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ABSTRACT 
 

The pathophysiology of psoriasis is associated with epidermal thickening, 

hyperproliferative keratinocytes along with aberrant induction of IL-23/Th17 axis. 

This uncontrolled cellular proliferation of keratinocytes has been recently identified 

to be modulated by mammalian target of rapamycin (mTOR), which has emerged 

as a major effector molecule for proliferation and differentiation defects. mTOR 

may also play a role in the anti-psoriatic effects in photo(chemo)therapy, a 

standard treatment of psoriasis. However, the mechanisms involved in the 

therapeutic effects of photo(chemo)therapy and the role of mTOR signaling in 

functional regulating the pathogenesis of psoriasis are not yet fully understood.  

In the first part of the thesis, the factors responsible for the 

photo(chemo)therapeutic effects of psoralen+UVA (PUVA) photochemotherapy 

and UVB irradiation were investigated, using the imiquimod (IMQ) psoriasis mouse 

model. Mouse skin was treated with repetitive sub-phototoxic doses of PUVA or 

UVB before or during topical IMQ administration. Here, PUVA to a greater degree 

than UVB not only suppressed the IMQ-induced psoriatic phenotype but also 

pretreatment (before IMQ administration) with PUVA did to a greater degree than 

UVB suppress the susceptibility of murine skin to respond to IMQ. Microarray 

analysis showed enrichment of senescence pathway-related genes after PUVA 

pretreatment. PUVA downregulated baseline levels (before IMQ treatment) of IFN-

gamma, IL-17 and IL-9, cytokines that drive psoriatic inflammation. However, the 

anti-psoriatic effect of PUVA was lost when the interval between last PUVA 

exposure and first IMQ administration was extended from 3 to 7 days. These 

findings highlight that PUVA primes the skin in such a manner as to shift the 

balance in favour of a reduced responsiveness to IMQ. 

In the second part of the thesis, the pathogenic role of mTOR signalling and its 

regulatory functions in psoriasis pathology were investigated. Being a conserved 

serine-threonine kinase, mTOR acts primarily via the regulation of protein 

synthesis. This was confirmed in this part of the study where mTOR signaling 

hyperactivation in the psoriatic skin of K5.hTGFβ1 transgenic mice was normalized 

after PUVA therapy. Furthermore, by using an mTOR agonist in mice, it was 
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proved that specific activation of mTOR leads to abnormal epidermal organization 

with disturbed involucrin distribution which is a marker of terminal differentiation.  

These findings not only identify mTOR pathway as an important signal integrator 

pivotal in the psoriatic pathomechanisms but also advocated it as a promising anti-

psoriatic target. This was tested by using its antagonist rapamycin, topically 

applied in the IMQ model of psoriasis. Locally applied rapamycin could not only 

inhibit the mTOR signaling in the skin but also diminish the epidermal barrier and 

differentiation defect of psoriatic skin. 

Together, these results help better understanding the therapeutic mechanisms of 

photo(chemo)therapy and illuminate the role of mTOR signaling in the 

pathophysiology of psoriasis and its response to treatment.   
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ZUSAMMENFASSUNG 
 

Die Pathophysiologie der Psoriasis steht in Verbindung mit einer verdickten 

Epidermis, bedingt durch Hyperproliferation von Keratinozyten und eine 

abnormale Induktion der IL-23/Th17-Achse.  Diese unkontrollierte zelluläre 

Proliferation von Keratinozyten wurde jüngst erkannt durch “Mammalian Target of 

Rapamycin” (mTOR) moduliert zu werden, ein Effektormolekül, welches 

entscheidend für Proliferations- und Differenzierungsdefekte ist. mTOR könnte 

auch eine Rolle bei der anti-psoriatischen Wirkung der Photo(chemo)therapie 

spielen, einer Standardbehandlung der Psoriasis. Die Mechanismen der 

therapeutischen Wirkung der Photo(chemo)therapie und die Rolle der mTOR-

Signalkette bei der funktionellen Regulierung der psoriatischen Pathogenese sind 

noch nicht zur Gänze erforscht. 

Im ersten Teil dieser Arbeit wurden die für die photochemotherapeutische Wirkung 

der Psoralen+UVA (PUVA)-Photochemotherapie und UVB-Bestrahlung 

verantwortlichen Faktoren im Imiquimod (IMQ)-Psoriasis-Modell untersucht. Die 

Haut von Mäusen wurde dazu wiederholt mit unterschwelligen phototoxischen 

Dosen von PUVA oder UVB vor oder während der topischen Verabreichung von 

IMQ untersucht. 

PUVA unterdrückte in einem stärkeren Ausmaß als UVB nicht nur den durch IMQ 

hervorgerufenen psoriatischen Phänotyp, sondern auch die Vorbehandlung (vor 

der Verabreichung von IMQ) mit PUVA unterdrückte in größerem Ausmaß die 

Empfänglichkeit von Mäusehaut auf IMQ zu reagieren. Eine Microarray-Analyse 

ergab nach PUVA-Vorbehandlung eine Anreicherung von Genprodukten, die mit 

Seneszenz in Verbindung stehen. PUVA (verabreicht vor der Gabe von IMQ) 

regulierte die Ausgangsspiegel von IFN-gamma, IL-17 und IL-9 hinunter - 

Zytokinen, welche die psoriatische Entzündung vorantreiben. Der anti-psoriatische 

Effekt von PUVA ging allerdings verloren, wenn das Intervall von der letzten 

PUVA-Bestrahlung bis zur ersten Verabreichung von IMQ von 3 auf 7 Tagen 

verlängert wurde. Diese Ergebnisse unterstreichen, dass PUVA die Haut auf eine 

Weise verändert, aus der sich eine veränderte Balance mit verminderter 

Reaktionsbereitschaft auf IMQ ergibt.  
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Im zweiten Teil der Arbeit wurden die pathogenetische Rolle der mTOR-

Signalkette und deren regulatorische Funktion in der Pathologie der Psoriasis 

untersucht. Als eine konservierte Serin-Threonin-Kinase agiert mTOR in erster 

Line über die Regulierung der Proteinsynthese. Dies bestätigte sich in diesem Teil 

der Arbeit, zumal die Hyperaktivierung von mTOR in psoriatischer Haut von 

K5.hTGFβ1 transgenen Mäusen sich nach Behandlung mit PUVA normalisierte. 

