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Sóri er sjálfsofnæmissjúkdómur sem herjar á húð og algengasta formið, skellusóri, lýsir sér sem upphleyptum, afmörkuðum, rauðleitum skellum með hvítleitu hrúðri. Meingerðin er blanda af Th1 og Th17 bólgusvari þar sem hyrnisfrumur í neðsta lagi húðarinnar fjölga sér of hratt og þroskast ekki rétt sem veldur þykknun á yfirhúðinni. Samsetning lífmerkja, bæði í húðinni og blóði, er öðruvísi í sórasjúklingum en í heilbrigðum einstaklingum. LL-37 er varnarpeptíð sem tilheyrir ósérhæfða ónæmiskerfinu og getur mótað ónæmissvarið, auk þess að geta drepið örverur sem komast inn í líkamann. LL-37 er í hærri styrk í sórasjúklingum en heilbrigðum einstaklingum, bæði í blóði og húð. LL-37 tekur þátt í upphafi meingerðar sóra og er mögulega sjálfsofnæmisvaki í sóra. Í þessu verkefni var markmiðið að skilgreina betur hvernig LL-37 mótar ónæmissvar og hefur áhrif á seytingu hyrnisfrumna og ónæmisfrumna á lífmerkjum. 
Blóð- og húðsýni voru fengin frá sórasjúklingum sem voru í ljósameðferð við sóra. Eftir mælingu á sýnunum var tenging T17 frumna staðfest við alvarleika sóra, hjá bæði CD4+ og CD8+ T frumum, þar sem T17 frumum fækkaði við meðferð. Auk þess var jákvæð fylgni milli fækkunar á Th17 frumum í blóði og alvarleika sjúkdóms. T frumum fækkaði í húðinni og tjáning IL-17 í leðurhúðinni hafði jákvæða fylgni við alvarleika sjúkdóms. Hlutfall T frumna sem tjáðu húðsæknisameindirnar CD103 og/eða CLA minnkaði við ljósameðferð hjá bæði T17 og T22 frumum. 
T frumur sem voru á leið í sórahúð voru skoðaðar nánar með því að mæla flakkboðaviðtakana CXCR3, CCR4 og CCR6. T frumur tjáðu CXCR3 í mismiklu magni og í úrvinnslunni var þeim skipt upp í tvo hópa eftir því hversu mikið þær tjáðu af CXCR3. Tjáningarmynstur T frumna á flakkboðaviðtökum var mismunandi eftir tjáningu þeirra á CLA og CD103. 
Hnattkjarna frumur úr blóði voru einangraðar og örvaðar með bólguboðefnum sem líktu eftir Th1 og Th17 ónæmissvari. Seyting þeirra eftir örvun myndaði ólík tjáningarmynstur sem LL-37 hafði áhrif á. CXCR3hi 
T frumur voru misalgengar hjá sórasjúklingum og heilbrigðum einstaklingum og þar af leiðandi var ákveðið var að skoða þær frekar. CXCR3hiCD4+ T frumur sem voru einangraðar og örvaðar með Th1 og Th17 örvun seyttu minna af IL-10, CXCL8 og IL-1β en CXCR3negCD4+ T frumur.
Meingerð sóra er undir miklum áhrifum af seytingu hyrnisfrumna. Ákveðið var að rannsaka seytingu hyrnisfrumna við sömu örvunaraðstæður og áður var lýst fyrir hnattkjarna frumur úr blóði. Niðurstöðurnar gefa til kynna að hyrnisfrumur seyta fjöldanum öllum af flakkboðum, vaxtarþáttum og bólguboðefnum sem Th1 og Th17 örvun hafa mikil áhrif á. Að auki hefur LL-37 áhrif á seytinguna. Þegar LL-37 var notað með Th1 örvun þá dró það oft úr seytingu, miðað við Th1 örvun eingöngu.
Þegar hyrnisfrumur voru örvaðar með Th1 og Th17 örvun auk LL-37, þá stýrði LL-37 seytingunni í bólguhvetjandi átt með því að auka seytingu á CXCL8 og IL-1β og minnka seytingu á IL-10. LL-37 hafði líka áhrif á innanfrumu boðferla hyrnisfrumna með því að minnka fosfæringu á ERK1/2. Tjáning LL-37 var mismunandi í heilbrigðri húð og sórahúð þar sem tjáning LL-37 huldi alla yfirhúðina í ómeðhöndlaðri sórahúð.  Eftir ljósameðferð dróst tjáningin saman og færðist nær neðsta laginu í yfirhúðinni, sem er líkara tjáningarmynstri LL-37 í eðlilegri húð. 
Yfir það heila sýnir þessi rannsókn fram á breytingar sem verða á T frumum í blóðrás sórasjúklinga við ljósameðferð. Seytingu ónæmisfrumna og hyrnisfrumna og hvernig þær svara mismunandi örvunum sem líkja eftir bólguumhverfi sem sést í meingerð sóra eru gerð góð skil, sem og áhrifum ónæmismótandi peptíða eins og LL-37 á þá seytingu. Að auki er mótunaráhrifum LL-37 á innanfrumu boðferla í hyrnisfrumum og ónæmisfrumum lýst og tjáningarmynstur LL-37 í húðvef skoðað. Ítarlegri þekking á grunn ónæmissvarinu sem stuðlar að meingerð sóra er ómetanleg og mun gefa okkur nákvæmari skotmörk í lyfjameðferð. Við teljum að þessi rannsókn sé verðugt innlegg í þekkingargrunninn sem er að myndast um meingerð sóra, einkum hvað varðar breytingar sem verða samhliða ljósameðferð á seytingu mismunandi frumugerða á margs konar lífmerkjum, sem og áhrifa LL-37 á nærumhverfið í sóra.  
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Psoriasis is an autoimmune disease of the skin, and the most common form, plaque psoriasis, is characterized by raised, well-demarcated, erythematous plaques with adherent silvery scales. The immunopathogenesis has a mixed Th1 and Th17 inflammatory profile, and keratinocytes in the basal layer of the skin hyperproliferate and do not mature properly, causing elongated rete ridges and parakeratosis. Alterations in the immune biomarker microenvironment accompany the pathogenesis of psoriasis, both in skin and blood. LL-37 is an anti-microbial peptide of the innate immune system that has extensive immunomodulatory functions besides having an anti-microbial function. LL-37 takes part in the induction of psoriasis, with a potential role as an autoantigen. In this project, we wanted to further define the immunomodulatory effect of 
LL-37 upon various immune biomarker secretion by keratinocytes and white blood cells. 
Blood and skin samples were obtained from psoriasis patients undergoing phototherapy. When analysed, the results corroborated the role of T17 cells, both CD4+ and CD8+ T cells, in the pathogenesis of psoriasis, as the percentage of Th17 and Tc17 cells was reduced following phototherapy. In addition, the reduction of Th17 cells positively correlated with both PASI and the histological Trozak score. Within the skin, the number of T cells reduced with psoriasis treatment, and the intensity of immunofluorescent staining of 
IL-17 in the dermis correlated to the PASI score. There was also a reduction in the percentage of skin-homing CLA+ T cells, both in T17 cells and T22 cells, as well as in CD103+CLA+ skin-homing T cells. 
Further phenotypic analysis of these skin-homing T cells in psoriasis patients was performed by measuring the expression of the chemokine receptors CXCR3, CCR4, and CCR6. Two groups of CXCR3 expressing T cells were observed, expressing high or intermediate levels, and these two groups were subsequently analysed separately. Different chemokine receptor expression patterns emerged when T cells were subtyped based on the expression of CLA and CD103. 
When peripheral blood mononuclear cells (PBMCs) were stimulated in vitro with two distinct stimulations mimicking the Th1 and Th17 microenvironment, various biomarker secretory patterns emerged, particularly in association with the presence of LL-37. Due to the differences in CXCR3hi expression of T cells between psoriasis patients and healthy controls (HC), their functional capacity was analysed further. CXCR3hiCD4+ T cells cultured using Th1 and Th17 stimulation, secreted lower levels of IL-10, CXCL8, and IL-1β than CXCR3negCD4+ T cells.
The pathogenesis of psoriasis is in part driven by the secretion of immune biomarkers by keratinocytes. Thus, given the above findings, investigation of their inflammatory profile in the same immunomodulatory microenvironment as for the PBMC was performed, focusing on LL-37. The results demonstrate that primary keratinocytes secrete a wide array of chemokines, growth factors, and cytokines that can be significantly affected by Th1 and Th17-driven stimulation. Furthermore, their immune biomarker fingerprinting was frequently altered in the presence of LL-37. In many instances, LL-37 reduced the secretion of immune biomarkers when added to Th1 stimulation as compared to Th1 stimulation alone. 
Under Th1 and Th17 inflammatory stimulation, LL-37 modulated the secretion of keratinocytes towards a more inflammatory response by increasing secretion of CXCL8 and IL-1β and decreasing secretion of IL-10. In addition, LL-37 also affected the intracellular signalling pathways of keratinocytes by decreasing the phosphorylation of ERK1/2. When the expression of LL-37 in psoriatic skin was analysed, a change in expression pattern of psoriasis patients was observed following treatment, from being distributed all over the epidermis to being defined to the basal layer as also was found in HC skin biopsies. 
Taken together, this research details the changes in circulatory T cells and the microenvironment in psoriatic plaques, both at cellular and molecular levels, that occur concomitant to phototherapy. We document the secretory potential of PBMCs and keratinocytes of immune biomarkers after stimulation that mimics the psoriasis microenvironment. Furthermore, the immunomodulatory properties of LL-37 on secretion and intracellular signalling pathway activation are described, both in keratinocytes and PBMCs, as well as the biological expression of LL-37 in psoriatic skin. A more detailed understanding of the fundamental pathways that contribute to the pathogenesis of psoriasis is a driving force in more focused therapy. The effects of immunomodulatory agents such as LL-37 need to be mapped out in diverse biological mimicking situations, and we think that we have contributed to this field. This research adds to the basic knowledge regarding the pathogenesis of psoriasis, concerning cellular and molecular changes occurring following psoriasis treatment, and what effects different inflammatory microenvironments and LL-37 have thereon. 

