved in the regulation of inflammatory
processes and in the pathogenesis of psoriasis.'® In psoriasis, MMP-1, MMP-2, MMP-3, MMP-9 and MMP-13 are most

169-172

commonly reported as elevated in lesional skin and/or serum, whereas MMP-12 has been described as decreased in

serum but increased in lesional sl<in,17°’173"174

and MMP-3 shows both up- and down-regulation depending on the
study.'”*'” This indicates an overall dysregulation of MMPs in psoriasis. Disrupted balance between MMP/TIMP and

their normalization after effective treatment has also been observed.'”!!7¢

Plasminogen Activator Inhibitor-, Plasminogen Activator Inhibitor-2

Plasminogen Activator Inhibitor-1 (PAI-1) is a member of the serine protease inhibitor (SERPIN) family. PAI-1 inhibits
plasminogen activators, which convert plasminogen into plasmin, thereby regulating the process of fibrinolysis. PAI-1 is
one of the most extensively investigated mediators of cellular senescence and a key component of the SASP, playing
a crucial role in maintaining the senescent phenotype. Furthermore, inhibition of PAI-1 limits cellular senescence and
modulates its pathological consequences.'”’'” Elevated levels of PAI-1 have been observed in individuals with

psoriasis and have been shown to correlate with disease activity'®"'8!

180,182

and might influence pathological vascular

183

remodeling, suggesting a role for PAI-1 in sustaining the inflammatory processes characteristic of psoriasis.
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Additionally, another member of the SERPIN family-Plasminogen Activator Inhibitor-2 (PAI-2) - has been reported to be
elevated in psoriatic lesions, although its role remains much less studied.'8%'%>

Macrophage Migration Inhibitory Factor
Macrophage Migration Inhibitory Factor (MIF) is a pro-inflammatory cytokine and is associated with senescence-related
inflammation and the SASP.'**!'%" Elevated levels of MIF have been reported in the lesional skin and serum of patients

with psoriasis activity.'5%'8

Soluble or Shed Receptors or Ligands

Soluble or shed receptors and ligands including annexin A3 (ANXA3), Fas/CD95 and Fas Ligand (FasL), intercellular
adhesion molecule-1 and —3 (ICAM-1, ICAM-3), osteoprotegerin (OPG), soluble tumor necrosis factor receptors I and 11
(sTNFRI, sTNFRII), and TNF-related apoptosis-inducing ligand receptor-3 (TRAIL-R3) contribute to SASP inflamma-
tory signalling. ICAM-1, ICAM-3 are responsible for recruitment of leukocytes to the inflammatory site, in psoriasis
ICAM-1 and —3 expression is increased in psoriatic lesions and serum and correlates with disease severity.'”*'°! Recent
study demonstrated that ANXA 3 is highly expressed in psoriatic skin, and its suppression reduced inflammation and
keratinocyte hyperproliferation in experimental model, however the data remain limited.'”® Fas/CD95-FasL signalling
contributes to the induction of apoptosis, in psoriasis Fas is upregulated and its alternative pro-inflammatory pathways
are predominant, while abnormal apoptosis of keratinocytes is observed.'”® TRAIL-R3/decoy receptor 1 (DcR1) is
a receptor for TRAIL, which induces apoptosis and contributes to inflammatory signalling. TRAIL-R3 does not induce
apoptosis but rather is thought to inhibit TRAIL-mediated apoptosis.'®* In psoriasis, increased expression of TRAIL and
its receptors has been observed in psoriatic lesions, suggesting its dysregulated signalling.'”*'?> Increased levels of
sTNFRI/II have been observed in serum of patients with psoriasis, they influence TNF-a activity, which is involved in

pathogenesis of psoriasis.'?®!°7

Current Intervention Strategies Against Aging and Their Potential

Application in Psoriasis
A healthy lifestyle, including a well-balanced diet, regular physical activity, high-quality sleep, and minimal toxic
exposure, is considered to have a significant impact on reducing cellular senescence and preserving healthy life
expectancy (HALE). These fundamental measures are essential strategies for reducing inflammaging. *®'9%:!%
A healthy lifestyle is considered the most essential intervention in maintaining health and preventing pathological,
preterm aging.'”®

Senolytics are agents that aim to selectively eliminate senescent cells. Dasatinib and quercetin, considered as
senolytics, have demonstrated lifespan extension and improvement of multiple organ functions, including skin, in animal

models.?