Darüber hinaus zeigte sich durch die Verwendung eines mTOR-Agonisten bei 

Mäusen, dass die spezifische Aktivierung von mTOR zum abnormalen Aufbau der 

Epidermis mit gestörter Verteilung von Involucrin, einem Marker der terminalen 

Differenzierung, führt. Diese Ergebnisse identifizieren die mTOR-Kette nicht nur 

als einen wichtigen Integrator mit? entscheidender Rolle bei den psoriatischen 

Pathomechanismen, sondern sprechen auch für die Kette als vielversprechendes 

Angriffsziel einer anti-psoriatischen Therapie. Dies wurde durch die Verwendung 

des mTOR-Antagonisten Rapamycin mittels topischer Verabreichung im IMQ-

Modell studiert. Lokal aufgebracht, vermochte Rapamycin nicht nur die mTOR-

Reaktionskette zu hemmen, sondern auch den epidermalen Barriere- und 

Differenzierungsdefekt psoriatischer Haut zu vermindern. 

Die Ergebnisse dieser Arbeit helfen, die therapeutischen Mechanismen der 

Photo(chemo)therapie besser zu verstehen und durchleuchten die Rolle der 

mTOR-Reaktionskette in der Pathophysiologie der Psoriasis und deren 

Ansprechen auf die Behandlun.
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1. INTRODUCTION 

 

1.1  Psoriasis 

Psoriasis is a common, chronic autoimmune skin disorder which affects 

approximately 3-4% of the world’s population with frequency rates influenced by 

geographic location and age (Chandran and Raychaudhuri, 2010, Crow, 2012, Di 

Meglio et al., 2014). Its pathology is a result from the interplay of immune system, 

predisposing genetic factors and environmental triggers. This leads to phenotype 

which is characterized by focal formation of inflamed, raised plaques that shed 

scales from excessive growth of epithelial cells with hyperplasia of epidermal 

keratinocytes (KC), vascular hyperplasia, ectasia, infiltration of T lymphocytes, 

neutrophils, and other types of leukocytes in the affected skin (Guttman-Yassky et 

al., 2011, Boehncke and Schon, 2015). Interestingly, it shares immunologic and 

genetic features with other autoimmune inflammatory conditions such as 

inflammatory bowel disease; rheumatoid arthritis and multiple sclerosis, which 

pathologies all involve Th1 and Th17 cells (Fitch et al., 2007, Fiorino and Omodei, 

2015). While the immunopathogenesis is not completely understood, there are 

complex underlying mechanisms, which involve the communication between three 

main cellular players (KC, myeloid dermal dendritic cells (DDC) and T cells) and 

their products (Chamian et al., 2005, Di Meglio et al., 2014).  

The immunopathological events of psoriasis can be broadly divided into initiation 

and maintenance phase.  Clinically innate cytokine interferon-α has been identified 

as an important inducer of psoriasis concomitant with plasmacytoid dendritic 

(pDCs) cells increased in early psoriatic lesions which has been validated in 

pertinent animal models (Funk et al., 1991, Nestle et al., 2005, Yao et al., 2008).  

KCs release the cationic antimicrobial peptide (AMP) LL-37 which binds to self 

DNA/RNA fragments activating then the subset of circulatory DC and TLR7/9-

bearing pDC, which otherwise is absent in human healthy skin (Lande et al., 

2007).  As a result of this many proinflammatory cytokines are released by 

activated KCs like interleukin (IL)-1b, IL-6, TNF-α and chemokines (e.g., IL-8 

[CXCL8], CXCL10, and CCL20) which causes maturation and activation of DDC 

(Nestle et al., 2009, Singh et al., 2016). These cells act as an antigen presenting 
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mature DDC for naive T cells which amplify the signals for plaque progression. 

This as it creates an IL-23/IL-17 inflammatory environment in which DC and 

macrophage-derived IL-23 promotes T-helper 17 (Th17) and cytotoxic-T 17 (Tc17) 

cell effector functions which ultimately form the classical IL-23/ IL-17 axis. 

Additionally, many other key players like cytotoxic CD8 T cells, as a source of 

disease-relevant cytokines like  IL-17A, TNF, IFNg, and IL-22 in the epidermis 

(Hammar et al., 1984, Hijnen et al., 2013), and Gamma delta T cells  (γδ-T cells), 

a major resource of IL-17 via alternative IL-22 pathway  (Laggner et al., 2011, El 

Malki et al., 2013), maintain the disease and thereby interface between effectors of 

the innate and adaptive immune system that shapes the psoriatic phenotype. 

Being heterogeneous in nature psoriasis exists in several distinct forms which are 

classified into four main types identified as: plaque, guttate, generalized pustular, 

and erythrodermic (Di Meglio et al., 2014). Additionally, several further sub 

phenotypes are identified according to its distribution (localized vs. widespread), 

location anatomically (flexural, scalp, palms/ soles/nail), size (large vs. small) and 

thickness (thick vs. thin) and disease activity (active vs. stable) as proposed by the 

International Psoriasis Council (Griffiths et al., 2007). Approximately 70 to 80 

percent of patients with psoriasis suffer from mild disease form (plaque psoriasis) 

defined by Psoriasis Area Severity Index (PASI) ≤ 10. The therapeutic approach in 

controlling psoriasis depends completely on the severity of the disease. 8-

methoxypsoralen plus UVA (PUVA) and narrowband UVB (NB-UVB) 

phototherapies are well-established and generally effective treatments for mild to 

chronic plaque psoriasis, with therapeutic efficacy supposedly dependent on 

selected dose and frequency of irradiation (Ibbotson and Farr, 1999, Legat et al., 

2004, Tanew et al., 1999). Topical agents such as corticosteroids, vitamin D 

analogues, retinoids and calcineurin inhibitors are mainly used for the treatment of 

mild forms of psoriasis. While for moderate-to-severe psoriasis (affecting large 

body surface areas) a well-established treatment regimen is the combination of 

topical agents and phototherapy or systemic drugs (Nast et al., 2012, Mendonca 

and Burden, 2003). 
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1.2 Phototherapy and its immunomodulating effects 
 