Keywords: 
Psoriasis, LL-37, immune biomarkers, T cells, keratinocytes, phototherapy
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Psoriasis is a chronic, autoimmune disease of the skin. It is one of the most common autoimmune diseases with a high prevalence in Western countries (Girolomoni et al., 2012; Lwin et al., 2024). The pathogenesis of psoriasis is characterized by hyperproliferation of keratinocytes in the epidermis and T cell infiltration into the skin. Antimicrobial peptides (AMPs) are an integral part of the innate immune system and have a role in killing pathogenic microorganisms (Gaspar et al., 2013; Takahashi & Yamasaki, 2020). LL-37 is the only cathelicidin found in humans and is overexpressed in both skin and serum of psoriasis patients (Fuentes-Duculan et al., 2017; Lande et al., 2007; Lao et al., 2023). In recent years, LL-37 has been hypothesized to be a player in the pathogenesis of psoriasis, both in its induction and maintenance (Lande et al., 2014; Lande et al., 2015; Lande et al., 2007; Lowes et al., 2014). Psoriasis is, therefore, a highly interesting model to study the effects of AMP on the progression of an autoimmune disease and on the different cells of the immune system. 
[bookmark: _Toc184633323][bookmark: _Toc184909089] Different types of psoriasis 
Plaque psoriasis is the most common form of the disease, with around 90% of psoriasis patients presenting with it. Plaque psoriasis is characterized by raised, well demarcated, erythematous plaques with silvery scales. Classical places to get plaques are on knees and elbows, in the scalp and in the umbilicus and lumbar region (Boehncke & Schon, 2015; Dopytalska et al., 2018). Psoriasis can affect other regions of the body, such as nails, face, palms, and soles. Facial psoriasis is connected to a more severe type of psoriasis with a higher psoriasis area severity index (PASI) score, more involvement of the scalp and is often seen in patients that have a longer duration of disease and a positive family history (Dopytalska et al., 2018; Woo et al., 2008).
Guttate psoriasis (also known as eruptive psoriasis) presents as small lesions in the shape of a teardrop, most often on the trunk (Brandon et al., 2019). This type of psoriasis is especially prominent in children (Mahe, 2016). Patients that are diagnosed with guttate psoriasis can in some cases get plaque psoriasis later in life (Ko et al., 2010; Pfingstler et al., 2016). Guttate psoriasis is the type of psoriasis that has been most strongly connected to streptococcal infections, where symptoms of psoriasis start after infection with streptococcal infection (Kamiya et al., 2019; Telfer et al., 1992; Thorleifsdottir et al., 2016). Most commonly it is streptococcal pharyngitis that precedes psoriasis, but other sites of infections are known (De Jesus-Gil et al., 2018; De Jesús-Gil et al., 2020; Garritsen et al., 2017; Hernandez et al., 2015). The connection between streptococcal infections and symptoms of psoriasis is so strong that tonsillectomy has been shown to have a strong positive therapeutic effect (Thorleifsdottir et al., 2012; Thorleifsdottir et al., 2017; Wu et al., 2014).
Pustular psoriasis is a rare form of psoriasis and has been shown to be very dissimilar to plaque psoriasis. It is characterized by superficial, sterile pustules on the skin that are caused by infiltration of neutrophils into the epidermis. Pustular psoriasis is further divided into subtypes, such as, generalized pustular psoriasis where the pustules are widespread and palmoplantar pustulosis where the pustules are confined to the hands and soles of feet of patients (Misiak-Galazka et al., 2020; Navarini et al., 2017). Pustular psoriasis differs from plaque psoriasis in phenotype and genetic background, where pustular psoriasis has a dominating innate inflammatory response (Twelves et al., 2019; Uppala et al., 2021). Interleukin (IL)-1 and IL-36 signalling is prominent in the pathogenesis of pustular psoriasis and monoclonal antibodies for the IL-36 receptor are in clinical trials as treatment options (Iznardo & Puig, 2022; Uppala et al., 2021).
Inverse psoriasis (also known as intertriginous or flexural psoriasis) is found in body folds where two skin surfaces meet. It presents as shiny, smooth, red lesions that are not covered in scales. These lesions most often occur in the groin, inframammary, perineal, and axillary areas (Brandon et al., 2019; Dopytalska et al., 2018; Omland & Gniadecki, 2015). The percentage of psoriasis patients affected with inverse psoriasis is difficult to estimate, genital psoriasis is sometime counted as a part of inverse psoriasis and sometimes as a distinct entity, but the prevalence is 12-36% of European psoriasis patients (Dopytalska et al., 2018; Omland & Gniadecki, 2015)
[bookmark: _Toc184633324][bookmark: _Toc184909090] Histological features of the skin 
Skin can be divided into distinct tissue layers, epidermis on top of the dermis and a subcutaneous fatty layer underneath the dermis. The epidermis is mostly comprised of keratinocytes with some immune cells and no vascularity. The dermis mostly consists of fibroblasts in a network of collagen and elastin fibers. The dermis is vascularized and contains different types of immune cells and other cell types, such as those in nerve endings, sweat glands, hair follicles and sebaceous glands (Takamura, 2018; Tay et al., 2014). 
The epidermis is divided into layers, the stratum basale being the deepest and on top of that the stratum spinosum, stratum granlulosum, stratum lucidum and stratum corneum which is the most superficial layer. The keratinocytes in the stratum basale are constantly dividing but keratinocytes do not divide in other layers of the skin under normal circumstances. However, keratinocytes just above the stratum basale have now been shown to be able to divide and maintain a fully stratified epidermis in vivo (Pontiggia et al., 2022). Besides immune cells and keratinocytes, the epidermis contains melanocytes, that give the skin its colour, and Merkel cells, that sense light touch in the skin (Ortiz-Lopez et al., 2022; Yousef et al., 2022). 
Psoriasis patients with plaque psoriasis present with an altered histology of the skin. However, it is uncommon for an individual to show all the pathohistological changes connected to psoriasis at once. Some of the features are distinct for psoriasis but some are common for other skin diseases as well (Trozak, 1994). The epidermis is thicker in psoriatic skin due to the hyperproliferation of keratinocytes in the basal layer and keratinocytes also show abnormal mitosis above the stratum basale. In psoriatic skin, the rete ridges of the epidermis are elongated into the dermis and shaped like a club, rather than the squared phenotypes sometimes seen in other skin diseases (Trozak, 1994). 
Under normal circumstances, keratinocytes will mature as they are pushed upward in the epidermis, getting rid of the nucleus on the way. In psoriatic skin the keratinocytes do not mature correctly and retain the nucleus when entering the stratum corneum (parakeratosis). Associated with the parakeratosis is the thinning or absence of the stratum granulosum seen in some psoriatic skin (Brady, 2004; Murphrey et al., 2022; Trozak, 1994). 
Normal skin contains some immune cells that are somewhat restricted in where they reside; CD8+ tissue resident memory T cells (TRMs) and Langerhans cells are in the epidermis and CD4+ TRMs, mast cells, macrophages, dermal dendritic cells (DCs) and γδ T cells, among others, are in the dermis (Chambers & Vukmanovic-Stejic, 2020; Murphy et al., 2022; Tay et al., 2014; Toulon et al., 2009). However, psoriatic skin is infiltrated by large numbers of immune cells of many types, mostly T cells and neutrophils. In psoriatic skin, neutrophils congregate in the epidermis to form either the Munro´s microabsesses in the stratum corneum or spongiform pustules of Kogoj in the stratum spinosum, both of which are distinct features of psoriasis (Balan et al., 2021; Trozak, 1994). 
[bookmark: _Toc184633325][bookmark: _Toc184909091] PASI score
The PASI score was designed to evaluate the severity of psoriasis in a simple and effective way. It is the scale most frequently used in clinical trials to follow the reduction of plaques and recovery of psoriasis. The PASI score is measured by dividing the body into four parts (head, trunk, legs, and arms) and giving the plaques in each body part a score based on erythema, induration and scaling as well as evaluating the percentage of the skin in each part that is affected. The range of PASI scores is 0-72 but most psoriasis patients are at the lower end of the scale. Treatments for psoriasis are classified by how many patients reach PASI 75 and PASI 90, a 75% or 90% reduction, respectively, in their individual PASI score after treatment (Fredriksson & Pettersson, 1978; Jacobson & Kimball, 2004; Reich et al., 2019). Other methods for measuring the severity of psoriasis, such as measuring the body surface area, exist. PASI score and measuring body surface area show a good correlation when compared (Henseler & Schmitt-Rau, 2008).  
[bookmark: _Toc184633326][bookmark: _Toc184909092] Trozak score
The Trozak score is a histological score based on microscopic examination of skin samples from plaques of psoriasis patients. The skin samples are stained in haematoxylin and eosin before examination. There is great variability in histopathological features depending on location within a sample; therefore, it is of great importance that many fields of vision are examined. The Trozak score takes into account ten histological features that have been assigned values based on how distinct they are for psoriatic skin (Trozak, 1994). 
[bookmark: _Toc184633327][bookmark: _Toc184909093] Comorbid diseases
Comorbidities of psoriasis include psoriatic arthritis, cardiovascular disease, mood disorders, chronic kidney disease, metabolic syndrome, chronic obstructive pulmonary disease, and obesity (Amin et al., 2020; Donigan, 2015; Masson et al., 2020; Takeshita et al., 2017). Psoriasis is also linked to other autoimmune diseases, such as autoimmune bullous disease, vitiligo, alopecia, and thyroiditis (Furue et al., 2018). Of these comorbidities psoriatic arthritis is most common, affecting about 5.3%-42% of psoriasis patients depending on what definitions are used and what populations are studied (Busse & Liao, 2010; Furue et al., 2018; Takeshita et al., 2017).
[bookmark: _Toc184633328][bookmark: _Toc184909094]Symptoms of psoriasis and effects on quality of life
The symptoms of psoriasis, most often reported by patients, are flaking or scaling of the scalp and non-scalp area (both 86%), itching (86%), rash (70%) and redness (62%), as well as skin pain (59%) (Pariser et al., 2016). Chronic itch was reported by 72% of psoriasis patients (Reszke et al., 2019). Almost all psoriasis patients reported that their disease affected them emotionally (98%) and socially (94%). Somewhat fewer reported that psoriasis impacted them professionally (68%) and their familial relationships (70%) (Pariser et al., 2016). Effective treatment for psoriasis has been shown to be connected to a reduction in anxiety and depression (Yang et al., 2019).
A great majority of psoriasis patients reported that the disease affected their emotional wellbeing (88%) and that they experienced physical symptoms regularly. Armstrong et al. (2012) reported that out of 5604 psoriasis patients, 83% experienced pain and 93% experienced pruritus (Armstrong et al., 2012). For Scandinavian psoriasis patients, 26.9% of patients self-reported that their psoriasis was severe and 61.9% that they did not feel that the disease strongly affected their daily activities. However, the negative effects psoriasis patients most commonly reported were that the disease affected their choice of clothing or shoes and caused lack of sleep, anxiety and/or depression (Duvetorp et al., 2019). Psoriasis patients, especially those with genital involvement, have an impairment in sexual health (Chen et al., 2013; Dauendorffer et al., 2019; Duarte et al., 2018; Ryan et al., 2015). Many psoriasis patients also experienced disturbed sleep (Henry et al., 2017; Jensen et al., 2018; Sahin et al., 2022).
It is of note that 12% of psoriasis patients were unemployed and nearly all cited psoriasis and psoriatic arthritis as the sole cause for their unemployment (Armstrong et al., 2012). When employed, 60.8% of psoriasis patients self-reported that the disease impaired their productivity at work (Saeki et al., 2022). Other studies have shown the negative effects that psoriasis has on work performance (Duvetorp et al., 2019; Lewis-Beck et al., 2013; Mustonen et al., 2015; Strober et al., 2019). Treatment trials for psoriasis show that when patients recover from psoriasis as measured by the PASI scale, quality of life is higher as measured by the Dermatology Life Quality Index (Chicharro et al., 2022; Dogra et al., 2022; Foley et al., 2022; Houghton et al., 2021; Jo et al., 2022). Also, many studies show that wellbeing of psoriasis patients is inversely correlated to the severity of disease (Alpsoy et al., 2017; Armstrong et al., 2012; Strober et al., 2019).
[bookmark: _Toc184633329][bookmark: _Toc184909095] Epidemiology 
Psoriasis is one of the most common autoimmune diseases with a prevalence of up to 11.8% (Danielsen et al., 2013; Egeberg et al., 2017; Gianfredi et al., 2022; Helmick et al., 2014; Jacobson et al., 2011; Leder & Farber, 1997; Lima et al., 2013; Michalek et al., 2017; Rachakonda et al., 2014; Radtke et al., 2017; Springate et al., 2017) worldwide. However, information about the epidemiology is severely lacking as a recent systematic analysis shows that 81% of the countries in the world have no studies regarding the prevalence of psoriasis (Parisi et al., 2020).
There is a high variance in prevalence depending on race, for example African Americans and Hispanics have a lower prevalence of psoriasis compared to European Americans (Gelfand et al., 2005; Rachakonda et al., 2014). African Americans present altered features of psoriasis when compared to European Americans. African Americans have a lower prevalence of the comorbid disease psoriatic arthritis but tend towards having worse symptoms in the skin as well as scoring lower on the Psoriasis Index of Quality of Life (Kerr et al., 2015; McKenna et al., 2003). Similarly, Hispanic and Asian psoriasis patients have a higher percentage of severe to very severe disease when compared to European Americans (Abrouk et al., 2017). When studying the prevalence of psoriasis along with its most common comorbid disease, psoriatic arthritis, the prevalence of having both psoriasis and psoriatic arthritis ranges from 1.4-3.3% (Lebwohl et al., 2014). Some research suggests that the prevalence of psoriasis is rising but it is disputed whether it is due to a rise in incidence (Danielsen et al., 2013; Eder et al., 2019; Schonmann et al., 2019; Springate et al., 2017).      
[bookmark: _Toc184633330][bookmark: _Toc184909096] Treatment
Patients with mild to moderate psoriasis typically start treatment with topical therapies, such as corticosteroids, vitamin D analogues, calcineurin inhibitors, and keratolytics (Armstrong & Read, 2020; Weigle & McBane, 2013). Corticosteroids have an anti-inflammatory effect on the skin but are classed based on how vasoconstrictive they are. The type of corticosteroid cream/gel is chosen based on the thickness of the plaque and where on the body the lesion is located. Corticosteroids are often used in combination with other topical treatments, such as vitamin D analogues or keratolytics. Vitamin D analogues reduce keratinocyte proliferation and boost their differentiation, as well as modulating the immune system. Different analogues of vitamin D are being used. The efficacy of vitamin D treatment for psoriasis is better when combined with corticosteroids (Armstrong & Read, 2020; Augustin et al., 2014; Soleymani et al., 2015). Calcineurin inhibitors, such as tacrolimus, inhibit T cell activation after the T cell receptor binds to its antigen and reduces the transcription of inflammatory cytokines, such as IL-2 and IFNγ (Armstrong & Read, 2020; Guenther et al., 2019; Ume et al., 2021). Keratolytic agents, such as tazarotene and salicylic acid, reduce the thickness of psoriasis plaques by inhibiting keratinocyte proliferation (Armstrong & Read, 2020; Fluhr et al., 2008; Heath et al., 2018; Tanghetti et al., 2018). Tazarotene is a retinoid in topical form, while acitretin is a retinoid taken orally (Heath et al., 2018). Topical treatments for psoriasis are often used in combination and have been shown to work well together (Armstrong & Read, 2020; W. B. Kim et al., 2017).
Many topical treatments have not been approved for use longer than the acute phase of the disease. A mixed calcipotriol/betamethasone dipropionate topical therapy, containing both a vitamin D derivative and glucocorticoid steroid is well tolerated with few adverse reactions when used for over a year (Carrascosa et al., 2020; Lebwohl et al., 2021; Reich et al., 2017). 
[bookmark: _Hlk172812362][bookmark: _Hlk172812347][bookmark: _Hlk172812376][bookmark: _Hlk172812384][bookmark: _Hlk172812393]Narrowband ultraviolet B (NB-UVB) phototherapy is commonly used for more severe psoriasis, often along with systematic treatment, such as methotrexate (MTX), acitretin, or cyclosporine (Weigle & McBane, 2013). NB-UVB phototherapy is the most conventional phototherapy, but other phototherapies are also used, such as the excimer lasers or lamps or psoralen ultraviolet A (PUVA). NB-UVB has a wavelength of 311 nm, while the excimer lamp/laser has a wavelength of 308 nm (Zhang & Wu, 2018). Psoralen is a photosensitizing drug that can be applied topically to smaller areas of the skin or taken orally for extensive cases of psoriasis. Psoralen is then activated with exposure to ultraviolet A rays, resulting in DNA modification of the cells that contain psoralen and eventually causing cell death (Galiatsatos et al., 2024; Zhang & Wu, 2018). The effects of NB-UVB phototherapy on the immunopathogenesis of psoriasis have been extensively studied (Morita, 2018) and has been shown to suppress nuclear factor κ B (NFκB)  (Vacharanukrauh et al., 2022) and decrease the levels of proinflammatory cytokines in serum (Ye et al., 2020). NB-UVB phototherapy also influences the ratio and number of immune cells, reducing the Th1 and Th17 cell subset and increasing the number of T regulatory cells (Treg cells) in skin and circulation (Fattouh et al., 2017; Kotb et al., 2018; Wang et al., 2015; Yamazaki et al., 2018). 
Combining NB-UVB phototherapy with bathing in geothermal seawater (balneotherapy), such as the Blue Lagoon has been shown to be more effective than NB-UVB treatment alone, resulting in faster clinical and histological improvement and longer remission time (Eysteinsdottir et al., 2013). Indoor balneophototherapy in salt water has not been found to work better than NB-UVB phototherapy by itself (Peinemann et al., 2021).
[bookmark: _Hlk172812408]Recent studies have shown that polysaccharides derived from the Blue Lagoon influence cells from the immune system. They can for example, increase the secretion of the anti-inflammatory cytokine IL-10 by DCs, which results in reduced frequency of Th17 and increased frequency of the Treg phenotype when the DCs were co-cultured with allogeneic CD4+ T cells (Gudmundsdottir et al., 2015).
MTX works by counteracting the synthesis of nucleic acids and can have a great effect on cells that divide rapidly. It is thought to affect lymphocytes more than keratinocytes in psoriasis (Menter et al., 2020). MTX is usually administered orally but can be injected subcutaneously or intramuscularly, and the starting dosage differs, both in how frequently they are administered and in the amount of MTX. MTX is less effective than NB-UVB treatment and treatment with monoclonal antibodies in the treatment of psoriasis, but MTX is globally available and not very costly, compared to monoclonal antibodies (Menter et al., 2020; van Huizen et al., 2022). 
Cyclosporine blocks proinflammatory cytokine production, such as IL-2 and IFNγ. Today, cyclosporine is usually not used as a long-term treatment for psoriasis because it causes severe adverse effects, such as nephrotoxicity and hypertension. However, cyclosporine does have its uses as a short-term treatment for patients with severe psoriasis that do not respond well to other types of medication. After treatment with cyclosporine, it is important to substitute cyclosporine with other appropriate treatment options to prevent a relapse (W. B. Kim et al., 2017; Menter et al., 2020). 
Newer treatment options include biologics that block certain inflammatory pathways connected to the pathogenesis of psoriasis. These include blocking tumor necrosis factor (TNF)-α, IL-17, the p40 subunit of IL-12 and IL-23 or only blocking IL-23 (Armstrong & Read, 2020; Kamata & Tada, 2020). Biologics are in general well tolerated and safe to use for most psoriasis patients (Bai et al., 2019; Blauvelt et al., 2023; Campanati et al., 2020; Gottlieb et al., 2022; Iznardo & Puig, 2020; Li et al., 2023; Yiu et al., 2022). Treating psoriasis with biologics is not only an efficient way of treating psoriasis, but it has also been shown to lower the risk of patients developing psoriatic arthritis (Acosta Felquer et al., 2022; Gisondi et al., 2022).
[bookmark: _Hlk191909411]The TNF-α inhibitors include adalimumab, etanercept, and infliximab (Dave & Alkeswani, 2021). IL-17 signalling is blocked by secukinomab, ixekizumab, brodalumab and bimekizumab. Ustekinumab blocks both IL-12 and IL-23 while guselkumab, tildrakizumab and risankizumab block only IL-23 (Dave & Alkeswani, 2021; Reich et al., 2021). 
Biologics have been shown to have a higher therapeutic effect than non-biologic systemic treatments as measured by how many patients reach PASI 75 or PASI 90. Blocking the IL-17 pathway was in general, the most successful treatment for psoriasis out of the biologics (Sbidian et al., 2023; ten Bergen et al., 2020) Out of individual biologics, infliximab is most effective, followed by bimekizumab, ixekizumab and risankizumab (Sbidian et al., 2023).   
[bookmark: _Toc184633331][bookmark: _Toc184909097] Genetic predisposition for psoriasis
Many risk loci within the genome have been described that predispose individuals to develop psoriasis. The heritability of psoriasis is clear in the difference between monozygotic and dizygotic twins, where the monozygotic twins have a two to three times higher risk of both having psoriasis if one has it, compared to dizygotic twins (Griffiths et al., 2021a; Lønnberg et al., 2013). Different pathways can be affected to predispose individuals to psoriasis, such as antigen-presentation, T cell development and polarization, the IL-23 axis, innate immune responses and regulation of the immune response (Harden et al., 2015). 
The risk allele HLA-Cw*0602 in the major histocompatibility complex class I region on chromosome 6 has been shown to be associated with psoriasis. It is located in a major susceptibility locus for psoriasis that had previously been named PSORS1 and HLA-Cw*0602 is likely the most important gene variant at PSORS1 (Clop et al., 2013; Fan et al., 2008; Nair et al., 2006). In a study performed on Icelandic psoriasis patients, 64.2% of the cohort were HLA-Cw*0602 positive while 15.8% of the control group were positive. The relative risk of being diagnosed with psoriasis is 8.87 for individuals heterozygous for HLA-Cw*0602 and 23.05 for homozygous individuals compared to individuals negative for HLA-Cw*0602 (Gudjonsson et al., 2003). Homozygotes for HLA-Cw*0602 have an earlier onset of psoriasis compared to heterozygotes and this holds true for HLA-Cw*0602 positive psoriasis patients compared to negative patients (Gudjonsson et al., 2003; Gudjonsson et al., 2006). HLA-Cw*0602 positive psoriasis patients also have a more severe disease with more extensive plaques, more often have a guttate type of psoriasis, and more often have an exacerbation of disease after throat infections (Gudjonsson et al., 2006; Guðjónsson et al., 2002).
[bookmark: _Hlk172812451]Single nucleotide polymorphisms in the endoplasmic reticulum aminopeptidase 1 gene, which codes for an aminopeptidase that cleaves antigens for presentation in HLA class I, lead to an increased risk of getting psoriasis, especially in individuals that are HLA-Cw*0602 positive. ERAP2 has also been implicated (De Benedittis et al., 2022; Képíró et al., 2021; Strange et al., 2010; Wiśniewski et al., 2018; Wu & Zhao, 2021). Other risk variants for psoriasis have been observed in genes associated with NF-κB and interferon (IFN) signalling, IL-12B, IL-23 and IL-23 receptor, IL-17A and IL-17F, TNF-α and TGF-β1 and many more (Griffiths et al., 2021b; Harden et al., 2015; Kocaaga & Kocaaga, 2022; Ogawa & Okada, 2020).
[bookmark: _Hlk172812475][bookmark: _Hlk172812509]Not all risk variants are connected to immune cells and pathways, some affect the keratinocytes, such as the gain-of-function mutation in caspase recruitment domain family member 14 (CARD14). CARD14 is located at a major susceptibility locus for psoriasis that had previously been named PSORS2. This mutation leads to increased activation of the NF-κB pathway (Howes et al., 2016; Jordan et al., 2012; Tsoi et al., 2012). The importance of CARD14 has been shown experimentally in a murine model where mice with the CARD14 gene knocked out did not develop psoriasiform skin inflammation after induction with imiquimod (IMQ) or IL-23 injection (Tanaka et al., 2018). Gain-of-function mutation in CARD14 leads to a spontaneous development of psoriasiform skin inflammation in mice. This is thought to be caused by increased response of keratinocytes to IL-17A (Mellett et al., 2018; Wang et al., 2018) 