Moreover, a pilot study involving senolytic therapy in older adults at risk for Alzheimer’s disease showed
preliminary good tolerability and revealed a correlation between improvements in cognitive function and reductions in
SASP.**! Dasatinib and quercetin were shown to decrease senescent cell levels and circulating SASP factors in Phase I
clinical trials for chronic kidney disease, which involved patients with diabetic nephropathy.>**> In a mouse model of
imiquimod-induced psoriasis-like skin inflammation, quercetin reduced serum levels of TNF-a, IL-6, and IL-17 and
Psoriasis Area and Severity Index (PASI). Dasatinib combined with quercetin eliminated senescent cells and reduced the
expression of SASP, resulting in an improvement of aging-related changes in human skin.?*® Fenofibrate is also
considered a senolytic; its mechanism of action also includes the elimination of senescent cells.”** In keratinocyte
models and an imiquimod-induced psoriasis mouse model, fenofibrate was shown to reduce inflammatory cytokines (IL-
1B, IL-6, IL-17A, TNF-0), and enhance autophagy, presenting anti-inflammatory effects.’”> Moreover, patients with
psoriasis showed clinical improvement after treatment with fibrates, and relapse of lesions after discontinuation, but the
group described in the study consisted of only 2 patients.’’® Curcumin shows senolytic activity in senescent human
intervertebral disc cells by reducing SASP expression associated with inflammatory responses.”” Curcumin administered
topically in imiquimod-induced psoriasis-like inflammation in mice, was shown to reduce the production of pro-
inflammatory cytokines IL-1p and IL-6.°® In another small clinical study, niosomes with curcumin, applied topically,
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demonstrated improvements in mild-to-moderate psoriasis, reducing lesion severity and reducing levels of the IL-17/IL-
23 axis cytokines.?’” Further research and ongoing clinical trials may lead to new therapeutic solutions, with senolytics as
potential novel therapeutics in inflammatory skin diseases.”>*'® Measurements of the safety of such interventions are
crucial, given the physiological roles of senescence eg. in wound-healing processes and in tumor surveillance.
Senomorphics are molecules that do not eliminate senescent cells but instead suppress their SASP and its role in
sustaining inflammaging. These include metformin, mTOR inhibitors (rapamycin and its derivatives), and JAK/STAT
inhibitors, and others.?'" In the clinical trial Metformin in Longevity Study (MILES), metformin was shown to modulate
the expression of age-related genes,?'” and it has been investigated whether metformin may slow the development of age-
associated chronic diseases in the research program - TAME (Targeting Aging with Metformin).?'* Metformin can
reduce chronic inflammation and oxidative damage.?'* It has been shown to be beneficial for patients with psoriasis and
comorbidities such as diabetes, insulin resistance, metabolic syndrome and obesity, likely due to metabolic
improvement.?'>2'” The beneficial effects of metformin in patients with psoriasis without comorbidities are rather
controversial.>'® Rapamycin (sirolimus) is approved for the treatment of lymphangioleiomyomatosis and for the
prevention of organ rejection after kidney transplantation.?'®?'” Rapamycin, mTOR inhibitor, shows anti-inflammatory
characteristics by attenuating senescent cells’ pro-inflammatory properties.”*’ The role of mTOR inhibitors in psoriasis is
limited. Imiquimod-induced psoriasis-like inflammation treated with rapamycin shows improvement of skin lesions.**'
A small trial with topically applied sirolimus showed a reduction in clinical score, although the thickness of the plaques
and erythema showed no significant improvement.?** Application of topically administered mTOR inhibitors in psoriasis
requires further investigation.223 Upadacitinib, a JAK inhibitor, is approved in Europe for treatment of several conditions
including psoriatic arthritis and atopic dermatitis.*>* It has been demonstrated that Upadacitinib, administered for atopic

225 it has been also observed that in

226,22
b. 6,227

dermatitis with concomitant psoriasis, resulted in the resolution of skin lesions,

patients with atopic dermatitis dupilumab-induced psoriasis was successfully treated with Upadacitini

Upadacitinib administered for psoriatic arthritis resulted in improvement in PASL.?*®

Individual patient — Patients
characteristics
SASP
External factors profiling

Environment

Lifestyle I ‘
-

Comorbidities ’

’A Precision dermatology
Administering patient-tailored treatment
N based on data integration.

Figure 3 Potential development of patient-tailored treatment. Personalized analysis of patients’ individual characteristics, comorbidities, and external factors combined with
individual SASP profiling might enable the development of highly personalized therapeutic protocols. Created in BioRender.
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The clinical application of senolytic therapies in psoriasis remains limited, as most available evidence comes from
animal or experimental studies; clinical trials in humans are rare and involve small patient cohorts, and reliable data on
long-term safety and efficacy are still lacking.

Current knowledge about the role of SASP in psoriasis remains limited, even though SASP is recognized in skin
ageing and inflammation broadly.>***° Further research is needed to determine whether targeting SASP components
could offer therapeutic benefits or improve treatment outcomes in psoriasis.*’

Conclusions

The pathogenesis of psoriasis is closely associated with impaired regulation of cellular senescence, which emphasizes the
importance of clarifying the mechanisms of inflammaging and the role of SASP in psoriasis. Key knowledge gaps
include the identification of cell-type—specific roles of SASP components in lesional and systemic contexts in psoriasis,
and to determine possible clinical benefits of the SASP profile in psoriasis. Future research should focus on the
identification of reliable senescence and SASP biomarkers, longitudinal studies to clarify causality, and the development
of scalable methods for patient stratification. Such efforts may enable more precise, personalized therapeutic strategies.
The development of research focused on determining an individual SASP profile in patients could lead to the creation of
clinically groundbreaking diagnostic and therapeutic tools that would enable personalized analysis of molecular, clinical,
and environmental data, thereby allowing the development of highly personalized therapeutic protocols (Figure 3). Such
an approach, consistent with the concept of patient-tailored treatment, increases the possibility of optimizing therapeutic
effectiveness, minimizing adverse effects, and adopting a more precise approach to the disease. The concept of
individualized SASP profiling is a largely speculative therapeutic and diagnostic option at this moment. While advances
in omics technologies support the theoretical feasibility of this approach, significant challenges remain. These include
high inter-individual variability, lack of standardized biomarkers, technical complexity, and costs. Consequently, routine
implementation of this solution in clinical practice is not yet possible.
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