Phototherapy is a valuable option in the treatment of many psoriatic and 

nonpsoriatic conditions (Roelandts, 2002, Roelandts, 2005, Moller et al., 2005, 

Walker and Jacobe, 2011). The phototherapeutic effect of UV energy depends on 

the spectrum of radiation emitted by the different light sources. This UV spectrum 

can be subdivided into UV-A (315–400 nm), UVB (280-315nm) and UVC (100-

280nm) (Hockberger, 2002, Gupta et al., 2013) (Fig.1). PUVA 

photo(chemo)therapy consists of the oral or topical administration of psoralen with 

subsequent UVA irradiation. PUVA is therapeutically effective in many skin 

diseases like chronic eczema, graft-versus-host disease after allogeneic bone 

marrow transplantation, mastocytosis, and vitiligo. It also can prevent many 

photodermatoses (light-induced skin diseases), including polymorphic light 

eruption (PLE ("sun allergy")) (Jampel et al., 1991, Bulat et al., 2011, Radack et 

al., 2015, Schweintzger et al., 2015a).  Also, UVB irradiation is also one of the 

oldest treatment options in psoriasis, including heliotherapy, broadband UVB, and 

narrowband UVB. Despite the introduction of biologics, PUVA photochemotherapy 

and UVB have kept their eminent place in the armamentarium of dermatological 

treatments for psoriasis and remains a mainstay for mild to unmanageable and 

very severe forms of psoriasis.   However, the mechanisms of action of 

photo(chemo)therapy are still incompletely understood (Singh et al., 2010, Ling et 

al., 2016, Wolf, 2016). Classically, the focus of phototherapy research was based 

on intercalating effects of psoralen in DNA causing the its photochemical reaction 

along with anti-proliferative effect through programmed cell death in T lymphocytes 

in both the epidermal and dermal psoriatic tissues (Vallat et al., 1994, Duthie et al., 

1999, Santamaria et al., 2002, Wong et al., 2013). This effect was consistently 

paired with its cellular driven immunosuppressive effect mediated via T cells 

(Elmets et al., 1983). The relation of immune suppression linked to regulatory T 

cells (Tregs) (Schwarz, 2008, Schweintzger et al., 2015a) and more recently by 

regulatory B cells (Bregs) (Byrne and Halliday, 2005) depend on doses and 

frequency of the therapy. Having said that, reduced frequency and emigration of 

Langerhans cells (LC) from the epidermis due to UV-R (Noonan et al., 1984) is 

paired with reduced stimulation of secretary phenotype like growth factors and 

nitric oxide which regulates keratinocyte proliferation (Morhenn, 1997) along with 
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mast cells derived histamine which thereby contributes in immune suppression 

(Hart et al., 2001). 

The therapeutic understanding of phototherapeutic mechanisms has emerged a lot 

over the last years (Patra et al., 2016, Wolf et al., 2016b). This includes the 

understanding of suppressive effects via isomerization of urocanic acid (UCA) (De 

Fabo and Noonan, 1983) that acts through the 5-HT2A receptor (Wolf et al., 2016a) 

and induction of reactive biophospholipids like platelet activating factor (PAF) 

which by binding to the PAF receptor results in downstream induction of IL-10 

(Wolf et al., 2006). Locally and systemically, UV-R have shown to upregulate 

cytokines such as TNF-α, IL-10, IL-4, IL-33, and prostaglandin E2 (Shreedhar et 

al., 1998, Wolf et al., 2000, Byrne et al., 2011) which leads to infiltration of 

suppressor macrophage and neutrophils in healthy skin (Cooper et al., 1992). In 

diseases skin exposure to UVB (Johnson-Huang et al., 2010, Racz et al., 2011) or 

PUVA (Coimbra et al., 2010, Singh et al., 2010, Ravic-Nikolic et al., 2011, Singh et 

al., 2011) have positively modulated antipsoriatic cytokines such as IL-4 and IL-10 

and downregulated propsoriatic cytokines like TNF- α, interferon-gamma, IL-9, IL-

23 and its downstream effector cytokines  IL-17 and IL-22. 

These findings were further scrutinised and validated in in vivo setting. In the TGF-

beta1 transgenic psoriatic mouse model the role of PAF in the psoriatic skin was 

linked to systemic Th17 downregulation and abolishment of disease 

manifestations (Singh et al., 2011). Recently, both UVB and UVA have showen to 

cause systemic immune suppression by activating the 5-HT2A receptor (Wolf et al., 

2016a). In the field of KC biology work by Weatherhead et al (using computational 

two-dimensional modelling of epidermis) suggested that UVB’s mechanism in 

resolving psoriatic plaques may possibly be explained by apoptosis of stem and 

transit-amplifying cells alone.   
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Fig. 1 Skin composition and penetration of solar ultraviolet rays (UVR) into the 

skin. The skin is divided into three main section which includes epidermis, dermis, 

and subcutis. UVC with the highest energetic photons is blocked by the ozone 

layer while UVB carries intermediate energetic photons that damage DNA in 

epidermal cells. UVA carries low energetic photons but penetrates deeply into the 

skin and damages the collagen and elastic tissue. This may leads to infiltration of 

inflammatory cells like leukocytes, mast cell and cytokines.  
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1.3 Imiquimod (Aldara) 
 

Imiquimod (IMQ) is an imadazoquinoline derivative which was originally developed 

as a low molecular weight nucleoside analogue which is known as potent inducer 

of IFNs to provide antiviral activity (Chollet et al., 1999, Chi et al., 2017) through 

the activation of Toll like receptors (TLR). They belong to a class of pattern 

recognition receptors which forms a connecting link in innate immunity and 

adaptive immunity.  There are in total 11 TLRs known where some are expressed 

in the intracellular endosomes (TLR3, 7, 8, and 9), while the remaining are 

localized on the plasma membrane (TLR1, 2, 4, 5, 6, 10, and 11TLRs) (Hennessy 

et al., 2010). In general, these TLRs are expressed by many innate immune cells 

and epithelial cells where IMQ is an agonist specifically for the TLR 7 receptor 

(Vacchelli et al., 2013). The TLR7 can be triggered not only by ssRNA, but also by 

immune modifiers with similar structure to nucleosides (Maeda and Akira, 2016). 

This powerful immune stimulatory action has been potentially used in the anti-

tumor therapy.  However, based on the highly hydrophobic nature and low 

molecular weight, IMQ was developed for topical administration (Chollet et al., 

1999) where it acts through these receptors to provide its therapeutic effects. IMQ 

was protective in a vaginal guinea-pig HSV-2 infection model, concomitant with the 

induction of Type-I IFN. I also can lead to systemic response protecting against 

subcutaneous, lung, and colon tumors when it is given orally (Sidky et al., 1992). 