[bookmark: _Toc184633332][bookmark: _Toc184909098] Pathophysiology	
[bookmark: _Toc184633333][bookmark: _Toc184909099] Immunopathogenesis of psoriasis
The immunopathogenesis of psoriasis is not yet fully understood but T cells play an important role. The infiltration of T cells into the epidermis is closely correlated to the development of psoriasis and the maintenance of inflammation (Cheuk et al., 2014; Zhang et al., 2023). Psoriasis has traditionally been thought to be a Th1 cell-mediated disease because circulating and skin-residing IFNγ-producing T cells are relatively increased and many IFNγ-induced genes become activated in psoriasis (Hu et al., 2021; Res et al., 2010). 
More recent studies have shifted the focus away from Th1 cells to Th17 cells in the pathogenesis of psoriasis (Eysteinsdottir et al., 2013; Hu et al., 2021; Lowes et al., 2008; Zhang et al., 2023). Th17 cells can secrete IL-17A, IL-17F, and IL-22 that have a very widespread tissue reaction, owing to the broad distribution of IL-17 and IL-22 receptors. Thus, it is thought that Th17 cells within the skin are effective in driving localized patches of inflammation (Cheuk et al., 2014; Korn et al., 2009; Nograles et al., 2008; Yasuda et al., 2019). 
Infiltration and activation of other cell types from the innate immune system, such as neutrophils, NK cells, innate lymphoid cells, and γδT cells, follow the induction of psoriasis (Dunphy & Gardiner, 2011; Kim et al., 2021; Nograles et al., 2008; Polese et al., 2020; Sato et al., 2020; Surcel et al., 2019).
[bookmark: _Toc184633334][bookmark: _Toc184909100] Immune cells
T cells
[bookmark: _Hlk172812530][bookmark: _Hlk172812537]T cells are a part of the adaptive immune system. They express T cell receptors, that in most cases consist of α and β chains, but a subset of T cells has T cell receptors consisting of γ and δ chains (Nomura et al., 2014). T cells express CD3, a co-receptor, and are categorized by their expression of either CD4, making them T helper (Th) cells, or CD8, making them T cytotoxic (Tc) cells (Courtney et al., 2018; Nomura et al., 2014). T cells are further categorized based on their distinctive cytokine secretion and dominant transcription factors. The main groups of CD4+ T cells are Th1 cells that secrete IFNγ, and T-bet is their master transcription factor, Th2 cells that secrete IL-4 and GATA-3 is their master transcription factor, Th17 cells that secrete IL-17A and RORγt is their master transcription factor, Treg cells that secrete TGFβ and FOXP3 is their master transcription factors. The Tc1, Tc2, Tc17 and CD8+ Treg cells are their CD8+ counterpart (Nomura et al., 2014; Yu et al., 2018; Zhu et al., 2010). T1, T2, and T17 is used for both CD4+ and CD8+ cells together based on the cytokine secretion and/or expression of transcription factors. Other cell groups exist, such as T22 cells, which secrete IL-22, and T9 cells which secrete IL-9 (Nomura et al., 2014). The cytokine secretion of each subgroup is not confined to only one cytokine, but the most distinctive cytokines were mentioned. 
Traditionally, these subgroups of cells have been connected to different effector function roles. Th cells are essential in helping other cells to fulfil their roles; B cells forming antibodies, Tc cells eradicating microbes, and Th cells also regulate the functions of macrophages (Zhu et al., 2010). Tc cells are highly cytotoxic after activation and clear infections (Hashimoto et al., 2018). T1 cells fight against intracellular pathogens; T2 cells  are important for mucosal integrity, mediate allergic reactions, and fight against extracellular parasites, such as helminths; T17 cells are important first responders and fight against extracellular pathogens and Treg cells regulate the immune response (Nomura et al., 2014; Zakeri et al., 2018). These roles are not exclusive, and T cells have been shown to morph between subgroups, especially between Th17 and Treg cell groups (B.-S. Kim et al., 2017; Kleinewietfeld & Hafler, 2013; Obermajer & Dahlke, 2016).
The homing of T cells in the blood circulation is decided by homing molecules and chemokine receptors on their surfaces. T cells that home into skin express, among others, cutaneous lymphocyte antigen (CLA) and chemokine receptors C-C chemokine receptor (CCR)4, C-X-C chemokine receptor (CXCR)3, CCR6, and CCR10 (Campbell et al., 2017; Campbell et al., 2007; Hensel et al., 2017; Nomura et al., 2014; Sernicola et al., 2020; Yoshie & Matsushima, 2015).  
The connection of T cells to psoriasis
Psoriasis has been found to be a T cell-mediated autoimmune disease that is characterized by a mixed Th1/Th17 immune profile. T1, T17, and T22 cells are found in more quantity in blood circulation of psoriasis patients with an active disease compared to healthy controls (HC) (Eysteinsdottir et al., 2013; Kagami et al., 2010). When psoriasis is treated, T17 and T22 cells are decreased in the bloodstream (Eysteinsdottir et al., 2013). In psoriatic skin, there is an overrepresentation of T cells, both CD4+ Th1 and Th17 cells (Lowes et al., 2008) and CD8+ Tc1, Tc17 and Tc22 (Hijnen et al., 2013; Res et al., 2010; Teunissen et al., 2014). 
[bookmark: _Hlk172812595]Both Th17 cells and Tregs are dependent on TGFβ for their differentiation, but Th17 cells also need IL-6 with TNF-α, IL-1β, and IL-23 aiding in differentiation and subsequent survival. IL-23 is necessary for the survival and stability of Th17 cells but does not start the differentiation process itself as naïve CD4+ cells do not express the IL-23 receptor (IL-23R). Stimulation with TGFβ induces IL-23R expression in CD4+ cells, but IL-23R expression can also be induced with a mixture of IL-6 and IL-1β (Bettelli et al., 2006; Ghoreschi et al., 2010; Mangan et al., 2006; Veldhoen et al., 2006). 
Th17 cells secrete IL-17A that drives the pathogenesis of psoriasis, but they are by no means the only cellular source of IL-17A. γδ T cells, NKT cells, and other innate lymphoid cells also secrete IL-17A, making them important players in the pathogenesis of psoriasis (Busman-Sahay et al., 2015; Mills, 2023). Th17 cells have been shown to secrete IL-22 in vitro and in a mouse model (Kreymborg et al., 2007; Liang et al., 2006; Mus et al., 2010) but IL-22 has not been shown to be a major cytokine secreted by Th17 cells. Out of IL-22-producing, circulating human memory T cells, just under half of them only secreted IL-22 and neither IL-17 nor IFNγ, and under 20% of the T cells secreted both IL-17 and IL-22 (Duhen et al., 2009). When mouse Th17 cells were differentiated from naïve T cells in vitro, only 8.7% of Th17 cells secreted both IL-17A and IL-22 (Liang et al., 2006). In a recent RNA sequencing of human psoriasis skin samples, it was shown that there was little relationship between IL-17A and IL-22 production, suggesting that these cytokines do not share a common cellular source in psoriatic skin (Le et al., 2019). However, IL-22 is present at a higher level in serum and skin of psoriatic patients than HC. IL-22 also has a correlation to the severity of psoriasis regardless of whether it is secreted by Th17, Th22 or other type of cells (Cheuk et al., 2014; Wawrzycki et al., 2019). 
It is of immense importance that Th17 cells and Treg cells are in balance to regulate autoimmunity in the body. Th17 cells and peripherally induced Treg cells both differentiate from the same cell type, naïve CD4+ cells. Th17 cells, while efficient at their role in inducing the killing of extracellular pathogens, also take part in the pathogenesis of autoimmune diseases, such as psoriasis (Lee, 2018). Treg cells maintain tolerance and prevent autoimmune disorders. There are more Treg cells in skin and blood circulation of psoriatic patients than HC (Alvarez et al., 2020; Keijsers et al., 2013; Lee et al., 2024; Owczarczyk-Saczonek et al., 2019; Owczarczyk-Saczonek et al., 2018; Zhang et al., 2015; Zhang et al., 2010). 
[bookmark: _Hlk172812630][bookmark: _Hlk172812639]Even though there are more Treg cells in psoriatic skin compared to HC skin, their suppression capacity of T effector cell activity is poor (Goodman et al., 2009). Treg cells from psoriasis patients fail to suppress T effector cell proliferation as efficiently as healthy Treg cells do (Sugiyama et al., 2005). Treg cells from psoriasis patients that express CCR5 show reduced migration toward the ligand C-C chemokine ligand (CCL)5 compared to Tregs from HC (Soler et al., 2013). However, Treg cells derived from psoriasis patients have increased CCR7 expression and enhanced migratory response towards CCR7 ligands as compared to HC (Lee et al., 2024). CCR7 expression on T cells guides the cells into lymph nodes, pointing to inadequate homing into the skin in psoriasis patients, and therefore Treg cells play a lesser part in calming the immune response in psoriatic skin (Alrumaihi, 2022; Lee et al., 2024)
FOXP3, the major transcription factor for Treg cells, has been shown to be unstable with many Treg cells losing their FOXP3 expression. These “exFOXP3” cells secrete inflammatory cytokines, in many cases either IL-17A or IFNγ (Hu et al., 2021; Zhou et al., 2009). Treg cells from psoriasis patients have an enhanced ability to turn off their FOXP3 expression and to start secreting IL-17A ex vivo, as compared to HC (Bovenschen et al., 2011). This happens especially after stimulation with IL-23. In a mouse model, IL-23 influenced Treg cells to upregulate RORγt, the Th17 master transcription factor, as well as IL-17A, without losing their FOXP3 expression (Bovenschen et al., 2011; Kannan et al., 2019). In psoriatic lesions in the skin, CD4+ cells that are both expressing FOXP3 and IL-17A can be observed (Bovenschen et al., 2011). In blood circulation, IL-17A secreting CD4+ cells that express both RORγt and FOXP3 have been identified (B.-S. Kim et al., 2017; Voo et al., 2009). IL-17A has been shown to inhibit the suppressive function of healthy human Treg cells, to decrease the secretion of TGFβ, and to decrease the production of FOXP3 by Treg cells. After psoriasis patients underwent 12 weeks of anti-IL-17A treatment their Treg cells had regained their suppressive function and were comparable to Treg cells derived from HC (Y. Liu et al., 2021).  
TRM cells reside in tissues, skin in the case of psoriasis, after an immune response is formed. TRM cells are long lived and provide protection against pathogens that might reinfect the skin and do not recirculate through the blood stream. However, in the case of autoimmune diseases, autoreactive TRM cells are continuously exposed to their antigen and activated (Ryan et al., 2021; Takamura, 2018). TRM cells in the skin are found in niches, CD8+ TRM cells can be found in the epidermis but CD4+ TRM cells are more often under the basal layer of the epidermis, in the dermis (Murphy et al., 2022; Takamura, 2018). 
TRM cells in healed psoriasis lesions still retain the potential to take part in the psoriasis pathogenesis upon recurrence of psoriasis. This results in psoriasis lesions recurring in the same spot on the body. In psoriatic lesions, the number of T cells in the epidermis (mostly CD8+) is increased around 100-fold but the number of T cells in dermis (mostly CD4+) is increased 10-fold. CD8+ TRM cells in epidermis can be distinguished by their expression of CD103 and CD49a and the percentage of TRM cells in psoriatic epidermis is higher than in healthy epidermis. CD49a expression has been shown to be expressed on IFNγ-producing CD8+ TRM cells  (Cheuk et al., 2017; Cheuk et al., 2014; Tokura et al., 2020).
Autoreactive T cells in psoriasis do not have a single, unifying autoantigen but rather several autoantigens, including LL-37, ADAMTS-like protein 5 and keratin 17 (Lande et al., 2014; ten Bergen et al., 2020; Yuan et al., 2019). Intracellular pathway signalling in immune cells of psoriasis patients is also altered as compared to immune cells from HCs (Solberg et al., 2021).  
Other immune cell types
[bookmark: _Hlk172812872]While psoriasis is considered a T cell driven disease other immune cell types play a role in the pathogenesis. The most distinctive histopathological findings in psoriasis are in fact due to neutrophil infiltration into the epidermis, the Munro microabscesses and the spongiform pustule of Kogoj (De Rosa & Mignogna, 2007; Trozak, 1994). Neutrophils are recruited to sites of infection and there they produce and release reactive oxygen species (respiratory burst, ROS) and form neutrophil extracellular traps (NETs), effectively killing and/or trapping pathogens (Castanheira & Kubes, 2019; Chiang et al., 2019). The ratio of neutrophils to lymphocytes is higher in psoriasis patients compared to HC but is not correlated to the severity of disease (Paliogiannis et al., 2019; Wang & Jin, 2020). Low-density neutrophils are a subset of neutrophils that have an enhanced ability to form ROS and NETs (Blanco-Camarillo et al., 2021; Carmona-Rivera & Kaplan, 2023; Teague et al., 2019). Both low-density neutrophils and normal neutrophils are found at a higher a concentration in psoriatic peripheral blood compared to HC (Teague et al., 2019).
[bookmark: _Hlk172812920][bookmark: _Hlk172812927]DCs are professional antigen-presenting cells but they are a heterogeneous group, consisting of different subgroups in blood, such as plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (cDCs) 1 and 2 (Kamata & Tada, 2022). Activated DCs have been shown to enhance Th1 and Th17 cell effector function by secreting appropriate cytokines (Khasawneh et al., 2017; Leal Rojas et al., 2017). When newly formed psoriatic lesions were examined during their formation, infiltration of T cells was noted but the infiltration of CD11c+ DCs in the dermis had a higher correlation to the severity of disease compared to infiltration of T cells, as measured by epidermal thickness (Teunissen et al., 2012). 
In the skin, specialized DCs named Langerhans cells reside in the epidermis. Langerhans cells survey the tissue and start the local immune response when pathogens are detected (Eidsmo & Martini, 2018; Yan et al., 2020). Langerhans cells have been shown to respond to the psoriasis microenvironment in the skin in several ways although a consensus has not been reached. Their number has been shown to either decrease, increase, or remain unchanged in lesional skin of psoriasis patients (Eidsmo & Martini, 2018; Kamata & Tada, 2022; Rajesh et al., 2019; Wang & Bai, 2020). However, in psoriatic skin, Langerhans cells have been shown to migrate to the basement membrane of the epidermis or even into the dermis. They localize with T cells and DCs within the epidermis and have been shown to be increased in the perilesional area around the psoriatic plaques (Eidsmo & Martini, 2018). Activated Langerhans cells also secrete, among other cytokines, IL-23 that contributes to the inflammatory Th17 pathway in psoriatic skin (Antal et al., 2022; Martini et al., 2017; Zheng et al., 2018).   
Innate lymphoid cells (ILCs) are lymphoid cells that do not have T cell receptors. ILCs are divided into type 1, 2, and 3 that mirror the Th1, Th2 and Th17 cells, respectively, regarding cytokine secretion profile and transcription factor expression (Cherrier et al., 2018; Polese et al., 2020). Natural killer (NK) cells are categorized within the ILC1 group and mirror the Tc cells (Taggenbrock & van Gisbergen, 2023). ILC3 cells that express the natural cytotoxicity receptor NKp44 are present at a higher level in psoriatic skin and circulation as compared to HC blood and skin (Teunissen, Munneke, et al., 2014; Villanova et al., 2014). NKp44+ ILC3 secrete IL-22 in vitro, that takes part in the pathogenesis of psoriasis by inducing the thickening of the epidermis (Teunissen, Munneke, et al., 2014). A majority of circulating NKp44+ ILC3 in psoriatic patients expresses CLA, illustrating their ability to home to the skin (Villanova et al., 2014). 
NK cells play a role in killing cells infected with viruses or tumour cells. A consensus has not been reached regarding their role in the pathogenesis of psoriasis. The activity of NK cells has been shown to be altered in the psoriasis microenvironment, with changes in degranulation and secretion of cytokines (Dunphy et al., 2015; Polese et al., 2020). γδ T cells are a subset of T cells that express the γδ version of the TCR. γδ T cells are very potent IL-17A producers when situated in the psoriatic dermis, where they are at higher levels as compared to HC (Cai et al., 2011). In mouse models of psoriasis, γδ T cells have been shown to contribute to the pathogenesis of psoriasis by producing IL-17 (Cai et al., 2011; Hartwig et al., 2015; Pantelyushin et al., 2012; Ramírez-Valle et al., 2015).
[bookmark: _Toc184633335][bookmark: _Toc184909101] Keratinocytes in psoriasis
Keratinocytes show both hyperproliferation and abnormal differentiation in psoriasis, but they have historically not been seen as the drivers of psoriasis, an honour bestowed on immune cells. However, now keratinocytes are seen as one of the crucial players in the pathogenesis of psoriasis (Benhadou et al., 2019; Kamata & Tada, 2023; Ni & Lai, 2020; Ortiz-Lopez et al., 2022).
A distinctive feature of psoriatic keratinocytes is their increased proliferative capacity. The epidermal turnover time, the time it takes the epidermis to replace itself, is decreased in psoriasis. Estimates based on in vivo uptake of 3H-thymidine by keratinocytes suggest that the epidermal turnover time is 39 days in normal skin (Weinstein et al., 1984) and 5.25 days in psoriatic lesions (Weinstein et al., 1985). The shortened turnover time for lesional skin can be the result of an interplay between T cells and the keratinocytes. When normal skin was co-cultured with T cells from a psoriasis patient the turnover time was shortened compared to unstimulated control skin, 5.7±3.8 and 8.7±3.2 days, respectively. However, normal T cells did not have that effect on the turnover time (Li et al., 2015). Keratinocytes derived from normal skin, cultured in vitro with either IL-17 or IL-22 showed increased proliferation, the same results as co-culturing keratinocytes with psoriatic T cells (Ekman et al., 2019).  
[bookmark: _Hlk172813016][bookmark: _Hlk172813027]When keratinocytes from lesional skin are compared to keratinocytes from non-lesional skin using flow cytometry, keratinocytes from lesions show more expression of markers connected to stem cells (CD29, CD44, CD49f, and p63) and less expression of markers for differentiated keratinocytes (keratin 10 (K10) and involucrin) (Ekman et al., 2019; Fernandes et al., 2022; Zhang et al., 2019). A similar marker expression pattern can be observed after culturing human neonatal epidermal keratinocytes (HEKn) in vitro along with IL-17A, IL-22 and TNF-α, all prevalent cytokines in the pathogenesis of psoriasis. HEKn cells changed their surface marker expression after stimulation to mimic what would be seen on psoriatic keratinocytes, with more markers associated with stem cells and fewer maturation markers (Ekman et al., 2019). 
Keratinocytes respond to the altered microenvironment in psoriasis by changing their secretion and receptor expression patterns. Thus, higher levels of IL-17A induced significant alteration of keratinocyte behaviour, including increased proliferation, altered secretion of immune biomarkers and changed intra-cellular signalling state (Borowczyk et al., 2020; Ma et al., 2016; Pasquali et al., 2019; Pfaff et al., 2017). In turn, keratinocytes contribute to the polarization of naïve T cells into Th17 cells by secreting IL-23 (Park et al., 2022).
IL-17 has also been shown to work in synergy with other cytokines to cause the altered secretion and proliferation of keratinocytes (Fischer et al., 2023; Johansen et al., 2016; Rabeony et al., 2014; Simanski et al., 2013). Thus, a combination of IL-17A and IFNγ had synergistic effects on the AMP RNase 7 in primary keratinocytes (Simanski et al., 2013). Antagonizing IL-36 from working in synergy with IL-17A inhibited IMQ-induced psoriasis-like skin inflammation in a mouse model (Fischer et al., 2023). A combination of cytokines, IL-17A, IL-22, IL-1α, oncostatin M, and TNF-α synergistically suppresses the differentiation of keratinocytes in vitro. The cytokines individually reduced the keratinocyte expression of the differentiation marker K10 between 3- and 8-fold compared to the expression of unstimulated keratinocytes. However, when used in combination, the cytokines reduced the keratinocytes expression of K10 by 500 fold, compared to unstimulated keratinocytes (Rabeony et al., 2014). 
Keratinocytes secrete a wide range of chemokines, cytokines, growth factors, and AMPs (Adase et al., 2016; Borowczyk et al., 2020; Chessa et al., 2020; El-Serafi et al., 2022; Frohm et al., 1997; Holstein et al., 2017; Pfaff et al., 2017; Richmond et al., 2017; Zhang et al., 2016). The most studied biomarkers secreted by keratinocytes include CXCL8, IL-6, CXCL10, TNF-α, IL-1α and CXCL10. However, keratinocytes have been shown to have the propensity to secrete a plethora of other immune biomarkers (El-Serafi et al., 2022). 
It is essential that keratinocytes can modulate their immune biomarker secretion in response to tissue damage or injury. These diverse immune biomarkers secreted by keratinocytes in response to injury are connected to various biological pathways, for example, angiogenesis, proinflammatory immune response, tissue remodelling, and chemotaxis of immune cells (Maarof et al., 2016). The immune system is also crucial when the external normal skin barrier is broken, such as during pathogen invasion following wound injury. In such instances, keratinocytes are activated, leading to complex responses resulting in chemokine-driven cellular influx, and secretion of various AMPs (LL-37, hBD1, hBD2 and hBD3) (Gao et al., 2022; Li et al., 2013; Ommori et al., 2013; Percoco et al., 2013). The HaCaT keratinocyte cell line has been shown to produce LL-37 after stimulation with IL-17A (Kim et al., 2016) but not after Ultraviolet B irradiation and lipopolysaccharide stimulation (Kim et al., 2005). 
Keratinocytes take part in producing vitamin D after sun exposure (Kanda et al., 2020). Psoriasis patients have been shown to have lower levels of vitamin D in serum compared to HC, and serum levels of vitamin D are inversely correlated to the severity of psoriasis (Bhat et al., 2022; Formisano et al., 2023; Pokharel et al., 2022). Keratinocytes in lesions have lower expression of the vitamin D receptor than non-lesional keratinocytes from the same patient. However, the levels of vitamin D receptors were higher in lesional skin after patients had undergone NB-UVB treatment compared to before treatment (Elgarhy et al., 2023). There are genetic polymorphisms in the vitamin D receptor that make individuals more susceptible to developing psoriasis and can influence the clinical response to treatment with vitamin D analogues (Liu et al., 2020). Vitamin D receptor, when activated, initiates the transcription of AMPs such as LL-37 (Kulkarni et al., 2015; Wang et al., 2004). Vitamin D takes part in ameliorating the pathogenesis of psoriasis by inhibiting the production of IL-22, a cytokine that causes keratinocyte hyperproliferation (Lopez et al., 2021). 
A lesser-known ability of keratinocytes is to potentially activate naïve T cells under proinflammatory conditions and polarize them to either Th1 or Th17 cells (Orlik et al., 2020). After in vitro stimulation with IFNγ or some TLR ligands, keratinocytes start to express MHC class II molecules (Black et al., 2007; Lebre et al., 2007) and they also express the unconventional co-stimulatory molecules CD58 and CD54 (Binder et al., 2020; S. Liu et al., 2021; Orlik et al., 2020; Zhang et al., 2021) and might therefore be able to activate naïve T cells. Activation of T cells by keratinocytes has also been shown in a mouse model (Meister et al., 2015). However, the relevance of the role of keratinocytes as “non-professional” antigen-presenting cells in the pathogenesis of psoriasis has not been elucidated (Kashem et al., 2017; Piipponen et al., 2020).
[bookmark: _Toc184633336][bookmark: _Toc184909102] CD103
CD103 is a well-known marker for TRM T cells in the skin as well as on DCs (Fukui et al., 2020; Kurihara et al., 2022; Kurihara et al., 2019; Phadungsaksawasdi et al., 2021). CD103 is also known as the integrin αE that together with β7 forms αEβ7 that binds to E-cadherin on keratinocytes and Langerhans cells in the skin (and other epithelial cells in other tissues) (Fukui et al., 2020). Lack of CD103 in a mouse model resulted in lower frequencies of cDCs and macrophages in the spleen, as well as a more prominent psoriasiform skin inflammation after IMQ application, such as more parakeratosis, Munro´s microabsesses, thicker skin, and more scaling (Fukui et al., 2020).
Immune cells expressing CD103 are more prevalent in psoriatic skin than in HC, and most were T cells, but CD103 was also expressed by DCs (Zhou et al., 2022). CD8+ TRM cells that express CD103 in the skin change their position within the epidermis after psoriasis treatment (Kurihara et al., 2022). They are more likely to be situated at the basement membrane of the epidermis instead of in the upper layer of the epidermis. CD8+CD103+ TRM cells are also reduced in number after treatment (Kurihara et al., 2022) as well as being correlated to the thickness of the epidermis, which is an indicator of the severity of psoriasis (Kurihara et al., 2019). 