Though the antitumor efficacy of IMQ is still not fully understood, it is known to be 

associated with the MYD88-dependent pathway (Chi et al., 2017). This leads to 

induce tumor regression following infiltration of pDCs (Drobits et al., 2012) not only 

in transplantable melanomas but also in a variety of murine tumors, both localized 

and systemically (Sidky et al., 1992). Thus this formed the base for promoting its 

clinical use.  It has been approved by the Food and Drug Administration (FDA) as 

a therapeutic agent for basal cell carcinoma and genital warts (Beutner et al., 

1999, Vacchelli et al., 2012).  Its repetitive use for these indication has reportedly 

induced psoriatic lesions in humans (Tyring, 2001). The pro-psoriatic action of IMQ 

was later confirmed in a mouse model (van der Fits et al., 2009).  
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 1.4    Imiquimod psoriasis mouse model  
 

Topical application of IMQ in mice has been shown to induce skin inflammation 

and pathology in mice closely resembling plaque-type psoriasis in humans. It 

leads to infiltration of the skin by key players from the innate and adaptive immune 

system such as neutrophils, mononuclear cells, CD4+ T cells (especially Th17 

cells), CD11c+ DCs, plasmacytoid DCs.  The phenotypic psoriatic changes  of 

transient nature dependent on IL-23/IL-17 (Flutter and Nestle, 2013). Thus, from 

the time of its initial description by the Van der Fits group (van der Fits et al., 2009) 

until today, it has become a model of acute skin inflammation with reproducible, 

psoriasis-like pathology. The model is commonly used for preclinical studies to test 

anti-psoriatic agents  (Hawkes et al., 2017). The model has helped to establish 

fundamental concepts regarding the pathophysiology of psoriasis. Notably, IMQ 

exposure does result in diverse outcome in different mouse strains where for 

instance BALB/c mice exhibit a more rapidly development of psoriatic phenotype 

being flakier and more inflamed compared to C57BL/6 mice (van der Fits et al., 

2009). In C57BL/6 mice IMQ can lead to severe side effects of dehydration which 

is recoverable by injection of PBS. These differences in outcome after IMQ 

exposure of different transgenic mouse strains were nicely characterised recently 

by Flutter and Nestle (Flutter and Nestle, 2013). Usually, a psoriatic IMQ response 

can be seen nicely after 3 to 4 days of treatment (Walter et al., 2013).  

The cellular mediators that initiate psoriatic changes in first 24h include 

neutrophils, mast cells and Langerhans cells whereas 2 to 4 days after IMQ 

exposure, more neutrophils are accompanied by macrophages and from day 4 to 

5 onwards γδ T cells, being IL-17 producing cells, start to peak up to day 7 (Heib 

et al., 2007, Flutter and Nestle, 2013). 

TLR7 is known to be crucial for the early cutaneous response that recruits the IFN-

gamma producing pDC. Whereas the inflammatory mediators IL-17 family 

members and IL-22 appear 24h after IMQ administration following the expression 

of upstream effector cytokine IL-23, which is also induced within first 24 h (van der 

Fits et al., 2009, Van Belle et al., 2012). Remarkably, IL-1 receptor and TNF- α 

signalling does not seem to be required for inflammation in this model and the 

absence of the former (IL-1) is compensated by secretion of another other IL-1 
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family member, IL-36 and its sub-types (IL-36α, β, and γ) (Tortola et al., 2012, 

Drobits et al., 2012). Mechanistically, IMQ has been shown to regulate through a 

number of separate pathways, all of which are overlapping as shown in Fig 2. 

While the principal mode of action of IMQ is through TLR7 signaling (Hemmi et al., 

2002), vehicle-dependent and TLR7 and MyD88 signaling-independent responses 

are also been reported (Walter et al., 2013). While the former works through NF-

κB signaling in a MyD88-dependent fashion activating TLR7 receptors in 

macrophages and DCs. Downstream the activation of STAT1 and STAT3 

pathways leads to cytokine production by DCs (Larange et al., 2009). The latter 

act either by promoting inflammasome activation in keratinocytes, which are 

TLR7/8 negative (Kollisch et al., 2005), by the vehicle, isostearic acid or by 

adenosine receptors for which IMQ acts as an antagonist (Schon et al., 2006).  
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Fig. 2 AldaraTM (IMQ)-induced inflammation and its mode of action. IMQ can 

activate the immune system via a number of different pathways including: (A) 

TLR7- dependent MyD88 pathway activation in immune cells, (B) NALP3 

activation of the inflammasome, (C) antagonism of adenosine receptor signaling 

leading to reduced levels of anti-inflammatory cyclic AMP (cAMP), (D) direct 

activation of the inflammasome or MyD88 pathways through unknown receptors 

by the vehicle isostearic acid, (E) IMQ or vehicle-driven cell death leading to the 

release of preformed IL-1α, which may in turn activate other nearby cells. IMQ, 

imiquimod; DAMP, danger-associated molecular pattern; AMP, antimicrobial 

peptide. Reproduced from (Flutter and Nestle, 2013) with permission of John Wiley 

and Sons publisher. 
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1.4 Cellular senescence  

 

Cellular senescence is a multi-layered response of cells to a variety of stressors 

that lead to halt of proliferation of cells (Childs et al., 2015). In cell biology, this 

process of ceasing is also referred to as replicative senescence which 

distinguishes cells in senescence (a permanent cessation of division) from cells in 

quiescence (a temporary cessation of division) (Coates, 2013). Notably, this 

further leads to production of proinflammatory and matrix-degrading molecules, 

known as the senescence-associated secretory phenotype (SASP) (Coppe et al., 

2010). These senescent cells biochemically are known to display increased 

lysosomal enzyme activities called as senescence-associated β-galactosidase  

(SA ß-gal) activity which is a common downstream effector marker of the 

senescent cells. Senescent cells are inable to incorporate BrdU and display 

increased levels of p16/INK4A, p21/CDKN1A, and their upstream regulatory 

protein p53 which ultimately leads to cell cycle arrest (Coates, 2013). This fate 

decision after DNA damage to undergo cellular senescence due to ultraviolet 

radiations occurs more commonly via the tumor suppressor p53 (Tavana et al., 

2010). Moreover, the process of senescent development is sequential where p21 

expression increases when the majority of cells are under cell cycle arrest, 

whereas p16 expression escalates in the terminal stages of senescence when all 

cells have lost their growth potential (Alcorta et al., 1996). However, nothing is 