CD103 expression can also be found on circulating T cells (Duhen et al., 2018; Eysteinsdottir et al., 2013; Jozwik et al., 2015; Kiravu et al., 2011). In psoriasis patients, a distinct circulating CD8+ T cell population was found that expresses CD103, CCR4, and CCR5 and correlated to the severity of psoriasis as measured by PASI (Sgambelluri et al., 2016). Psoriasis patients also had a higher percentage of CD103 expressing CLA+ T cells than HC, and the percentage of CD103+CLA+ T cells was reduced in psoriasis patients after combined NB-UVB treatment and treatment at the Blue Lagoon (Eysteinsdottir et al., 2013).
[bookmark: _Toc184633337][bookmark: _Toc184909103] CLA
[bookmark: _Hlk191910039]CLA is a skin-homing molecule on T cells that, among other molecules and chemokine receptors, allows T cells to migrate to the skin. CLA binds to E-selectin on activated endothelial cells (Czarnowicki et al., 2017; Woodland & Kohlmeier, 2009). CLA+ T cells have been shown to migrate to the skin and while they do recirculate into the bloodstream, most CLA+ T cells reside in the skin. CLA is often expressed on T cells expressing CD45RO and chemokine receptors such as CCR10 and CCR4 (Clark et al., 2006; Czarnowicki et al., 2017; de Jesús-Gil et al., 2021).
CLA+ T cells in circulation are thought to be the same population as T cells in the skin of atopic dermatitis patients and have been proposed as a substitute for dermal T cells for research, eliminating the need for skin biopsies (Czarnowicki et al., 2017). CLA+ T cells in circulation have also been proposed to be used as a biomarker for T cell activity in the skin in T cell-mediated skin diseases such as psoriasis and atopic dermatitis (Ferran et al., 2013). Targeting CLA+ T cells with anti-CLA antibodies has been proposed as a treatment for some cutaneous T cell lymphomas (Peru et al., 2022; Silic-Benussi et al., 2021). 
In psoriasis patients, CLA expression on T cells has been shown to be higher on CD4+ T cells as compared to CD8+ T cells. When psoriasis patients were compared to HC, CLA expression was higher on CD4+CD45RA- T cells from psoriasis patients, but there was no difference in CD8+CD45RA- T cells. CLA expression was higher in CCR6+ and CXCR3+ CD4+ T central memory cells (CD4+CD54RA-CCR7+) from psoriasis patients compared to those derived from HC (Diani et al., 2017). CLA expression was also higher on CD8+ T central memory cells derived from psoriasis patients compared to HC, but this difference was not seen for CD8+ T effector memory cells (CD54RA-CCR7‑) (Casciano et al., 2020). When Treg cells were examined, a decrease in CLA high-expressing Treg cells were observed in psoriasis patients compared to HC. This points to a defect in skin-homing of Treg cells in psoriasis patients (Lee et al., 2024). 
[bookmark: _Toc184633338][bookmark: _Toc184909104] IL-17A 
The cytokine IL-17A belongs to the IL-17 cytokine family which is comprised of IL-17A-IL-17F. IL-17A and IL-17F are homologous in structure and are known to act as homodimers as well as IL-17A/IL-17F heterodimers (McGeachy et al., 2019). The receptors for this family of cytokines are made up of subunits called IL-17RA to IL-17RE (Prinz et al., 2020). The IL-17 family of cytokines is integral in antifungal defences and has a role in the pathogenesis of inflammatory diseases such as psoriasis. The primary cellular sources of IL-17 are Th17 and Tc17 cells, as well as γδ T cells, neutrophils, and some types of ILCs (Corpuz et al., 2017; Ferretti et al., 2003; Happel et al., 2003; McKenzie et al., 2017; Zwicky et al., 2020). However, in psoriatic skin, only a minority of IL-17-producing cells are T cells (Lin et al., 2011).  
In psoriasis patients, there is an increased level of IL-17A and IL-17F, but mainly of IL-17C, in lesional skin compared to non-lesional skin (Johansen et al., 2009; Johnston et al., 2013; Wilson et al., 2007). However, studies differ on the levels of IL-17 in the serum of psoriasis patients compared to HC. Some studies show an increase in IL-17 levels (Arican et al., 2005; de Oliveira et al., 2015; Lo et al., 2010; Przepiorka-Kosinska et al., 2020; Takahashi et al., 2010) for psoriasis patients while others show no significant difference (Bai et al., 2018; Hwang & Jung, 2014; Michalak-Stoma et al., 2013; Pirowska et al., 2019). 
Of the IL-17 family, IL-17A is the major effector cytokine in the pathogenesis of psoriasis and it causes the most psoriasis-specific changes in gene transcription (Swindell et al., 2016). IL-17A has been shown to induce keratinocyte secretion of chemokines that can recruit not only Th17 lymphocytes but also myeloid DCs and neutrophils to the site of inflammation. Furthermore, IL-17A has also been linked not only to the secretion of other pro-and inflammatory cytokines but also to AMPs with a potential role in the immunopathogenesis of Th17 driven autoimmune diseases like psoriasis (Girolomoni et al., 2012). Targeting IL-17 in psoriasis treatment is becoming more common (Ariza et al., 2013; Berry et al., 2022).
[bookmark: _Toc184633339][bookmark: _Toc184909105] IFN
IFNs are divided into type I, II and type III, all with potent antiviral functions. Type I IFNs include IFNα and IFNβ among others; type II IFN is only IFNγ, and type III IFNs are different subtypes of IFNλ (also known as IL-28 and IL-29). Of these, IFNγ is the most researched and least is known about type III IFNs (Dai & Adamopoulos, 2020; Hertzog & Williams, 2013; Hile et al., 2018; Ivashkiv & Donlin, 2014; Zhou et al., 2018). IFNγ is secreted by T1 cells, NK cells, NKT cells, B cells, and antigen-presenting cells in response to other inflammatory cytokines and recognition of pathogen-associated molecular patterns (Castro et al., 2018; Dai & Adamopoulos, 2020).
The pathogenesis of psoriasis is driven by the Th1 response, as well as the Th17 response. IFNγ is increased in the serum of psoriasis patients when compared to HC (Arican et al., 2005; Bai et al., 2018; Hwang & Jung, 2014) and the level of IFNγ is correlated to the severity of disease measured by PASI (Arican et al., 2005; Hwang & Jung, 2014). The efficacy of NB-UVB treatment for psoriasis is in part due to the downregulation of both type I and II IFN signalling and Th17 signalling (Racz et al., 2011)
[bookmark: _Toc184633340][bookmark: _Toc184909106] TNF-α
TNF-α is a cytokine with many functions, it is known to regulate inflammatory responses and takes part in the pathogenesis of many autoimmune diseases, such as psoriasis. TNF-α is structured as a homotrimer protein and can be in a transmembrane form that is then cleaved into a soluble form (Jang et al., 2021). Many immune cell types produce TNF-α, such as macrophages, monocytes, CD4+ T cells, B cells and neutrophils. Non-immune cell types also secrete TNF-α, such as fibroblasts, endothelial cells, smooth muscle cells, and adipocytes (Akdis et al., 2016).
TNF-α takes part in the pathogenesis of psoriasis by altering gene transcription in keratinocytes and in synergy with IL-17A (Chiricozzi et al., 2011; Harper et al., 2009), altering the secretion of immune biomarkers from keratinocytes (Patel et al., 2017) and driving the proliferation of keratinocytes (Wang et al., 2012). Blocking the TNF-α pathway has been used as a treatment for psoriasis  (Campanati et al., 2020). 
[bookmark: _Toc184633341][bookmark: _Toc184909107] Chemokine receptors and chemokines
Chemokines are a large family of small cytokines that have chemotactic abilities. Chemokines can control the migration and residence of immune cells by binding to their corresponding receptor (Palomino & Marti, 2015). Chemokines are involved in immune responses, both protective and destructive, as well as controlling the cell migration during the development of tissues. The names of chemokines are determined by their structure, namely the row of cysteine residues closest to the N terminus, and based on that, chemokines can be separated into four subfamilies: CC, CXC, CX3C, and XC (Hughes & Nibbs, 2018; Palomino & Marti, 2015).    
CXCR3 
[bookmark: _Hlk172813171]CXCR3 is a chemokine receptor whose ligands are C-X-C chemokine ligand (CXCL)9, CXCL10 and CXCL11, as well as CXCL4 (Korniejewska et al., 2011; Kuo et al., 2018). CXCR3 is strongly associated with the Th1 response, and CXCR3 and its ligands are inducible by IFN. CXCR3 is expressed by T1 cells, NK, and NKT cells as well as monocytes and DCs (Kuo et al., 2018; Tokunaga et al., 2018). CXCR3 and CXCL10 have been implicated in the pathogenesis of psoriasis, although a consensus has not been reached regarding their role. CXCR3 and its ligands are elevated in psoriatic lesions on mRNA level as well as with immunohistochemical staining of psoriatic skin (Chen et al., 2010; Rottman et al., 2001). CXCL10 and CXCL9 are present at a higher level in plasma from psoriasis patients compared to HC (Ekman et al., 2013). However, CXCL10 has also been shown to not be upregulated in serum of psoriasis patients compared to HC and CXCR3+ T cells are lower in frequency in the peripheral blood of psoriasis patients compared to HC (Lima et al., 2015).
CCR4
CCR4 is a receptor for ligands CCL17 and CCL22 and is mostly expressed on Th2 cells, CLA+ T cells that home to the skin, and on Treg cells (Yoshie & Matsushima, 2015). CCR4 expression on T cells from HC is increased with maturation of T cells from naïve to memory T cells (Baricza et al., 2018). In the pathogenesis of psoriasis, with its mixed Th1/Th17 immune responses, CCR4 is important due to its skin-homing abilities. CCR4 has been shown to be more prevalent on CD8+ T central memory cells (CD45RA-CCR7+) than on T effector memory cells (CD45RA-CCR7-). Expression of CCR4 and CXCR3 is higher within CD8+ T central memory cells in psoriasis patients as compared to HC (Casciano et al., 2020; Montico et al., 2023). Within the CD45RA- T memory cell compartment, both CD4+ and CD8+ T cells showed an increased percentage of CCR4 expression when derived from psoriasis patients compared to HC. Also, CD4+CD45RA-CCR4+ T cells showed a great correlation to the severity of disease measured with PASI (Sgambelluri et al., 2016). 
In a psoriasis mouse model, knocking out CCR4 in mice before applying IMQ resulted in reduced ear thickness, erythema, and scaling as compared to wild type mice. CCR4 knock-out in the IMQ mouse model also reduced the expression of cytokines related to the pathogenesis of psoriasis in the skin, such as IL-17A, IL-22 and IL-23. CCR4 was not only important for the migration of Th17 cells into the skin after IMQ application, but when CD4+ cells from lymph nodes of wild type mice were isolated and cultured in vitro with a CCR4 antagonist and CD11c+ DCs, Th17 cells reduced their expansion when compared to in vitro cell cultures without the CCR4 antagonist (Matsuo et al., 2021). 
CCR6
The chemokine receptor CCR6 has only one known high affinity ligand; CCL20 (Meitei et al., 2021). CCR6 is highly expressed on Th17 cells with the gene for CCR6 under the transcriptional control of RORγt that also controls differentiation of T17 cells (Manel et al., 2008). CCR6 is also expressed on immature DCs, CD4+ Treg cells, ILCs and B cells (Meitei et al., 2021). Many cell types secrete CCL20, such as Th17 cells (Maddur et al., 2011), macrophages (Tan et al., 2022), keratinocytes (Chiricozzi et al., 2011; Harper et al., 2009; O'Reilly, 2022), and endothelial cells (Hermans et al., 2022). 
In psoriasis, CCL20 has been shown to play a part in recruiting CCR6+ T cells to the skin. CCL20 is expressed by keratinocytes and its production is increased as response to TNF-α, IL-1 and IL-17, cytokines common in the psoriasis microenvironment, attracting more CCR6+ immune cells (Mabuchi et al., 2012). Furthermore, is has been shown that CCR6 is crucial to the developing psoriasis in an IL-23 induced psoriasis-like inflammation model performed on CCR6 knock-out mice. CCR6 knock-out mice do not develop increased ear thickness, or the typical histological changes of the epidermis associated to psoriasis after injection of IL-23, but wild type mice do (Hedrick et al., 2009). Mice with CCR6 knocked out also showed a deficit in the recruitment of γδ low expressing T cells into the epidermis after IL-23 injection, but in wild type mice, γδ low expressing T cells accumulated in the epidermis. These γδ low expressing T cells were a rich source of IL-22 that contributed to the pathogenesis of psoriasis (Mabuchi et al., 2013; Mabuchi et al., 2011). However, using the IMQ mouse model, CCR6 knock-out mice developed psoriasiform skin lesions comparable to wild type mice but epidermal cells from CCR6 knock-out mice did not produce IL-22 in vitro (Cochez et al., 2017). Psoriasis patients have been shown to have a higher percentage of memory T cells expressing CCR6 but not CCR4 and CXCR3 as compared to HC and the number of CCR6+ Th17 cells correlated to the severity of psoriasis as measured by PASI (den Braanker et al., 2022). 
[bookmark: _Toc184633342][bookmark: _Toc184909108] Anti-microbial peptides 
Anti-microbial peptides are produced by keratinocytes and other cell types in response to entrance of pathogens into the body and subsequent inflammatory response (Lande et al., 2007; Takahashi & Yamasaki, 2020). AMPs are small peptides, ranging from 10-100 amino acids, with an amphipathic structure (with hydrophilic and hydrophobic residues on opposite sides) and a positive charge (Bin Hafeez et al., 2021; Takahashi & Yamasaki, 2020). AMPs can be classified based on their structure, i.e. whether they contain an α-helix such as cathelicidins, or β-sheets such as β-defensins, both α-helix and β-sheets, or neither. AMPs can also be classified by activity, sequence, and the species they are derived from (Bin Hafeez et al., 2021; Huan et al., 2020). 
AMPs are part of the innate immune system and take part in first-line defence against pathogens. The capability of AMPs to kill pathogens that enter the body comes from their unique cationic and amphipathic structure that allows them to disrupt the negatively charged microbial membrane by forming pores in the membrane (Lande et al., 2015; Luo & Song, 2021). As AMPs can be a chemoattractant for neutrophils, monocytes, and mast cells from the innate immune system and CD4+ T cells from the adaptive immune system they act as a link between the two systems (Al-Rayahi & Sanyi, 2015; Ma et al., 2020; Wilson et al., 2013).
[bookmark: _Toc184633343][bookmark: _Toc184909109] LL-37
LL-37 is the only AMP belonging to the group of cathelicidins found in humans. LL-37 must be cleaved from the precursor protein, human cationic antimicrobial protein-18 (hCAP18), by serine proteases, such as kallikrein 5 and 7 and proteinase 3. After cleavage, LL-37 is in its active form, a 37 amino acid peptide from the carboxy-terminal end of hCAP18 (Morizane et al., 2010; Ridyard & Overhage, 2021; Sorensen et al., 2001; Takahashi & Yamasaki, 2020; Zeth & Sancho-Vaello, 2021). LL-37 is widely expressed in tissues, such as in keratinocytes and differentiated epithelial cells in colon, airway, and genitals. Expression can be constitutive but is induced in keratinocytes in response to injury (Takahashi & Yamasaki, 2020; Yang et al., 2020). 
Within immune cells, neutrophils are the main secretors of LL-37 (Kinoshita et al., 2021; Svensson et al., 2018; Yang et al., 2009), but it can also be secreted by NK cells (Buchau et al., 2010), γδ T cells (Dudal et al., 2006), monocytes (Rivas-Santiago et al., 2008), macrophages (Segreto et al., 2023; Sonawane et al., 2011), mast cells (Di Nardo et al., 2008) and B cells (Agerberth et al., 2000). LL-37 expression can be induced in cells. Vitamin D (1,25-dihydroxyvitamin D3) and phenylbutyrate, a short chain fatty acid, can induce LL-37 expression individually and synergistically (Steinmann et al., 2009). Several other inducers have been identified as well (Kulkarni et al., 2015; Nylen et al., 2014; Steinmann et al., 2009).
LL-37 mediates its effects through many receptors that are not related structurally, such as N-formyl peptide receptor or epidermal growth factor receptor (Biswas et al., 2021; Verjans et al., 2016).  
As an integral part of the innate immune system, LL-37 takes part in killing or restraining pathogens, such as Gram-positive and Gram-negative bacteria (Chieosilapatham et al., 2018; Neshani et al., 2019; Noore et al., 2013), parasites (Crauwels et al., 2019; Ramírez-Ledesma et al., 2022), fungi (Pinilla et al., 2022; Rather et al., 2022; Wong et al., 2011) and viruses (Castillo et al., 2022; Chessa et al., 2022; Crack et al., 2012; Matsumura et al., 2016). LL-37 also promotes pathogen clearance by inhibiting viral replication, as has been shown in mouse models (Barlow et al., 2011; Yu et al., 2021) and in in vitro human cell cultures (Liu et al., 2022; White et al., 2017). It has been proposed that LL-37 can inhibit viral entry into cells (Alagarasu et al., 2017; Brice et al., 2018; Li et al., 2021). 
[bookmark: _Hlk172813223]Besides having anti-microbial functions, LL-37 is an immune modulator with pleiotropic effects depending on the environment. LL-37 modulates the immune response to viruses and other pathogens, both by binding to lipopolysaccharide (LPS) and by other means (Balhuizen et al., 2022; Tripathi et al., 2014). 
[bookmark: _Toc184633344][bookmark: _Toc184909110] The relationship of LL-37 and psoriasis
[bookmark: _Hlk172813244]LL-37 is an autoantigen in psoriasis patients and has been hypothesized to take part in the induction of psoriasis (Lande et al., 2014; Lande et al., 2007). LL-37 binds strongly to extracellular DNA and RNA from dying cells due to the negative charge of the nucleic acids. LL-37 compresses the DNA or RNA and protects it from degradation. Then, the DNA-AMP complex gets transported into pDCs, a subset of DCs that are highly adapted to sensing viral and some microbial infections with intracellular Toll-like receptors (TLR)7 and 9. Upon activation of TLR7 or TLR9 with the DNA-AMP complex, the pDCs produce and secrete a high amount of type I IFN in response to the perceived ongoing viral or microbial infections (Ganguly et al., 2009; Lande et al., 2015; Lande et al., 2007). LL-37 can also form a complex with self-RNA and promote the activation of both plasmacytoid and myeloid DCs, through the activation of TLR7 and TLR8 (Ganguly et al., 2009).
LL-37 has also been shown to be an autoantigen for circulating T cells in 46% of psoriasis patients and up to 75% in patients with a more severe form of psoriasis (Lande et al., 2014). Autoantibodies for LL-37 in serum were present at a higher level in psoriasis patients than HC and correlated to PASI score. Anti-LL-37 levels in serum seemed to be even higher in psoriasis patients with comorbid psoriatic arthritis compared to those without (De Santis et al., 2019; Yuan et al., 2019). In addition, psoriasis patients had a significantly higher concentration of LL-37 in serum and skin compared to HC (Al-Mutairi & Shaaban, 2014; Hwang & Jung, 2014; Kanda et al., 2010; Lande et al., 2007; Lao et al., 2023).
The origin of the pathogenesis of psoriasis has not been elucidated fully. The hypothesis that LL-37 binds to self-nucleic acids is thought to be one version of the induction of psoriasis. In addition to LL-37, other AMPs are over-expressed in psoriatic lesions and can bind to self-nucleic acids, such as S100 proteins (e.g. S100A7 (psoriasin)), hBD2 and hBD3 (Lande et al., 2015) but no other AMP, besides LL-37, has been shown to be an autoantigen in psoriasis (Lande et al., 2014). This makes LL-37 a unique AMP in the pathogenesis of psoriasis. 
[bookmark: _Toc184633345][bookmark: _Toc184909111] Effects of LL-37 on keratinocytes
LL-37 changes the extracellular receptor expression of keratinocytes. LL-37 induces expression of TLR7, 8, and 9 in keratinocytes in vitro, but under normal circumstances, keratinocytes in vitro and normal epidermis do not express TLR7 and 8 (Miura et al., 2023; Morizane et al., 2012). LL-37 also activates TLR7/TLR8 in keratinocytes without any additional stimulation, leading to the upregulation of genes related to psoriasis and increased secretion of IL-36γ that in turn induces expression of IL-17C (Miura et al., 2023). LL-37 has been shown to induce expression of TLR9 in keratinocytes and increased levels of LL-37 in the psoriatic epidermis are connected to higher levels of TLR9 (Morizane et al., 2012). When keratinocytes are cocultured with LL-37 and the TLR9 ligand CpG in vitro, they respond by producing type I IFN (Morizane et al., 2012). 
Double-stranded DNA has been shown to induce TNF-α secretion from keratinocytes and to delay their maturation, an effect mediated in part by 
LL-37 (Luo et al., 2020). LL-37, by itself, has been shown to protect keratinocytes from apoptosis (Chamorro et al., 2009). Stimulation with double-stranded RNA and LL-37 activates keratinocytes to upregulate gene expression, with LL-37 and double-stranded RNA working in synergy. The genes affected were, among others, genes coding for cytokines and growth factors and other associated genes (Adase et al., 2016). LL-37 has been proposed to induce, on its own, the upregulation of vascular endothelial growth factor (VEGF) on transcriptional and protein level (Rodriguez-Martinez et al., 2008).
[bookmark: _Toc184633346][bookmark: _Toc184909112] Effects of LL-37 on immune cells
[bookmark: _Hlk172813278]Neutrophils, the most potent producers of LL-37, produce the inactive form of LL-37 and store it in secondary granules. Upon activation of TLRs on neutrophils, LL-37 is released and cleaved in the extracellular space to its active form. LL-37 is a crucial part of NETs, along with DNA from the neutrophils. NETs are present at a higher concentration in both blood and skin of psoriasis patients (Herster et al., 2020; Hu et al., 2016). However, RNA is also a part of the NET and has been proposed to be present at a higher level in psoriatic skin as compared to healthy skin (Herster et al., 2020). It has been theorized that NET formation can lead to initiation of psoriasis. An abundance of LL-37 and DNA is released into extracellular space after NET formation; LL-37 and DNA can then form the LL-37-DNA complex that can lead to the initiation of psoriasis through activation of pDCs. Neutrophils do not recognize the LL-37-DNA complex, but they can sense the LL-37-RNA complex via TLR8 leading to neutrophil activation, but RNA is a part of the NET, along with DNA (Ganguly et al., 2009; Herster et al., 2020).
After stimulation by LL-37-RNA complex in vitro, neutrophils secrete higher levels of CCL4 and IL-16, which are chemoattractants for CD4+ T cells and other immune cells (Herster et al., 2020; Purzycka-Bohdan et al., 2016). Macrophage-like THP1 cells have also been shown to increase their secretion of CXCL8 and CXCL1 after in vitro culture with LL-37 (Hemshekhar et al., 2018). When monocytes were cocultured with LL-37 in vitro they responded by producing type I IFNs (Chamilos et al., 2012). Lastly, when peripheral blood mononuclear cells (PBMCs) from HC were pretreated with LL-37 and PMA/ionomycin, the LL-37 pretreated T cells showed a reduced proportion of effector cells as compared to only PMA/ionomycin treated T cells (Chernomordik et al., 2020).
The relationship between LL-37 and IL-17A is complex. IL-17A induces the production of AMPs, LL-37 included, and both LL-37 and IL-17A are present in increased levels in psoriasis patients, as compared to HC (Archer et al., 2016; Ge et al., 2020). Yet, serum levels of LL-37 are inversely correlated to IL-17 in both HC and psoriasis patients, even though IL-17 stimulation of neutrophils and keratinocytes upregulates expression of LL-37 (Kanda et al., 2010). IL-17A seems to enhance the inducing effect that vitamin D has on LL-37 expression in keratinocytes (Peric et al., 2008). 
LL-37 takes part in amplification loops that contribute to the pathogenesis of psoriasis. LL-37 has been shown to polarize CD4+ T cells into Th17 cells in vitro for both mouse and human T cells (Kim et al., 2015; Minns et al., 2021). T cells that are autoreactive to LL-37 in psoriasis patients have been shown to produce IL-17 upon activation, making this a potential positive feedback loop in psoriasis patients (Lande et al., 2014). 
[bookmark: _Hlk172813404]Also, ligands of epidermal growth factor receptor (EGFR) can synergistically enhance the effect of IL-17A. Psoriasis related genes, such as the ones coding for AMPs, cytokines, or chemokines, are transcribed at a higher rate if IL-17A is present and EGFR is activated in keratinocytes in vitro, as compared to IL-17A stimulation alone (Dai et al., 2022). Keratinocytes, when stimulated with IL-17A, have been shown to upregulate their expression of LL-37 (Kim et al., 2016) and LL-37 has been proposed to be a ligand of EGFR (Chen et al., 2018; Tokumaru et al., 2005; Yin & Yu, 2010). Lastly, keratinocyte-derived IL-23 and IL-1 have been shown to induce T cells to secrete IL-17A, making this an amplification loop in the pathogenesis of psoriasis (Li et al., 2018; Muhr et al., 2010).  
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[bookmark: _Toc184633347][bookmark: _Toc184909113][bookmark: _Hlk131505122]Aims
The overall aim was to examine the molecular changes accompanying improvement in psoriasis patients after phototherapy and immunomodulating effects of the antimicrobial peptide LL-37 on keratinocytes and PBMCs in a psoriasis mimicking microenvironment.

Specific aims:  
To determine the effects of psoriasis treatment on circulatory T cells, with emphasis on T17 and T22 cells and their skin homing abilities. 

To establish the skin-homing potential of circulating lymphocytes in psoriatic inflammation, by analysing their expression of skin homing molecules and chemokine receptors, their secretory profile and the immunomodulating effect of the anti-microbial peptide LL-37. 

To investigate the effects of LL-37 on keratinocyte immune biomarker secretion and signalling in psoriatic inflammation in vitro. 



Hildur Sigurgrímsdóttir

[bookmark: _Toc184633348][bookmark: _Toc184909114][bookmark: _Toc223923948][bookmark: _Toc196060221][bookmark: _Toc196060219]Materials and methods
[bookmark: _Toc184633349][bookmark: _Toc184909115] Patient recruitment
Two distinct patient cohorts were collected. All patients were over 18 years of age, diagnosed with plaque psoriasis, and had a PASI score over 7 at time of inclusion. For paper I, 21 patients were recruited and randomly assigned into three therapy groups. All groups received NB-UVB phototherapy for 6 weeks, and two of them also received balneotherapy in the Blue Lagoon (further information in (Eysteinsdottir et al., 2014)). No difference was observed between groups in the parameters published in paper I and all groups were, therefore, analysed together. Skin and blood samples were taken at the start and end of treatment, as well as after 2 weeks, and severity of disease was evaluated by assigning a PASI score, by a dermatologist (performed by dermatologist Jenna Huld Eysteinsdóttir). Blood from HC was collected from the Icelandic Blood Bank (n=3).
For paper II, 20 patients were recruited for 6 weeks of NB-UVB phototherapy. Patients had to be immunocompetent and not receiving treatment for their psoriasis in the 4 weeks leading up to the trial. Skin and blood samples were taken at the start and end of treatment, and severity of disease was evaluated by assigning a PASI score, by a dermatologist (performed by dermatologists Jenna Huld Eysteinsdóttir and Árni Kjalar Kristjánsson). Control blood samples were obtained from healthy volunteers (n=10). Control samples for healthy skin were obtained from patients undergoing plastic surgery (sex unknown, n=4). Blood samples for set up of methods and chemokine receptor sorting in paper II were obtained from buffy coats from healthy blood donors donating blood at the Blood Bank.
All patients provided written consent to participate in the study which was approved by the Icelandic National Bioethics Committee (nr 08-097-S1 for paper I, VSN-16-102 for paper II, nr 08-097-S1 and 13-034-V1 for paper III). 
[bookmark: _Toc184633350][bookmark: _Toc184909116] Cell culture
All cell cultures were incubated at 37°C, 5% CO2 and at 95% humidity.
[bookmark: _Toc184633351][bookmark: _Toc184909117] Primary keratinocyte cell culture
[bookmark: _Hlk172813444]Primary epidermal keratinocytes (HEKa) were purchased from American Type Culture Collection (ATCC, Manassas, VI, USA). They are derived from normal, adult humans and will be referred to as PrKCs. PrKCs were maintained in Dermal Cell Basal Medium that was supplemented with the Keratinocyte Growth kit (PCS-200-040), Penicillin-Streptomycin-Amphotericin B Solution (PCS-999-002) and Phenol Red (PCS-999-001) (all purchased from ATCC).
[bookmark: _Toc184633352][bookmark: _Toc184909118] HaCaT keratinocyte cell line
[bookmark: _Hlk172813463][bookmark: _Hlk172813482]HaCaT keratinocytes were purchased from CLS Cell Lines Service GmbH (Eppelheim, Germany). They were cultured in Dulbecco's Modified Eagle Medium (DMEM) that was supplemented with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin (all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA). When the confluence reached 85%, the keratinocytes were passaged.
[bookmark: _Toc184633353][bookmark: _Toc184909119] PBMCs
PBMCs were isolated by density gradient centrifugation (Histopaque®-1077, Sigma-Aldrich, St. Louis, MO, USA; Lymphoprep™, StemCell Technologies, Vancouver, Canada; or Ficoll-Paque PLUS, Cytiva, Danaher Corporation, Washington DC, USA) from blood collected in heparin coated Vacuette tubes (Greiner Bio-One, Kremsmünster, Austria) or from buffy coats. PBMCs were maintained in RPMI 1640 media supplemented with 10% FBS and 1% penicillin/streptomycin (complete RPMI medium) (all from Gibco, Thermo Fischer Scientific) at a density of 1x106 cells/ml. PBMCs isolated from the blood of psoriasis patients were frozen in a mixture containing 50% complete RPMI medium, 40% FBS, and 10% Dimethyl Sulfoxide (Sigma-Aldrich) and stored in liquid nitrogen until analysis. After thawing, the PBMCs were allowed to rest overnight in complete medium before stimulation. 
[bookmark: _Toc184633354][bookmark: _Toc184909120] Keratinocyte stimulation in vitro
Mixtures of cytokines that mimicked the microenvironment during a Th1 and Th17 immune response were developed. The mixtures of cytokines were evaluated based on how they induced the secretion of IL-6, CCL20, CXCL8 and CXCL10 from HaCaT keratinocytes (data not shown). The cytokine mixture mimicking the Th1 response contained 20 ng/ml of TNF-α and 100 ng/ml of IFNγ (referred to as Th1 stimulation) and the cytokine mixture mimicking the Th17 response contained 40 ng/ml of TNF-α and 50 ng/ml of IL-17A (referred to as Th17 stimulation).
Keratinocytes were seeded into a 48-well plate (Nunc, Thermo Fisher Scientific) at a density of 1x105 keratinocytes/well. After 24 hours of rest, keratinocytes were stimulated with either Th1 stimulation, Th17 stimulation or left unstimulated for 24 hours. Along with the Th1 and Th17 stimulation, keratinocytes were also cultured in the absence or presence of LL-37 (Innovagen, Lund, Sweden) at 25 µg/ml, as previously described (X. Chen et al., 2013). After 24 hours, cell culture supernatant was collected and stored at -80°C until analysis.
[bookmark: _Toc184633355][bookmark: _Toc184909121] PBMC stimulation in vitro
PBMCs were stimulated in a 96-well plate at a density of 1x106 cells/ml in complete RPMI medium. PBMCs were stimulated either with Th1 or Th17 stimulation or left unstimulated. Along with the Th1 and Th17 stimulation, PBMCs were also cultured in the absence or presence of LL-37 at 25 µg/ml. After 72 hours, cell culture supernatant was collected and stored at -80°C until analysis.
[bookmark: _Toc184633356][bookmark: _Toc184909122] Proliferation assay for keratinocytes
Growth curve analysis was performed using the IncuCyte system (Essen BioScience, Ann Arbor, MI, USA). HaCaT keratinocytes were seeded into a 96-well plate at a density of 3x104 cells/well. After 24 hours, LL-37 was added (25 µg/ml) and the plate was monitored for 7 days. Cell culture medium and LL-37 were replaced twice during the week. 
[bookmark: _Toc184633357][bookmark: _Toc184909123] Flow cytometry
[bookmark: OLE_LINK3]All flow cytometry was performed on either FACSCalibur™ (paper I, BD Biosciences, Franklin Lakes, NJ, USA) or Navios EX (papers II and III, Beckman Coulter, Brea, CA, USA) flow cytometers. 
[bookmark: _Toc184633358][bookmark: _Toc184909124] Staining for flow cytometry for paper I
[bookmark: _Hlk491716332]PBMCs were washed with HBSS medium (Gibco, Carlsbad, CA, USA) prior to staining with anti-human CD3, CD4, CLA, CD103 (BioLegend, San Diego, USA), CD8, CD45R0 and IL-23R (R&D Systems) antibodies. For intracellular cytokine staining, the PBMCs (1x106 cells/ml) were cultured for 16 hours in complete RPMI, in the presence of anti-CD3 (5.0 mg/ml) and anti-CD28 (5.0 mg/ml) mAbs (both from BioLegend) and Brefeldin A (3.0 mg/ml) (eBioscience, Thermo Fisher Scientific) at 37°C. Thereafter, the cells were stained with anti-human CD4, CD8, CLA, IL-17A (BioLegend) and IL-22 (R&D Systems) antibodies. Cells were collected and analysed on FACSCalibur™ (BD Biosciences). This work was performed by Jenna Huld Eysteinsdóttir at the Department of Immunology, Landspítali. 
[bookmark: _Toc184633359][bookmark: _Toc184909125] Staining for flow cytometry for paper II
After thawing, PBMCs were left to rest overnight. In order to separate CD3+ T cells from PBMCs an EasySep™ Human T Cell Isolation Kit (StemCell Technologies, Vancouver, Canada) was used according to the manufacturer’s instruction.  
Using 1:1 normal human serum and normal mouse serum, unspecific binding on T cells was blocked, and the cells then stained with antibodies listed in table 1. Cells were collected on Navios flow cytometer (Beckman Coulter), and data were analysed by Kaluza Analysis 2.1 software (Beckman Coulter). 
[bookmark: _Toc184827117][bookmark: _Toc184909167]Table 1: List of antibodies used for flow cytometry staining for paper II
	