known about whether these CDKIs regulates or influences the SASP or its 

paracrine effects (Coppe et al., 2010). Further on, senescence effect can be acute 

and chronic, which are regulated majorly through three pathways. The most 

common is the telomerase associated-pathway which leads to induction of DNA 

damage markers such as gH2AX and 53BP1 found at the telomeres; the  central 

pathway is oxidative stress due to ROS and NF-κB signalling that induces 

senescence; lastly, oncogene-induced senescence which is driven by Ras and 

Raf, or loss of tumour suppressors such as PTEN, inducing senescence 

(Gorgoulis and Halazonetis, 2010). These oncogenic signal through the MAPK 

cascade induce p16 expression leading to an irreversible form of senescence.   
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1.5  mTOR signaling 
 

PI3-kinase (PI3-K) and mammalian target of rapamycin complex 1 (mTORC1) are 

fundamental components of immune cell-signaling networks. They play an 

instrumental role in skin normal homeostasis and morphogenesis (Ding et al., 

2016), especially in the regulation of keratinocyte differentiation and epidermal 

stratification (Deane and Fruman, 2004, Pankow et al., 2006, Ding et al., 2016). It 

has been long time hypothesized that the PI3-K/Akt/mTOR cascade might play a 

role in the pathogenesis of psoriasis with its hyperproliferative KCs with 

differentiation defects (Nestle et al., 2009), by not only regulating the function of 

immune cells but also intrinsic alterations within the epidermis (reviewed in (Huang 

et al., 2014)). In addition, the PI3-K/mTOR pathway is likely to play a role in Th1-

Th2-Th17 imbalance in psoriasis pathogenesis (Huang et al., 2014). While mTOR 

signalling as a downstream effector has emerged as a major effector and signal 

integrator molecule of cell proliferation and differentiation (Zhao et al., 2010).  It 

has been shown to control the immune response, not only in myeloid cells but also 

in keratinocytes by contributing  to cytokine production (Laplante and Sabatini, 

2012). Overall it drives a complex networking which apparently has contrasting 

roles on mTOR (Gunzl and Schabbauer, 2008) as inhibition of mTORC1 is also 

known to activate the upstream PI3K–AKT pathway through a feedback loop via 

ribosomal protein S6 kinase 1 (S6K1)(Brognard et al., 2007).  

This pathway is classically targeted by  rapamycin, also known as sirolimus, which 

was initially investigated as an antifungal agent and later as  immunosuppressant 

(Saunders et al., 2001) and anti-tumorigenic agent. Rapamycin binds to the 

cytoplasmic protein FKPB-12, which interacts with mTORC1, thus blocking the 

mTOR target proteins S6 and partly 4E-BP that are essential for protein synthesis 

and thereby for cell growth and proliferation (Nashan, 2002). This is mainly 

because rapamycin does not inhibit the preliminary step of substrate recruitment 

but blocks the right configuration of some substrates to the catalytic cleft which 

explains that it has been more effective in blocking S6K1 than 4E-BP1 

(Shimobayashi and Hall, 2014). This has encouraged the development of the ATP-

competitive dual-mTOR inhibitor Torin 1 (Chiarini et al., 2015). The aberrant 

activation of mTOR in different cancers and also in epidermal tumours has 
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promoted the investigation of rapamycin as an antitumorigenic agent and enabled 

further development of a range of small molecule inhibitors that may prove 

effective in disease control (Laplante and Sabatini, 2012). 

There are not many large scale trials to validate the potential of rapamycin as an 

effective topical agent in psoriasis (Ormerod et al., 2005) and few studies tested its 

anti-psoriatic effect after oral administration (Frigerio et al., 2007, Reitamo et al., 

2001, Wei and Lai, 2015). However, topical rapamycin treatment for tuberous 

sclerosis complex (TSC) is well documented recently. Reportedly here topical 

rapamycin have shown remarkable efficacy in treating angiofibromas of patients 

with TSC (Fogel et al., 2015). At molecular level in TSC, genetic mutations of the 

TSC1 gene at chromosome 9 or the TSC2 gene at chromosome 16 inhibit the 

association of their protein product, tuberin and hamartin respectively, which leads 

to an aberrant upregulation of the mTOR signalling pathway. Interestingly, topical 

rapamycin has shown remarkable efficacy in treating angiofibromas of patients 

with TSC (Tanaka et al., 2013). Altogether, this highly advocates the use of topical 

rapamycin as anti-psoriatic modality. This was tested herewith in the IMQ model 

which has shown mTOR activity similarly as in human psoriasis (Chamcheu et al., 

2016, van der Fits et al., 2009). Moreover the model seems to be an useful tool in 

testing topical drugs and their effects on barrier integrity (Lin et al., 2015) (Roller et 

al., 2012).  
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2. STUDY PART 1: TO ELUCIDATE THE THERAPEUTIC 

EFFECTS OF PUVA AND UVB TREATMENT USING THE 

IMIQUIMOD MODEL OF PSORIASIS  

Aims 

8-methoxypsoralen-UV-A (PUVA) and UVB are well-established treatment options 

for mild to chronic plaque psoriasis (Ibbotson and Farr, 1999, Legat et al., 2004, 

Tanew et al., 1999). PUVA has a significant higher clearance rate paired with 

longer remission period compared to UVB (Ling et al., 2016, Wolf, 2016), though 

the molecular mechanisms behind these differential anti-psoriatic effects are not 

well understood. The aim of this thesis part was to investigate the effects of these 

two phototherapy modalities and the mechanisms involved in the IMQ mouse 

model. Additionally the molecular gene signature and changes in serum cytokine 

and chemokine network, responsible for the therapeutic effect were assessed.  

Also, how PUVA in comparison with UVB treatment suppresses and prevents the 

onset of IMQ-induced inflammation was determined.  
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The study and the data that is shown in this section of the dissertation have been 

submitted for publication to Acta-Dermatology-Venereology and are currently 

under review. The respective paper is entitled “PUVA diminishes imiquimod-

induced psoriatic phenotype with gene expression signature associated with 

senescence” (by N. Shirsath, K. Wagner, S. Roos, M. Schlederer, C. Ringel, L. 