	Clone
	Producer
	Conjugate

	CLA
	HLCA-452
	BioLegend
	PE

	CXCR3
	g025h7
	BioLegend
	AF488

	CD103
	b-ly7
	Thermo Fischer Scientific
	APC 

	CD4
	OKT4
	BioLegend
	APC-Cy7

	CD8
	SK1
	BioLegend
	BV510

	CCR6
	REA277
	Miltenyi Biotec
	PE-Vio770

	CCR4
	REA279
	Miltenyi Biotec
	PE-Vio770

	CCR10
	1B5
	BD Biosciences
	BB515



[bookmark: _Toc184633360][bookmark: _Toc184909126] Phosphoflow
[bookmark: _Hlk163827227]Phosphoflow was performed by staining cells intracellularly for phosphorylated kinases and transcription factors as described by Krutzik et al. (Krutzik et al., 2011). HaCaT keratinocytes were trypsinised and preincubated for 1 hour either in the absence or presence of LL-37 at 45 μg/ml in DMEM cell culture medium supplemented with penicillin/streptomycin but without FBS. Fivex105 HaCaT keratinocytes were stimulated with Th1 or Th17 stimulation or left unstimulated for 15 minutes. After stimulation, HaCaT keratinocytes were fixed with 1.5% formaldehyde and perforated with 95% methanol. Staining was performed with antibodies against phosphorylated extracellular signal-regulated kinase1/2 (pERK1/2) (clone MILAN8R), phosphorylated signal transducer and activator of transcription (pSTAT)1 (clone KIKSI0803), pSTAT3 (clone LUVNKLA) and pSTAT6 (clone CHI2S4N) (all from eBioscience, Thermo Fisher Scientific). 
Phosphoflow for PBMCs was performed the same way, except that PBMCs were cultured in RPMI 1640 media supplemented with penicillin/streptomycin but without FBS. 
[bookmark: _Hlk172813536]The cells were collected in a Navios flow cytometer (Beckman Coulter, Brea) and data were analysed by FlowJo version 10.4.2 (BD, Franklin Lakes). Both percentage-positive cells and geometric mean fluorescent intensity (gMFI) were used as results. pERK1/2 staining was replicated with SimpleWestern using the Jess machine (Protein Simple, Bio-Techne) with a pERK1/2 antibody (clone 197G2, Cell Signaling, Danvers, MA). The protocol for SimpleWestern, supplied by Protein Simple, was followed.
[bookmark: _Toc184633361][bookmark: _Toc184909127] Cell sorting
In order to sort CD4+CD45RO+ T cells from PBMCs obtained from HC, an EasySep™ Human Memory CD4+ T Cell Enrichment Kit (StemCell Technologies) was used according to the manufacturer’s instructions. The memory CD4+ T cells were then stained for CXCR3 and CCR6 and sorted into CXCR3hi, CCR6+ and CXCR3negCCR6neg cell populations using a SH800 cell sorter (Sony Biotechnology, San Jose, CA, USA). Sorted cells were then stimulated for 72 hours using Th1 and Th17 stimulation, as previously described. Cell supernatant was then harvested and stored at -80°C until multiplex analysis.
[bookmark: _Toc184633362][bookmark: _Toc184909128] Cytokine measurements
[bookmark: _Toc184633363][bookmark: _Toc184909129] Multiplex analysis
For paper II, 11 chemokines were measured using custom multiplex kit (Bio-Rad Laboratories, Hercules, CA, USA). For paper III, 24 immune biomarkers were measured in cell culture supernatants using a magnetic Luminex assay (custom made, R&D Systems) and analysed in a Bio-Plex 200 system (Bio-Rad Laboratories). Instructions from the manufacturer were followed. 
[bookmark: _Toc184633364][bookmark: _Toc184909130] ELISA measurements
For paper III, the concentration of CXCL8 from cell culture supernatants was measured with Human IL-8/CXCL8 DuoSet ELISA (R&D Systems). Instructions from the manufacturer were followed.
[bookmark: _Toc184633365][bookmark: _Toc184909131] Histological stainings
[bookmark: _Toc184633366][bookmark: _Toc184909132] Haematoxylin and eosin staining 
Biopsies were formalin-fixed and sections stained with haematoxylin and eosin at the Department of Pathology, Landspítali. The severity of psoriasis was graded using the sections according to the histological grading system by Trozak (Trozak, 1994). The grade is on a scale of 0-27, where a grade of 0 indicates that there are no histological changes associated with psoriasis in the section being examined.  
[bookmark: _Toc184633367][bookmark: _Toc184909133] Immunohistochemical stainings
Skin biopsies from psoriatic plaques were formalin-fixed and sectioned to 3 µm sections at the Department of Pathology, Landspítali. Sections were stained for CD3 (BioLegend), CD4 (Cayman Chemical) and CD8 (Abcam), developed with DAB reagent and counterstained with haematoxylin. All samples were blinded before staining. CD3, CD4 and CD8 positive cells were counted in three randomly chosen fields in 20x magnification.
[bookmark: _Toc184633368][bookmark: _Toc184909134] Immunofluorescence staining
Skin biopsies from psoriatic plaques and normal skin obtained from plastic surgery were frozen in OCT and stored at -80°C until cryosectioning. After cryosectioning, the 7 µm thick sections were fixed with methanol, and stained with primary and secondary antibodies, sequentially. Antibodies used are listed in table 2. Imaging was done by a confocal microscope (FV1200, Olympus Corporation) using the FV10-ASW acquisition software. The image software used was ImageJ 1.53d (National Institutes of Health, Bethesda).
[bookmark: _Toc184827118][bookmark: _Toc184909168]Table 2: List of antibodies used for immunofluorescence staining of cytokines in skin
	Primary antibody
	Clone / producer
	Secondary antibody
	Producer

	LL-37
	Polyclonal / Innovagen AB, Lund, Sweden
	Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488)
	Thermo Fisher Scientific

	CD8
	RPA-T8 / BioLegend
	Goat anti-Mouse IgG (H+L) Secondary Antibody, DyLight™ 550
	Thermo Fisher Scientific

	IL-22
	Polyclonal / Abcam
	Donkey Anti-Rabbit IgG H&L (DyLight® 488)
	Abcam

	IL-17
	Polyclonal / Abcam
	Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488)
	


Three independent individuals blindly scored the distribution and levels of LL-37 staining in the skin. A scale of 1-3 was used to grade the staining, where a score of 1 was given when the staining was localized to the basal membrane of the epidermis but a score of 3 was a more intense staining, covering the whole of the epidermis. Background staining was always minimal or absent as determined by isotype controls or by staining only with the secondary antibody.
[bookmark: _Toc184633369][bookmark: _Toc184909135] Analysis and statistical calculations
Paper I: When evaluating the differences between HC and patients at baseline (time-point 0) the Mann-Whitney test was used. To evaluate the differences between the two groups at baseline and after two and six weeks of treatment one-way ANOVA was used. The correlation analysis was performed by calculating the Pearson correlation coefficient. P < 0.05 was considered statistically significant.
Paper II: The data obtained from HC and psoriasis patients were compared using non-parametric Mann-Whitney test for two groups or with Friedman test for three groups with Dunn´s multiple comparison test. For two groups that were paired, Wilcoxon matched-pairs signed rank test was used. All statistical analysis, including principal component analysis, was done using GraphPad Prism 9.0 (GraphPad software, San Diego, CA, USA). P < 0.05 was considered statistically significant.
Paper III: When comparing two groups non-parametric Mann-Whitney test was used but Kruskal-Wallis test for comparing three groups. Pearson's correlation coefficient (r) was used to calculate correlation. For two groups that were paired, Wilcoxon matched-pairs signed rank test was used. Results were considered significantly different for P < 0.05, or a more restricted value after correction for multiple comparisons (false discovery rate, Q = 1%). Statistical analysis was done using GraphPad Prism 7 (GraphPad). Heatmaps were made using www.heatmapper.ca (Babicki et al., 2016).
[bookmark: _Toc184633370][bookmark: _Toc184909136]Results
[bookmark: _Toc184633371][bookmark: _Toc184909137] Differences in proportions of Th17/Th22 and Tc17/Tc22 skin-homing lymphocytes in psoriatic inflammation, before and after phototherapy, and lymphocyte expression of skin homing and skin retention markers CLA and CD103 (paper I, paper II and unpublished data).
[bookmark: _Toc184633372][bookmark: _Toc184909138] Circulating Th17/Tc17 cells are reduced in psoriasis patients after effective phototherapy
The proportion of circulating Th17 and Tc17 cells (CD45RO+IL-23R+ cells that expressed either CD4 or CD8, respectively) was higher in psoriasis patients compared to HC and was decreased after two and six weeks of treatment compared to before treatment. In addition, the proportion of circulating Th17 and Tc17 cells in psoriasis patients had a positive correlation to the systemic PASI and histological Trozak scores (fig. 1 A and B in paper I). Within the skin, there was a reduction in CD3+, CD4+ and CD8+ T cells after 6 weeks of treatment of psoriasis patients as compared to before treatment. Furthermore, the grade of IL-17 staining within the dermis had also a positive correlation to the PASI score (fig. 1 C and D in paper I). A representative immunofluorescent staining of paired lesional skin, before (fig. 1 A) and after (fig. 1 B) phototherapy, can be seen in figure 1. Figure 1 A depicts a skin sample with active psoriasis, with epidermal thickening and elongated rete ridges, while the skin sample in fig. 1 B has a normal thickness of epidermis and the rete ridges are shorter. 
An increase in the percentage of circulating CLA+ Th17 cells (CD4+CLA+ T cells expressing IL-17A), Th22 cells (CD4+CLA+ T cells expressing IL-22) and Tc22 cells (CD8+CLA+ T cells expressing IL-22) was observed in psoriasis patients compared to that in HC. Circulating CLA+ Th17, Tc17, Th22 and Tc22 cells were reduced in psoriasis patients after 6 weeks of treatment as compared to before treatment, and the percentage of CLA+ Tc17, Th22 and Tc22 had a positive correlation to the PASI score (fig. 2 A-D in paper I).
[bookmark: _Toc184909139][bookmark: _Toc184633373] Skin-homing marker CLA, skin retention marker CD103 and chemokine receptors show distinct patterns on T cells, derived from both psoriasis patients and HC[bookmark: _Toc184827113][bookmark: _Toc184909163]Figure 1: IL-17 and CD8 staining on lesional skin from psoriasis patients before and after treatment. Representative three-colour immunofluoresence of CD8+ (pink), IL-17+ (green) cells with blue-stained nuclei in lesional plaque from psoriasis patient before treatment (0 weeks, A) and after 6 weeks of treatment (B). The red lines delineate the dermal-epidermal junction. Figures were taken at 20x magnification and the white bar represents 100 microns.

In light of the importance of T cells in the pathogenesis of psoriasis, we wanted to evaluate skin-homing of T cells, by analysing their expression of skin-homing and skin retention markers, as well as their expression of chemokine receptors. Expression of the skin retention marker CD103, along with CLA, on both CD4 and CD8 T cells was more common in psoriasis patients than in HC (fig. 2 E and F in paper I). The percentage of these cell groups was reduced after psoriasis treatment and was correlated to the corresponding PASI score (fig. 2 E and F in paper I).
When psoriatic T cells were subgrouped based on their expression of CLA and CD103 a distinct pattern for expression of the chemokine receptors CXCR3, CCR4 and CCR6 emerged. CXCR3 expression was expressed both at a high and intermediate level and these two groups were analysed separately. Higher percentage of CXCR3hi T cells, derived from psoriasis patients, was also expressing CD103, with and without CLA expression, as compared to the percentage of CXCR3hi T cells that expressed neither CD103 nor CLA (fig. 1 A in paper II). Higher percentage of psoriatic CXCR3int T cells was also expressing CD103, but not CLA, as compared to CXCR3int T cells that expressed neither CD103 nor CLA (fig. 1 B in paper II). Expression of the homing and retention markers was different in psoriatic CCR4+ T cells as compared to what was observed in CXCR3int T cells, as higher percentage of CCR4+ T cells was also expressing CLA, with and without CD103 expression, as compared to CCR4+ T cells that expressed neither CD103 nor CLA (fig. 1 C in paper II). Higher percentage of CCR6+ T cells, derived from psoriasis patients, expressed either CLA or CD103 or both CLA and CD103 as compared to CCR6+ T cells that expressed neither CD103 nor CLA (fig. 1 D in paper II).   
When the T cells were divided into CD4+ and CD8+ T cells and the expression of chemokine receptors was examined in subgroups that expressed CLA and CD103, similar expression patterns were observed for both CD4+ and CD8+ T cell groups (figs. 2 and 3) as was observed for all T cells (fig. 1 a-d in paper II). Compared with the control group (CD4+CD103-CLA-), a higher percentage of CD4+ T cells expressing CD103 and not CLA expressed high and medium levels of CXCR3, a finding observed in both psoriasis patients and HC (fig. 2). In contrast to CD4+ T cells, higher percentage of CD8+ T cells expressing CD103, with or without expressing CLA, expressed high levels of CXCR3 but not medium levels, as compared with the control group (CD8+CD103-CLA-) (fig. 3). 
Compared with the control groups (CD4+CD103-CLA- and CD8+CD103-CLA-), the percentage of CD4+ and CD8+ T cells expressing CLA, with or without also expressing CD103, expressed CCR4, a finding observed both in psoriasis patients and HC (figs. 2 and 3). However, compared with the control group, a higher percentage of CD4+CD103+ T cells expressed CCR4, a finding only observed in psoriatic patients (fig. 2). 
CCR6 expression in CD4+ and CD8+ T cell subgroups was not the same. For CD4+ T cells, there was a higher percentage of T cells expressing CCR6 in the subgroup expressing CD103 (CD103+CLA- and CD103+CLA+) than in the subgroup expressing neither CD103 nor CLA (fig. 2). For CD8+ T cells, there was a higher proportion of T cells expressing CCR6 in CLA expressing subgroups (CD103-CLA+ and CD103+CLA+) as compared to that in CD103-CLA- T cells (fig. 3).
Chemokine fingerprinting of CD4+ and CD8+ T-cells reveals distinct phenotypic patterns linked to psoriatic inflammation, is driven, in part, by LL-37 (paper II and unpublished data)
[bookmark: _Toc184633374][bookmark: _Toc184909140][bookmark: _Toc184633375][bookmark: _Toc184909141] Chemokine receptor expression and chemokine secretory response of PBMCs to stimulation in vitro varies between psoriasis patients and HC [bookmark: _Toc184827114][bookmark: _Toc184909164]Figure 2. Comparison of chemokine receptor expression, on different subgroups of CD4+ T cells. Scatter dot plots showing the percentage of CD4+ T cells expressing CXCR3hi, CXCR3int, CCR4 and CCR6 within subgroups of T cells based on their expression of CLA and CD103 on a log10 scale. Friedman test was used to compare 4  subgroups of HC (n=9) and psoriasis patients (n=15) with Dunn´s multiple comparison test. Groups were compare to the CLA-CD103- group. *, **, *** and **** correspond to p=<0.05, p=<0.01, p=<0.001 and p<0.0001, respectively.

[bookmark: OLE_LINK4]When we examined expression of the chemokine receptors CXCR3, CCR4 and CCR6 on circulatory T cells from psoriasis patients and compared it to chemokine receptor expression on T cells from HC, an increase in the percentage of CCR6+ T cells was observed in psoriasis patients (fig 1 in paper II). Further analysis of T cell subgroups revealed that the subgroups with the biggest difference between psoriasis patients and HC were the CCR6+ skin-homing and skin retaining T cells (in CD4+ T cells, CD4+CD103+ T cells, CD8+CD103+ T cells, CLA+ T cell, and in CD8+CLA+ T cells subgroups (fig. 1 g-j and l in paper II)). In contrast, a decrease in the percentage of CD4+CXCR3hi and CD4+CXCR3hiCD103+ T cells was observed in psoriasis patients when compared to HC (fig. 1 h and i in paper II). 
In order to investigate the chemokine secretion derived from PBMCs, they were stimulated in vitro in a Th1 or Th17 mimicking inflammatory model, and the secretory response compared between psoriasis patients and HC. Unstimulated PBMCs isolated from psoriasis patients secreted higher amount of CXCL2, but lower amount of CCL2, compared to HC. After Th1 stimulation, higher concentration of CCL20 and CXCL2 were observed from psoriatic PBMCs as compared to PBMCs from HC but lower concentration of CCL2 and CCL3 after Th17 stimulation (fig. 2 A in paper II).[bookmark: _Toc184827115][bookmark: _Toc184909165]Figure 3: Comparison of chemokine receptor expression, on different subgroups of CD8+ T cells. Scatter dot plots showing the percentage of CD8+ T cells expressing CXCR3hi, CXCR3int, CCR4 and CCR6 within subgroups of T cells based on their expression of CLA and CD103 on a log10 scale). Friedman test was used to compare 4 groups subgroups of HC (n=9) and psoriasis patients (n=15) with Dunn´s multiple comparison test. Groups were compare to the CLA-CD103- group. *, **, *** and **** correspond to p=<0.05, p=<0.01, p=<0.001 and p<0.0001, respectively.



The effects of Th1 and Th17 stimulation on chemokine secretion by PBMCs from psoriatic patients was compared to unstimulated cells (fig. 2 B in paper II). Th1 stimulation of PBMCs resulted in enhanced secretion of CXCL10, CCL11, CCL3 and CCL27 and Th17 stimulation of PBMCs resulted in increased secretion of CCL20 and CXCL2 compared to unstimulated cells. When the effect of Th1 and Th17 stimulation on the chemokine secretion from PBMCs from psoriatic patients was compared, a decrease in secretion of CXCL10, CCL11 and CCL27 and an increase in secretion of CCL17, CCL22, CXC3CL1, CXCL1, and CXCL2 was observed following Th17 stimulation as compared to Th1 stimulation (fig. 2 B in paper II). Finally, CCL2 secretion from PBMCs was not influenced by either Th1 or Th17 mimicking stimulation (fig. 2 B in paper II). 
[bookmark: _Toc184633376][bookmark: _Toc184909142] LL-37 has distinct, modulating effects on chemokine secretion by PBMCs, derived from psoriasis patients, after Th1 and Th17 mimicking stimulation in vitro
We wanted to assess the immunomodulatory properties of LL-37 on PBMCs in our psoriasis mimicking cell culture model. LL-37 affected the response of PBMCs to stimulation primarily by increasing the secretion of chemokines CXCL10, CCL22, CCL20, CX3CL1, CCL11, and CCL3, when added to either Th1 or Th17 stimulations as compared to Th1 or Th17 stimulations alone (fig. 3 A in paper II). LL-37 increased secretion of CXCL2 only after Th1 stimulation and of CCL17 only after Th17 stimulation (fig. 3 A in paper II). LL-37 decreased secretion of CCL2 after Th1 stimulation as compared with Th1 stimulation alone (fig. 3 A in paper II). Surprisingly, LL-37 along with Th1 stimulation decreased secretion of CCL27 as compared to only Th1 stimulation, whereas LL-37 with Th17 stimulation increased secretion of CCL27 as compared to only Th17 stimulation (fig. 3 A in paper II).
When fold change of secretion of chemokines after Th1 stimulation in the presence of LL-37 divided by secretion after only Th1 stimulation was compared to fold change after Th17 stimulation in the presence of LL-37 divided by secretion after only Th17 stimulation, the only difference was observed in CCL27 and CXCL10 secretion. In both cases, Th17 stimulation in the presence of LL-37, resulted in higher secretion of CCL27 and CXCL10 than Th1 stimulation in the presence of LL-37 (fig. 3 B in paper II). CCL20 has the highest fold change of all chemokines measured, both after Th1 and Th17 stimulation in the presence of LL-37 (fig. 3 B in paper II). 
After principal component analysis of chemokine secretion from psoriatic PBMCs, different stimulations grouped together (fig. 4 in paper II). Cumulative proportion of variance for both PC1 and PC2 was 61.44% (36.93% for PC1 and 24.50 for PC2). CCL20, CX3CL1, CXCL2, and CCL11 were the biggest contributors to PC1 and CXCL10 and CCL17 for PC2. Chemokine secretion from PBMCs stimulated with Th1 stimulation with or without LL-37 clustered away from unstimulated cells with a lower score on the PC2 axis but with a similar score on the PC1 axis (fig. 4 in paper II). Chemokine secretion from Th17 stimulated PBMCs with or without LL-37 tends to have a lower score on the PC1 axis as compared to unstimulated cells (fig. 4 in paper II). Chemokine secretion from PBMCs stimulated with Th1 and Th17 along with LL-37 both have a lower score on the PC1 axis as compared to PBMCs stimulated only with Th1 or Th17 stimulation (fig. 4 in paper II). Secretion of CCL11 by PBMCs from psoriatic patients had a negative correlation to the PASI score after both Th1 and Th17 stimulation (fig. 5 A and B in paper II). Secretion of CCL27 had a negative correlation to the histological Trozak score after Th1 stimulation but secretion of CXCL10 had a positive correlation to the PASI score after Th17 stimulation (fig. 5 A and B in paper II).

Figure 4: LL-37 affects intracellular pathway activation of PBMCs. Scatter dot plots  showing geometric mean fluorescence intensity and percentage of positive cells for pERK1/2 (A) and pSTAT1 (B) within PBMCs, lymphocytes, CD3+ T cells and monocytes after pre-incubation with LL-37 or not (n=6). Error bars show standard deviation. LL-37 pre-incubated PBMCs were compared to control group by Wilcoxon matched-pairs signed test, * corresponds to p<0.05.