Kenner, B. Brüne and P. Wolf). The permission to use this data in my PhD thesis 

was obtained from the co-authors. 
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2.1 MATERIALS AND METHODS 
 

2.1.1 Animals 

 

BALB/c mice were purchased from Charles-River and were housed in the animal 

facility of the Centre for Medical Research, Medical University of Graz, Austria. All 

the procedures to which the mice were subjected were approved by the Austrian 

Government, Federal Ministry for Science and Research, through protocol no. 

BMWF-66-010/0032-11/3b/2013. Female mice at the age of 7–8 weeks were 

shaved on the back skin 48 h before the start of experiment. Aldara® (IMQ) 5% 

cream (MEDA Pharmaceuticals, Vienna, Austria) was used for inducing psoriatic 

skin changes on the shaved back of mice. All animals were maintained with 

alternating 12-h light-and-dark cycles and controlled temperature and humidity in 

facilities approved by the Austrian government. Water and food were provided ad 

libitum. Mice were euthanized with an overdose of isoflurane and all efforts were 

made to minimize suffering. 

 

2.1.2 PUVA and UVB treatment and MPD determination 

 

The mice were painted on their dorsal skin with 200 µl of 8-methoxypsoralen (8-

MOP) (Sigma-Aldrich, St. Louis, MO) made in ethanol at a concentration of 0.1 

mg/ml or with vehicle (95% ethanol) or were left untreated. The mice were then 

kept in standard cages to allow penetration of 8-MOP for 15 min in individual 

compartments. UVA irradiation was then performed using a Waldmann UV236A 

irradiation system carrying two fluorescent PL 36W/09-PUVA light tubes (emission 

range, 315–400 nm; peak, 365 nm; Waldmann Medizintechnik, Villingen-

Schwenningen, Germany) at a mean irradiance of 8.55 mW/cm2 at a distance of 

15 cm from the dorsal skin of the mouse to the glass cover of irradiation system 

positioned upside down on the top of the cage. The irradiance was monitored by a 

Waldmann PUVA photometer, which is calibrated for the irradiation system. For 

UVB, radiation was performed using a Waldmann 236 light source (Waldmann 

Medizintechnik, Villingen- Schwenningen, Germany), equipped with two 
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Waldmann UV6 fluorescent tubes (emission range 280–360 nm; peak, 320 nm) 

and positioned upside down on top of cage (Singh et al., 2014). The light source 

emitted a spectrum of approximate 40% UVB and 60% UVA radiation; where 99% 

of the light source that caused erythema was derived from the UVB region (280– 

320 nm), as determined by spectral measurement (MSS 2040 UV spectral 

radiometer, Fröndenberg, Germany) and calculation of the CIE-weighted erythema 

spectrum (Schweintzger et al., 2015b). The mean UVB irradiance of the lamp was 

1.7 mW/cm2, which was measured by using Waldmann UV photometer with UV6 

detector head, appropriate to the radiation device.  

 

2.1.3 Double skin fold measurements 

 

The macroscopic effect of PUVA and UVB irradiation was evaluated by measuring 

the double skin-fold thickness of dorsal skin of the mice with a spring-loaded 

engineer’s micrometer (Mitutoyo Corporation) before the start of the experiment 

and certain days during the experiment and on the day of sacrificing. Skin swelling 

(S) was determined by subtracting the skin thickness of control (Group VIII) from 

the treated group. Additionally, the percent suppression of skin swelling for PUVA 

or UVB treated groups was determined by the following formula: (1-(SIMQ+PUVA or 

UVB / SIMQ)) x 100 (Burger et al., 2017). 

 

2.1.4 Tissue collection 

 

Mice were sacrificed at the time point indicated in Fig. 2.4.4 and samples of dorsal 

skin, spleen, lymph nodes, and blood were collected. Approximately 1 cm2 of 

central dorsal skin per mouse was excised, fixed immediately in 4% buffered 

formaldehyde, processed routinely, and sectioned at 4 mm for haematoxylin and 

eosin (H&E) staining. In addition, tissue was submerged in RNA later solution 

(Applied Biosystems, Foster City, CA) and stored at -70˚C for later mRNA 

analysis. 
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2.1.5 Histologic evaluation 

 

Skin samples were fixed in 4% formaldehyde; paraffin embedded and stained with 

H&E. Epidermal hyperplasia was assessed by counting epidermal cell layers and 

measuring the thickness of the epidermis from the basal layer to the stratum. For 

quantification of epidermal thickness and layers, 5 randomly selected locations per 

H&E-stained cross-section of dorsal skin from each mouse were examined under 

the microscope at magnification 20X (scale bar 100µm). All measurements were 

performed in a blinded manner. Results were first averaged per mouse and then 

averaged per treatment group in the statistical analysis. The percent suppression 

in the increase of epidermal layers and skin thickness for specific groups was 

determined in analogous way as suppression of skin swelling with formula as 

given above. Representative images were acquired by using a DP71 digital 

camera (Olympus, Melville, NY) attached to an Olympus BX51 microscope. 

 

2.1.6 Immunohistochemistry 

 

Paraffin-embedded sections were stained for p21 and p16. De-waxed and 

rehydrated tissue sections were heated in 0.01M citrate buffer at pH 6.0 in an 

autoclave, followed by an endogenous peroxidase activity block in 3% hydrogen 

peroxide in PBS. Afterwards, blocking steps were performed using the 

Avidin/Biotin blocking kit (Vector laboratories, SP2001), super block (Empire 

Genomics, IDSTM003) and mouse block (Empire Genomics, IDSTM003). The 

blocked sections were incubated with the primary antibody p21 (Santa Cruz; sc-

397) in a 1:100 dilution or p16ink4a (Abcam, ab54210) in a 1:50 dilution at 4°C 

overnight. The detection was done with the I Detect Super Stain System HRP 

(Empire Genomics, IDSTM003) and the specific signal was visualized with 3-

amino-9-ethylcarbazole (ID laboratories, BP1108) followed by a counterstaining 

with haematoxylin. 
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2.1.7 Immunoscoring 

 

The membranous and cytoplasmic/endogenous levels of p21 and p16 protein 

were analysed and grouped by the nuclear staining intensity in (0, +, ++, +++) and 

the percentage of positive cells within the epidermis. A relative intensity score was 

derived by multiplying the grade of nuclear intensity with the percentage of positive 

cells for p21 and p16 protein per sample and section.  

 

2.1.8 Senescence associated (SA) ß-Galactosidase (ß-Gal) Staining 

 

The SA-ß-gal staining was performed on cryo-cut samples using the commercial 

kit from Cell Signalling (9860). The cyro-cut tissues were cut at 5µm thickness and 

thawed at room temperature for 30min. These samples were fixed for 15min and 

stained with ß-gal staining solution on the slides with the incubation at 37°C 

overnight in a humid chamber with light protection. Then the slides were mounted 

with Geltol mounting gel and covered with glass coverslip for further analysis. 

Semi-quantitative analysis was made by counting the quantity of ß-gal+ cells in 

dermis and epidermis per sample and section. 

 

2.1.9 Multiplex immunfluorescent analysis 

 

The OpalTM 6-Color Fluorescent IHC Kit (Perkin Elmer) was used according to the 

manufacturer’s instructions. Slides were stained with antibody specific for DC 

maturation marker, MHC-II (Abcam). CD3, (Abcam) and Ly6-B (BioRad) 

antibodies were also used together with MHC-II to get better separation of the 

MHC-II positive population.  For image acquisition, Vectra® 3 automated 

quantitative pathology imaging system (Perkin-Elmer and Inform software) was 

used to detect the relative abundance of cells expressing the marker protein in the 

epidermis and dermis upon tissue segmentation.  
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2.1.10 Bead immunoassay 

 

Procarta 26-Plex bead immunoassay from Affymetrix eBioscience (EPX260-

26088-901) for detecting IFN gamma, IL-12p70, IL-13, IL-1 beta, IL-2, IL-4, IL-5, 

IL-6, TNF-α, GM-CSF, IL-18, IL-10, IL-17A, IL-22, IL-23, IL-27, IL-9, GRO alpha, 

IP-10, MCP-1, MCP-3, MIP-1 alpha, MIP-1 beta, MIP-2, RANTES and eotaxin was 

used according to the manufacturer’s specifications. Analysis was done with five 

parametric curve fitting (Bio-Rad, Hercules, CA). Standard curves for each analyte 

were generated by using the reference analyte concentration supplied by the 

manufacturers. 

 

2.1.11 RNA isolation 

 

Total RNA was extracted with the miRNeasy Kit (Qiagen, Hilden, Germany; Cat. 

No. 217004) including DNase treatment steps on the column according to protocol 

and homogenized with MagNA Lyser Green Beads (Roche, Cat No: 03358-941-

001) using the MagNA Lyser (Roche). RNA was quantified by measuring 

absorbance at 260 and 280 nm and quality was secured with a ratio between RNA 

and protein of 1.9 – 2.09 using a Nano Drop (checked on the Bio-Analyzer 

BA2100 (Agilent; Foster City, CA; Cat.No. 5065-4476)).  

 

2.1.12 RNA microarray and pathway analysis   

 

GeneChip® Mouse Gene 2.0 ST Arrays (Affymetrix; Santa Clara, CA; Cat No. 

902118) were used for whole transcript amplification in comparison to 3'IVT 

amplification, which depends on best quality RNA. We used 500ng of the total 

RNA for the amplification. Protocol was followed according to the manual. We 

analysed the amplified cDNA again on the BioAnalyzer BA2100 (Agilent, Foster 

City, CA) using the RNA 6000 Nano LabChip (Agilent; Foster City, CA; Cat.No. 

5065-4476). The given fragment size of < 2000nt for overall samples were kept for 

ss-cDNA synthesis, fragmentation and labelling. These were hybridized for 18h at 
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45°C as suggested by the manual while rotating in the hybridization oven. 

Washing and staining (GeneChip® HT hybridization, Wash and Stain Kit; 

Affymetrix, Santa Clara, CA; Cat No. 900720) was done with the Affymetrix 

Genechip® fluidics station 450 according to the manual (protocol on fluidics 

station: FS450_0002). Arrays were scanned with the Affymetrix GeneChip scanner 

GCS3000. To evaluate the hybridization controls and pre-analysis, Affymetrix 

Expression Console EC 1.3.1 was used with no technical outlier arrays been 

detected. Raw data is available at the Gene Expression Omnibus with GEO; with 

accession number GSE100774. Statistical analysis for this data set was done with 

the Partek Software v.6.6 (Partek Inc, St Louis, MO). CEL files with the probe 

intensity data were imported using robust multi-chip average (RMA) algorithm. 

This included background correction, quantile normalization across all arrays; 

median polished summarization based on log transformed expression values. 

Differences among groups were tested with 1-way ANOVA.  For pathway analysis 

we used 194 transcripts showing a significant p-value<0.05 and a fold change +/- 

1.5 between Group V and Group. Ingenuity Pathway Analysis software (Ingenuity 

Systems) was used for pathway analysis performed with following settings: 

Species = Mouse AND (confidence = Experimentally Observed OR High 

(predicted)).   

 

2.1.13 Neutrophile chemotaxis assay 

 

Murine bone marrow derived neutrophils were suspended in assay buffer (PBS  

with  Ca2+/ Mg2+   supplemented  with  0.1% BSA, 10 mM glucose, 10 mM 

HEPES, pH 7.4) at 2 x 10 6 cells/ml. 50 µl cell suspension per well were placed 

onto the top plate of an AP48 micro Boyden chemotaxis chamber with a 5µm pore-

size polycarbonate filter (Neuro Probe, Gaithersburg, MD) and were allowed to 

migrate towards 30 µl of a chemoattractant, placed in the bottom wells of the plate, 

for 1h at 37°C in a CO2 incubator. The membrane was carefully removed and 

migrated cells were enumerated by flow cytometric counting. The chemotactic 

index was calculated as the ratio of the number of migrated neutrophils in 
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chemoattractant-containing wells divided by the number of neutrophils that 

migrated to assay buffer alone. 