[bookmark: _Toc184633377][bookmark: _Toc184909143][bookmark: _Toc184633379]CD4+CXCR3hi T cells are a distinct T cell population with less secretory potential than CXCR3negCD4+ T cells
We decided to analyse the CXCR3hi T cells further and observed that the percentage of CD4+CXCR3hi T cells was lower than the percentage of CD8+CXCR3hi T cells (fig. 6 C in paper II), whereas the mean expression level, as measured by gMFI, was higher for CD4+CXCR3hi T cells than for CD8+CXCR3hi T cells (fig. 6 B in paper II). When CD4+CXCR3hi T cells, derived from HC, were sorted and cultured with Th1 and Th17 stimulation in vitro, their secretion of IL-10 and CXCL8 was lower after Th1 stimulation but IL-1β was lower after Th17 stimulation, when compared to secretion from CD4+CXCR3neg control T cells (fig. 6 D in paper II). 
[bookmark: _Toc184633378][bookmark: _Toc184909144] LL-37 alters phosphorylation of signal transducer and activator of transcription (STAT)1 and extracellular signal-regulated kinase (ERK)1/2 in PBMCs after stimulation
We wanted to assess whether LL-37 affected intracellular signalling pathway activation of PBMCs as LL-37 had affected the secretion of chemokines. Using phosphoflow, phosphorylation of ERK1/2, STAT1, STAT5, and STAT6 was determined using stimulation specific for each signalling molecule for PBMCs that were pre-incubated with LL-37 or not. Phosphorylation of ERK1/2 was increased, both at the expression level (gMFI) and for the percentage of positive cells, when PBMCs were pre-incubated with LL-37. It was also increased in lymphocytes and CD3+ T cells, but not in monocytes, when they were analysed separately (fig. 4 a). However, phosphorylation of STAT1 was increased for monocytes but not for lymphocytes when PBMCs were preincubated with LL-37 (fig. 4 b). Phosphorylation of STAT5 and STAT6 was not affected by LL-37 preincubation of PBMCs (data not shown). 
[bookmark: _Toc184909145]The influence of keratinocytes on the psoriasis microenvironment and their regulation by LL-37 (paper III) 
[bookmark: _Toc184633380][bookmark: _Toc184909146] Secretion of immune biomarkers from primary keratinocytes is affected by Th1 and Th17 stimulation and LL-37 modulates their secretory response to stimulation
In order to assess the contribution of keratinocytes to the inflammatory surroundings that characterises the pathogenesis of psoriasis, primary keratinocytes were stimulated with Th1 and Th17 stimulation and the concentration of chemokines, growth factors and cytokines was measured in their supernatant. Secretion of chemokines by keratinocytes was greatly affected by stimulation, with CCL2 concentration increasing more than 10,000-fold after Th1 stimulation compared to unstimulated cells (fig. 1 A and D in paper III). Other chemokines secreted at increased concentration by keratinocytes following Th1 stimulation include CCL3, CCL4, CCL5, CXCL10, CX3CL1, and CCL11 but all with mean fold changes under 100 as compared to secretion from unstimulated keratinocytes (fig. 1 A and D in paper III). Chemokines CXCL8, CCL20, CXCL1, and CXCL2 were secreted at a higher concentration by keratinocytes after Th17 stimulation (fig. 1 A and D in paper III). 
After Th17 stimulation, three out of four growth factors measured, fibroblast growth factor (FGF), granulocyte colony stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), but not VEGF, were secreted at a higher concentration by keratinocytes compared to unstimulated keratinocytes (fig. 1 B in paper III). Secretion of FGF was also increased after Th1 stimulation (fig. 1 B in paper 3). Cytokines that were secreted by keratinocytes at a higher amount after Th1 stimulation include 
IL-12p70, IL-5, IL-17E, IL-10, and IL-7, but only IL-6 and IL-1β were increased after Th17 stimulation (fig. 1 C in paper III). Of all the immune biomarkers measured only secretion of VEGF and CCL19 were not affected by the Th1 and Th17 stimulation of the keratinocytes (fig. 1 A and B in paper III). Of the twenty-three immune biomarkers analysed only FGF was secreted at a higher concentration by keratinocytes after both Th1 and Th17 stimulation (fig. 1 B in paper III) but secretion of 14 immune biomarkers by keratinocytes were altered after Th1 stimulation and eight immune biomarkers after Th17 stimulation (fig. 3 A-C in paper III).
As secretion of many immune biomarkers by primary keratinocytes was affected by stimulation, the response of keratinocytes to stimulation in the presence of LL-37 was investigated. Unstimulated keratinocytes treated with LL-37 for 3 days secreted higher concentration of selected chemokines, growth factors and cytokines, including the chemokines CXCL8, CCL20, and CXCL2, the growth factors GM-CSF and VEGF and the cytokines IL-6 and IL-1β, with more than 4-fold increase in IL-1β secretion (fig. 2 A-C in paper III).
When LL-37 was added to the Th1 stimulation of keratinocytes and compared to Th1 stimulation alone, LL-37 modulated the response to stimulation by decreasing the secretion of the chemokines CCL2, CX3CL1, and CCL11 as well as the cytokines IL-12p70, IL-17E, and IL-10 but by increasing the secretion of CXCL8, G-CSF, and IL-1β (fig. 2 A-C in paper III). LL-37 addition to the Th17 stimulation of keratinocytes, compared with Th17 stimulation alone, resulted in an increase in the secretion of CXCL8, CCL3, CCL4, and CXCL2 but a decrease in CCL2, CXCL10, and CXCL1 (fig. 2 A in paper III). Growth factor VEGF was secreted at a higher level when LL-37 was added to Th17 stimulation as well as secretion of the cytokine IL-1β (fig. 2 B and c in paper III). However, IL-6 and IL-10 were both secreted at a lower concentration after Th17 stimulation with LL-37 (fig. 2 C in paper III). 
When secretion of immune biomarkers by primary keratinocytes was clustered and presented as a heatmap, secretion after Th1 stimulation clusters together with secretion of unstimulated keratinocytes for both chemokines and cytokines. Secretion of growth factors clusters differently with Th1 and Th17 stimulation clustering together (fig. 2 E and F in paper III). 
[bookmark: _Toc184633381][bookmark: _Toc184909147]LL-37 alters ERK1/2 phosphorylation in keratinocytes 
Based on the effects of LL-37 on secretion of immune biomarkers by keratinocytes, the intracellular pathway activation in keratinocytes was also investigated. After stimulation of keratinocytes by Th1 and Th17 stimulations ERK1/2 and STAT1 were phosphorylated (fig. 4 A in paper III and data not shown, respectively). After Th1 stimulation, LL-37 pre-incubated keratinocytes had decreased phosphorylation of ERK1/2, both in expression levels (gMFI) and in percentage of pERK1/2+ keratinocytes (fig. 4 B in paper III). LL-37 did not affect pSTAT1 phosphorylation nor phosphorylation of ERK1/2 after Th17 stimulation (data now shown and fig. 4 C in paper III, respectively). 
[bookmark: _Toc184633382][bookmark: _Toc184909148] The pattern of LL-37 expression in epidermis changes after phototherapy 
Expression of LL-37 has been reported to be higher in in psoriatic skin compared to healthy skin (Lande et al., 2007). Distribution of LL-37 in psoriatic skin was analysed by staining skin samples obtained from psoriatic plaques and HC with antibodies against LL-37 (fig. 5 A in paper III). Before treatment, there is a widespread LL-37 staining over most of the epidermis but after 6 weeks of phototherapy the LL-37 staining pattern was altered to be more confined to the basal membrane. 
LL-37 staining was scored by three individuals in a blinded fashion. A reduction was seen in the staining score for LL-37 after phototherapy as compared with before phototherapy (fig. 5 B in paper III). However, no correlation was observed with the LL-37 staining score and the PASI and Trozak scores (fig. 5 C and D in paper III). 
[bookmark: _Toc184633383][bookmark: _Toc184909149] LL-37 affects proliferation of keratinocytes in culture
HaCaT keratinocytes were monitored for proliferation after addition of LL-37 and compared to unstimulated HaCaT keratinocytes. For the first 72 hours after seeding, LL-37 stimulated HaCaT keratinocytes proliferated to a higher confluence percentage than unstimulated keratinocytes. However, after that timepoint, LL-37 caused a reduction in proliferation resulting in lower confluence percentage at 144 hours and all timepoints measured after that until 192 hours (suppl. fig. 3 in paper III). 
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[bookmark: _Toc184633384][bookmark: _Toc184909150]Discussion
In this project we have demonstrated the importance of circulating CD4+ T cells as well as CD8+ T cells in the pathogenesis of psoriasis. These results show the changes in proportion of IL-17A and IL-22-producing, skin-homing T cells in the psoriasis pathogenesis, how they reduce with treatment and how they correlate to the severity of psoriasis. Further demonstrating the connection of T cells and their cytokines to the pathogenesis of psoriasis is the correlation of IL-17 staining in psoriatic dermis to severity of disease, measured by PASI, and the reduction of T cells in the skin after treatment of psoriasis. The amount and number of chemokines secreted by T cells in the pathogenesis of psoriasis is demonstrated, as well as the T cell expression of chemokine receptors. The intricate effects of LL-37 and how it is able to modulate the immune response by affecting the secretion of immune biomarkers by both T cells and keratinocytes and activation of intracellular pathways in T cells are also shown. 
[bookmark: _Toc184633385][bookmark: _Toc184909151] T cells and their homing receptors in psoriasis
Despite the importance of Th17 cells in the pathogenesis of psoriasis, lesser importance has been placed on IL-17-producing CD8+ T cells even though they have been shown to be present and to take part in the pathogenesis of psoriasis (Eysteinsdottir et al., 2013; Hijnen et al., 2013; Ortega et al., 2009; Res et al., 2010; Teunissen et al., 2014). Our results in paper I further corroborate the importance of CD8+ T cells in the pathogenesis of psoriasis. Teunissen et al. (2014) show that circulating IL-17 and IL-22-producing T cells, both CD4+ and CD8+, have a higher ratio of CLA+ to CLA- T cells than T cells that do not produce these cytokines. This indicates that T17 and T22 cells are more likely to be skin-homing (CLA expressing) than T cells that do not secrete IL-17 and IL-22. 
This study showed that IL-17 and IL-22 secreting circulating T cells, both CD4+ and CD8+, that express CLA decrease after six weeks of treatment. However, when the percentage of these cells was correlated to the severity of psoriasis as measured by PASI, CD8+CLA+ T cells secreting IL-17 or IL22 showed a higher correlation to PASI than the CD4+CLA+ T cells. This may suggest that the proportion of CLA+ Tc17 and Tc22 cells normalizes sooner than CLA+ Th17 and Th22 following treatment of psoriasis (Teunissen et al., 2014).
CD103 is a marker expressed on tissue resident memory T cells in the skin of psoriasis patients but can also be observed on circulating T cells. In this study, we expanded Eysteinsdottir’s research regarding expression of CLA and CD103 on T cells in psoriatic patients (Eysteinsdottir et al., 2013). Our results show that circulating CD4+ and CD8+ T cells expressing CLA and CD103 are more prevalent in psoriasis patients compared to HC and their percentages are reduced concomitant with treatment of psoriasis. These cells may be a subset of T cells that are more ready to go into the skin and stay there, directed/guided to the skin by the skin-homing molecule CLA and then attaching to keratinocytes or epithelial cells with CD103. However, CD103 has also been shown to be expressed on recirculating memory T cells in a mouse model (Bromley et al., 2013). Thus, the expression of CD103 may contribute to the recirculation of T cells into peripheral blood from the skin in psoriasis patients. 
The pattern observed in chemokine receptor expression when T cells were subtyped by CLA and CD103 expression is in part explained by the association between CLA, CD103, and the chemokine receptors measured to either CD4+ or CD8+ cells. CLA is expressed in higher proportion of CD4+ T cells than CD8+ T cells but CD103 in higher proportion of CD8+ T cells than CD4+ T cells. CXCR3 is also expressed in a higher proportion of CD8+ T cells. Therefore, the higher proportion of CXCR3+ cells in CD103+ T cells, regardless of whether they were expressing CLA or not, was not surprising. 
However, this pattern changed when T cells were divided into CD4+ and CD8+ T cells. For CD4+ T cells, higher proportion of CXCR3+ cells was only observed in the CD103+CLA- subgroup, both for CXCR3hi and CXCR3int, whereas for CD8+ T cells derived from psoriasis patients, higher proportion of CXCR3hi cells was observed in all subgroups as compared to the CD103-CLA-CD8+ control subgroup. Expression of CCR6 by either CD4+ or CD8+ T cells was associated with CD103 or CLA expression, respectively, as a higher proportion of CCR6+ cells was found in CD103+ cells for CD4+ T cells but in CLA+ cells for CD8+ T cells. These data indicate that the expression of CLA, CD103 and chemokine receptors linked to skin are more complex than can be explained simply by dividing T cells into CD4+ or CD8+ T cells and not all subgroups have the same propensity to travel to the skin. 
CCR6 is the chemokine receptor whose expression shows the most variability between psoriasis patients and HC in our research, with a higher proportion of T cells expressing CCR6 in the patient group. However, a lower proportion of CXCR3hi CD4+ T cells was observed in psoriasis patients than in HC. Braanker et al. (2022) describe the same changes in CD4+CD45RO+CD25-/low memory T cells, with a higher proportion of CCR6+ T cells and lower proportion of CXCR3+CCR4+ T cells in psoriasis patients as compared to HC (den Braanker et al., 2022). Targeting CCR6 and its interaction with CCL20, with biologics, has been proposed to treat both psoriasis and other autoimmune diseases (Meitei et al., 2021; Shi et al., 2021).
[bookmark: _Toc184633386][bookmark: _Toc184909152] The effect of LL-37 on secretion of immune biomarkers is detailed, precise and dependent on the microenvironment
Expression of CX3CL1 has previously been connected to the pathogenesis of psoriasis and the Th1 response (Congjun et al., 2015). When the receptor for CX3CL1, CX3CR1 was knocked out in a mouse model, the mice formed milder psoriasis-like inflammation after imiquimod application as compared to wild-type mice (Morimura et al., 2016). Keratinocyte secretion of CX3CL1 was highly upregulated after the addition of Th1 stimulation, suggesting an important link between the Th1 response and keratinocytes. When LL-37 was added to the Th1 stimulation of keratinocytes, the upregulation in CX3CL1 secretion was nearly abolished, bringing secretion of CX3CL1 to levels near what was seen for unstimulated keratinocytes. However, LL-37 increased the secretion of CX3CL1 after Th1 and Th17 stimulation of PBMCs, indicating that the effect of LL-37 on CX3CL1 secretion is different in immune cells and keratinocytes. 
The paradoxical effects of LL-37 on of CXCL1 and CXCL2 secretion by keratinocytes were surprising. Both chemokines have a great homology in sequence (Iida & Grotendorst, 1990), they are both upregulated by IL-17 (Kuwabara et al., 2017), they both attract neutrophils, and they signal through the same receptor (Rajarathnam et al., 2019). In addition, our results show that keratinocytes secreted them in a very similar pattern after the addition of Th1 and Th17 stimulation, although CXCL1 was secreted at a higher level. LL-37 reduced CXCL1 secretion by keratinocytes after Th17 stimulation but increased CXCL2 secretion by unstimulated keratinocytes and by keratinocytes after Th17 stimulation, indicating that the mechanism by which LL-37 influences CXCL1 and CXCL2 secretion is not the same.
Our data shows that PBMCs derived from psoriasis patients secreted more CXCL2 than PBMCs derived from HC. This fits with previously published data showing that CXCL2, along with CXCL1, is a key chemokine in the pathogenesis of psoriasis, and CXCL10, to a lesser degree (Wang et al., 2022). 
[bookmark: _Toc184633387][bookmark: _Toc184909153] LL-37 can modulate the secretion of immune biomarkers by keratinocytes or BPMCs that are not affected by inflammatory cytokines
The cytokines associated with the Th1 and Th17 pathway, TNF-α, IFNγ, and IL-17, did not affect the secretion of VEGF by keratinocytes, which was surprising as serum levels of VEGF have been shown to be higher in psoriasis patients than HC (Chen et al., 2016). On the other hand, the secretion of VEGF was increased by LL-37 in unstimulated keratinocytes and in keratinocytes after Th17 stimulation (fold change 2.52 and 1.87 respectively). This upregulation of VEGF by LL-37 fits with previously published data in a keratinocyte cell line (Rodriguez-Martinez et al., 2008). As observed with VEGF secretion by keratinocytes, CCL2 secretion was also not affected by Th1 or Th17 stimulations of PBMCs, whereas it was reduced when LL-37 was added to the Th1 or Th17 stimulated cultures. The same was also seen for keratinocytes, where LL-37 decreased the secretion of CCL2 after both Th1 and Th17 stimulation. 
CCL2 is secreted mainly by keratinocytes in psoriatic patients (Behfar et al., 2017). Our results show that keratinocytes dramatically increased their CCL2 secretion after Th1 stimulation. Our results show that PBMCs can also secrete CCL2 and that PBMCs from psoriatic patients secrete lower amounts of CCL2 than PBMCs from HC, both unstimulated and after Th17 stimulation. A possible effect CCL2 has in psoriasis is to bind to the CCR2 receptor on monocytes and recruit them into the skin where they mature into macrophages or inflammatory DCs and contribute to the pathogenesis of psoriasis (Behfar et al., 2017; Kamata & Tada, 2022).
[bookmark: _Toc184633388][bookmark: _Toc184909154] The specific effects of LL-37 on activation of intracellular pathways 
ERK1/2 are parts of the mitogen activated protein kinase intracellular signalling pathway. This pathway is integral in signalling from mitogens and growth factors and the components of this chain are activated by phosphorylation (Lucas et al., 2022; Plotnikov et al., 2011). Overactivation of ERK1/2 has been linked to various diseases, such as psoriasis, and phosphorylation of ERK1/2 has been shown to be higher in the skin of psoriasis patients than in healthy skin (Lucas et al., 2022; Solberg et al., 2021; Wu et al., 2018; Yu et al., 2007). Proliferation of keratinocytes is dependent on phosphorylation of ERK1/2 since depletion of ERK1 and 2 in keratinocytes leads to hypoproliferation without affecting differentiation (Dumesic et al., 2009). LL-37 stimulation reduces ERK1/2 phosphorylation in lung epithelial cells in vitro (Li et al., 2020).
Our results in paper III show that ERK1/2 was activated after TNF-α stimulation in HaCaT keratinocytes, corroborating previous findings (Cho et al., 2007; Xiong et al., 2015). When keratinocytes were pre-treated with LL-37 and Th1 stimulated (containing TNF-α), ERK1/2 phosphorylation was reduced as compared to untreated keratinocytes, with mean percentage of ERK1/2 phosphorylated keratinocytes dropping from 23.3 to 15.3%. Associated with the fact that LL-37 is overexpressed by keratinocytes in psoriasis patients (Fuentes-Duculan et al., 2017; Lande et al., 2015), LL-37 may play a role in counteracting the hyperproliferation of keratinocytes observed in psoriatic patients by decreasing the phosphorylation of ERK1/2. This is supported by our proliferation assay, where LL-37 on its own was seen to first increase the proliferation (measured by confluence) of HaCaT keratinocytes but after 5 days in culture LL-37 drastically reduced their proliferation, compared to that of keratinocytes cultured without LL-37. This change in effects of LL-37 on HaCaT keratinocytes, to first increase proliferation to later decreasing proliferation could reflect that LL-37 is naturally upregulated in wounds where it has mainly wound healing abilities. However, if LL-37 is not decreased after the wound healing phase, as it would in vivo, it may start to mimic the effects it has in the pathogenesis of psoriasis on keratinocytes. 
The Th17 stimulation had no effect on ERK1/2 phosphorylation when the keratinocytes were pre-treated with LL-37, even though the Th17 stimulation also contained TNF-α. The Th17 stimulation has a higher concentration of TNF-α than the Th1 stimulation in addition to containing IL-17A that, in combination with TNF-α, has been shown to synergistically amplify the effects of both cytokines (Chiricozzi et al., 2011; Wang et al., 2013). So even though ERK1/2 was phosphorylated at a similar level with Th1 and Th17 stimulation (23.3% and 27.9% mean percentage positive cells, respectively), the Th17 stimulation may resist the reducing effect that pre-treatment of keratinocytes with LL-37 has on phosphorylation of ERK1/2 after Th1 stimulation.
LL-37 specifically affected the phosphorylation of ERK1/2 and STAT1 in different subgroups of PBMCs. The ratio of pERK1/2+ PBMCs was increased after preincubation with LL-37 in the lymphocyte group but not in monocytes. However, the ratio of pSTAT1+ PBMCs was increased after preincubation with LL-37 in the monocyte group but not in the lymphocyte group. 
This reduction of ERK1/2 phosphorylation in HaCaT keratinocytes after preincubation with LL-37 is in contrast with previously published results that show LL-37 having an opposite effect on HaCaT keratinocytes. On its own, 
LL-37 was observed to phosphorylate ERK1/2 in keratinocytes (Niyonsaba et al., 2005) and LL-37 enhanced the effects of LPS which was used to induce phosphorylation of ERK1/2 (Sun et al., 2014). Within PBMCs, LL-37 on its own was capable of phosphorylating ERK1/2 in monocytes and PBMCs (Bowdish et al., 2004; Mookherjee et al., 2009), but in our study, PBMCs were stimulated with PMA, which may have masked the phosphorylating effect of LL-37. These different effects of LL-37 on the phosphorylation of intracellular pathways in different cell types further demonstrate the unique, synergistic effect that LL-37 has in modulating the immune response.   
[bookmark: _Toc184633389][bookmark: _Toc184909155]HaCaT keratinocytes as a cell culture model for in vitro research on the role of LL-37 in psoriasis
Keratinocytes upregulating their secretion of LL-37, among other biomarkers, is a normal response to injury (Dorschner et al., 2001; Heilborn et al., 2003). The HaCaT keratinocyte cell line used in parts of this project can secrete LL-37 under certain circumstances, such as after stimulation with IL-17A and after virus infection (Kim et al., 2016; López-González et al., 2018) HaCaT keratinocytes have been shown to produce LL-37 on a mRNA level without stimulation (Sun et al., 2014). However, it is unclear how similar HaCaT keratinocyte secretion of LL-37 is to that of healthy keratinocytes in the skin. Still, HaCaT keratinocytes continue to be used in research on antimicrobial peptides. 
Cytokines are often used to mimic the psoriasis microenvironment for keratinocytes in vitro. The design of psoriasis mimicking microenvironments, for use in vitro, is built on results from measurements of serum cytokine levels in psoriasis patients. Meta-analyses have shown that psoriasis patients have a higher serum concentration of, among others, IL-2, IL-18, IFNγ, and TNF-α as compared to HC (Bai et al., 2018; Liu et al., 2023). IL-17, a cytokine that has been shown to be a distinctive cytokine in the psoriasis pathogenesis, is present at such low levels in serum of psoriatic patients that it is often not statistically different from serum levels of HCs (Bai et al., 2018; Liu et al., 2023; Swindell et al., 2016). However, as psoriasis is a disease of the skin and our knowledge of the cytokine microenvironment in psoriatic skin is much more limited than for circulating cytokines, therefore, analysis of cytokine secretion by keratinocytes is important. 
Most often, the cytokines used for in vitro stimulation of keratinocytes are restricted to the most common or distinctive of the pathogenesis of psoriasis. A psoriasis-like inflammation model has been described, using IL-1α, IL-17A, IL-22, oncostatin M, and TNF-α for 2D cell keratinocyte culture (Bocheńska et al., 2021; Rabeony et al., 2014). In our research, we chose to analyse the Th1 and Th17 immune responses observed in psoriasis separately, although the psoriasis microenvironment present in the affected skin is a mixture of both the Th1 and Th17 immune response.
[bookmark: _Toc184633390][bookmark: _Toc184909156]The role of LL-37 in wound healing
The effects of LL-37 on proliferation of keratinocytes and wound healing have not been fully elucidated. LL-37 has been shown to be upregulated at the wound border in the epidermis in ex vivo wound assays and when anti-LL-37 antibodies were added to the model, wound healing was negatively affected (Heilborn et al., 2003). In airway epithelial cell wound closure experiments in vitro, LL-37 has been shown to increase the closure, both in 2D and 3D cell culture (Shaykhiev et al., 2005). LL-37 at low concentrations (500 ng/ml) has been shown to increase the migration of HaCaT keratinocytes, but their proliferation was not affected (Carretero et al., 2008), whereas at higher concentrations LL-37 has been shown to increase proliferation of keratinocytes in a 3D cell culture model (Patiño et al., 2021). The results from in vitro studies of the role of LL-37 in wound healing led to clinical studies and animal studies where LL-37 was used to treat chronic wounds. Animal wound healing studies with LL-37 have shown mixed results (Carretero et al., 2008; Ramos et al., 2011; Steinstraesser et al., 2012). 
When LL-37 is assessed in clinical studies treating diabetic foot ulcers, LL-37 application did not decrease the size of the wound but the granulation tissue formation, a stage in the wound healing before re-epithelization, occurred earlier with LL-37 application (Miranda et al., 2023). LL-37 has been shown to have a dose-response effect when treating venous leg ulcers in a clinical trial, with LL-37 applied at a concentration of 0.5 mg/ml promoting faster healing than placebo, but the difference was not statistically significant with LL-37 applied at concentrations of 1.6 or 3.2 mg/ml (Grönberg et al., 2014). However, it is hard to reach a consensus based on these studies due to the different amounts of LL-37 used, from nanogram levels per ml in in vitro studies to milligram levels per ml in in vivo clinical studies. Additionally, our own data using LL-37 in an in vitro proliferation assay of HaCaT keratinocytes showed that for the first 80 hours of cell culture, LL-37 increased proliferation of HaCaT keratinocytes but reduced it after that time point. These results may explain the conflicting effect of LL-37 on wound healing, with LL-37 contributing to the initial stages of wound healing but may be detrimental to later stages. 
The effect of LL-37 is conditional on the surrounding microenvironment. If the wound was infected and an inflammatory microenvironment was present, the effect of LL-37 on immune biomarker secretion by both immune cells and keratinocytes would differ from that observed in sterile wounds. Our results show that in a neutral microenvironment, LL-37 addition to primary keratinocytes in vitro induced keratinocytes to secrete more CXCL8, IL-6, and IL-1β causing an innate immune activation and CXCL2 that recruits neutrophils. Adaptive immune cells would also be recruited, when primary keratinocytes are cultured with LL-37 they secrete CCL20 that attracts CCR6+ Th17 cells or δγ T cells, and growth factors GM-CSF and VEGF. On its own, LL-37 directs the secretion of immune biomarkers by keratinocytes towards a specific immune response that takes part in recruiting neutrophils, Th17 cells and δγ T cells that contribute towards the Th17 immune response. However, in our results, LL-37 does not alter the immune biomarker secretion of PBMCs on its own. 
[bookmark: _Toc184633391][bookmark: _Toc184909157] Expression pattern of LL-37 in the skin in different circumstances
While it is clear that LL-37 is secreted by keratinocytes and upregulated in psoriatic skin, the expression pattern within the skin has not been fully clarified. Our results in paper III show that the expression pattern in healthy skin is confined mostly to keratinocytes in the basal layer, whereas in active psoriasis the staining for LL-37 covers most of the epidermis. When psoriasis patients received treatment, the staining pattern normalized towards the basal membrane staining pattern seen in healthy skin. In an ex vivo wound healing model, the LL-37 expression pattern was similar to that seen in our results. LL-37 staining was observed in the basal layer of healthy normal skin, whereas close to the wound border, keratinocytes expressed LL-37 higher up in the epidermis before normalizing back towards healthy basal layer as the wound heals (Heilborn et al., 2003). The normal basal layer expression pattern of LL-37 in the epidermis has been recreated in a 3D in vitro cell culture model (Patiño et al., 2021). LL-37 was co-expressed with IFNβ1 in psoriatic skin, indicating that LL-37 expression in the epidermis is inflammatory (Zhang et al., 2016). 



[bookmark: _Toc184633392][bookmark: _Toc184909158]Conclusions
The key aim of this study was to elucidate some of the changes that concur with the treatment of psoriasis on immune cells in circulation. It also studied the interactions between a psoriasis-mimicking microenvironment and LL-37 and the secretory response of cells that take part in the pathogenesis of psoriasis.  
We conclude that concurrent with effective NB-UVB phototherapy, key effector cells are reduced in the circulation. These effector cells include Th17 and Tc17 cells and skin homing T cells that produce either IL-17A or IL-22. IL-17 was shown to present in the dermis of psoriatic skin and the level of IL-17 correlated to PASI score. These findings underline the importance of IL-17 as a critical cytokine in the pathogenesis of psoriasis and also the often-overlooked role of CD8+ T cells. CD8+ Tc17 cells are present in the circulation of psoriasis patients at a much higher level than in HC and their percentage decreased with therapy as well as being positively correlated with severity of disease, as measured by both PASI and Trozak scores. 
Our results show that CCR6, a chemokine receptor expressed on T17 cells, is expressed at a higher level in psoriasis patients than in HC, both when all T cells were examined and in different subgroups divided by expression of CD4, CD8, CD103 and CLA. CCR6 is expressed on a higher percentage of psoriatic T cells when they also expressed the skin homing and skin retention markers CLA and CD103 compared to its expression on CLA-CD103- T cells. We conclude that CCR6 is highly involved in the homing of T cells into psoriatic skin. 
LL-37 has been shown to play a role in the maintenance of psoriasis. In the present study, LL-37 increased the secretion of ligands that bind to both CCR6 and CXCR3 from psoriatic PBMCs under a psoriasis mimicking microenvironment. Such chemokine secretion could lead to the recruitment of more CCR6 and CXCR3-expressing immune cells into inflamed skin. LL-37 also had a distinct effect on the chemokine secretion of PBMCs, such as decreasing the secretion of CCL27 under Th1 mimicking stimulation but increasing the secretion under Th17 mimicking stimulation. Analysing the effects of LL-37 on immune biomarker secretion by keratinocytes revealed a pattern where LL-37 combined with Th1 stimulation decreased secretion of many biomarkers as compared to Th1 stimulation only, but LL-37 combined with Th17 tended to increase secretion of many biomarkers as compared with Th17 stimulation only. These data suggest that LL-37 may counteract the effects of the Th1 response but amplify the effect of Th17 response in keratinocytes. We conclude that LL-37 is a crucial part of the pathogenesis of psoriasis, with extensive effects on immune modulation, as can be seen in changes in immune biomarker secretion by both PBMCs and keratinocytes. 
Treatment for psoriasis has been revolutionised in recent years with the invention of biologics. Biologics as a treatment for psoriasis would not have been possible without sound basis of knowledge about the immune responses contributing to the pathogenesis. The future goal in the research of psoriasis should be elucidating the pathways of psoriasis to try to create more targeted treatments because while blocking TNF-α or IL-17A is a highly effective treatment for psoriasis, the role of both cytokines is not confined to psoriasis. If it were possible to prevent leukocytes from entering the skin or prevent the activation of leukocytes in the skin in a more targeted manner than blocking very common cytokines, a more precise treatment for psoriasis with fewer side effects could be achieved. 
To summarise, psoriasis is a complex autoimmune disease with a pathogenesis that consists of many components. Even though psoriasis is considered to be driven by a mixed Th1/Th17 immune response, the Th17 response, with cytokine IL-17 at the helm, dominates the immune microenvironment in the skin. LL-37 adds its modulation on top of the effects of the central cytokines, creating an intricate and convoluted immune microenvironment. Our research adds to the understanding of this interplay in psoriasis, of the role of the Th1 and Th17 response and LL-37 and the effect they have on effector cells in psoriasis. 
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