 

2.1.14 Statistical analysis 

 

Each experiment was repeated at least once with similar results. Data presented 

are expressed as means ± SEM. Statistical differences among experimental 

groups were determined by use of ANOVA or paired or unpaired t-test after testing 

for normality, whatever appropriate. The statistical test chosen for each 

experiment is indicated in the figure legend. Statistical significance was set at p≤ 

0.05 and levels of significance were given as *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; 

and ****p ≤ 0.0001. 
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2.2 RESULTS 

 

2.2.1 Identification of the minimal phototoxic dose (MPD) 

 

The MPD is defined as the smallest UVA dose required to produce a clearly 

defined and noticeable erythema after psoralen photosensitization, at 48 hours 

(Legat et al., 2004). Clinically, as per the original European PUVA study protocol 

the MPD is employed as the starting dose to initiate PUVA therapy. Because 

erythema can be sometime difficult to read in the skin of mice, skin swelling was 

used as a surrogate end point for PUVA- and UVB-induced inflammation and 

erythema. For repetitive use of PUVA, sub-inflammatory dosage was identified 

(Singh et al., 2010) and employed for the treatment regime in the current study. 

The MPD in BALB/c mouse was determined by exposing the dorsal skin to the 

increasing UVA dosages after topical psoralen administration or UVB irradiation. 

The study was performed to assure that clinically relevant dosages are used in the 

experiments. The kinetic and dose-response study revealed that the significant 

skin swelling after light exposure was present at 48 hours at dose of 0.5 J/cm2 for 

PUVA and 0.4 J/cm2 for UVB. However, sub-phototoxic dose level of 0.25 J/cm2 

(mean exposure time 29 s) and 0.2 J/cm2 (mean exposure time 120 s) for PUVA 

and UVB, respectively, were used twice a week for two weeks (Fig.2.4.1).  

 

2.2.2 Both treatment and pretreatment with PUVA and UVB reduces the 

susceptibility of mouse skin to mount a psoriatic response to IMQ 

 

Before using the IMQ model of inflammation, the stability of IMQ-induced psoriatic 

phenotype development and inflammation was determined (Fig.2.4.2). To do so, 

IMQ was applied in two cycles, first for a period of 5 days which led to stable and 

significant higher inflammation compared to untreated control until day 10. 

However, the effect dropped, leading to normalization the skin. As it is a well-

documented fact, that the model is an acute model of approximate 10 days of 

inflammation (Flutter and Nestle, 2013), a second cycle of IMQ application was 

started from day 11 (but with only 3 topical applications until day 13) that sustained 

inflammation until day 17. Thus, this study formed the base for using the IMQ 
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model for over the period of 17 days to study PUVA therapeutic effect. In the first 

study part, IMQ was applied to the mouse dorsal skin along with PUVA and UVB 

treatment for over the period of 16 days. It was observed that PUVA and UVB 

treatment both reduced psoriatic inflammation in the model. The double skin fold 

thickness measurement revealed that IMQ-induced psoriatic inflammation was 

inhibited when repetitive sub-phototoxic PUVA or UVB exposures were given 

simultaneously along with two cycles of IMQ, over the period of 16 days Fig.2.4.3. 

During the first cycle of IMQ application, skin swelling was maximally suppressed 

on day 5 by 90.5% and 54.8% at 0.25 J/cm2 and 0.5 J/cm2 PUVA, respectively, 

and by 57.5% at 0.2 J/cm2 UVB (Fig.2.4.3A & B). However, during the second 

cycle of IMQ application the suppression on day 16 was 67.1% and 80.8% at 0.25 

J/cm2 and 0.5 J/cm2 PUVA, respectively, and 19.4% at 0.2 J/cm2 UVB (Fig.2.4.3 

C). Meanwhile, the sub-phototoxic dose of 0.25 J/cm2 PUVA have shown greater 

efficacy than the phototoxic dose of 0.5 J/cm2 PUVA; therefore, the sub-phototoxic 

dose of 0.25 J/cm2 PUVA and 0.2 J/cm2 UVB (.i.e. at the level of 50% of the MPD) 

was used in all succeeding studies. 

 

Further on, to explicate the mechanism of phototherapy in psoriatic inflammation, 

mouse skin was pretreated with PUVA or UVB before start IMQ application to 

investigate whether the therapeutic effects are direct or indirect. As outlined in the 

study plan (Fig. 2.4.4), PUVA pretreatment with one single exposure (Group VII) 

as well as PUVA or UVB pretreatment with 4 repetitive exposures over two weeks 

was given until 3 days (or more) before the start of an IMQ cycle over 3 days 

(Groups II and IX). In order to study the duration of the therapeutic effect of 

phototherapy, a gap of 7 days after the last phototherapy exposure (Groups III and 

X) in certain study groups was applied until the start of IMQ application. It was 

observed that IMQ treatment led to development of strong inflammation with 

erythema and swelling on the dorsal skin within 24 h after topical administration of 

its first dose at day 14. This was increased further in the following days with 

repetitive treatment for the period of 3 days (Fig. 2.4.5 A and 2.4.6 A). This study 

has shown that both phototherapy pretreatment regimes significantly reduced the 

susceptibility of the skin to mount IMQ-induced inflammation. However, PUVA 

pretreatment was superior to UVB pretreatment in reducing this susceptibility, as 

depicted in Fig. 2.4.5 A and 2.4.6 A and Table 2.5.1. The overall mean 
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suppression of IMQ-induced psoriatic skin swelling was 62.9% for PUVA 

pretreatment and 22.6% for UVB (Table 2.5.1).  

But this therapeutic effect of PUVA was partially sustained in comparison to the 

effect of UVB, which was entirely lost after the prolonged gap of 7 days between 

last PUVA/UVB exposure at day 11 and start of IMQ at day 18. This led to the 

overall mean suppression of 22.6% in psoriatic skin swelling for PUVA, while there 

was deteriorating of macroscopic skin swelling for UVB with an overall negative 

value of 21.6% suppression (Table 2.5.1). 

 

2.2.3 Histopathological assessment of psoriatic phenotype development 

 

Complementary to the assessment of macroscopic skin swelling, the microscopic 

histological analysis was performed. The skin swelling observations were 

consistent with the results of histological examination of the skin samples taken 24 

h after the last IMQ administration (Fig. 2.4.5 B and C and Fig. 2.4.6 B and C and 

Table 2.5.1). IMQ application led to epidermal hyperplasia with strong epidermal 

thickening, hyperkeratosis along with the formation of elongated rete ridges and 

parakeratosis and cellular infiltration in the dermis. The average epidermal 

thickness was 18.4 μm in control mice (data not shown) vs up to 78.56 μm and 

86.68 μm in IMQ-treated mice in the experiment depicted in Fig. 2.4.5 C and 2.4.6 

C, respectively.  

The average number of epidermal layers was 1.3 in control mice (data not shown) 

vs up to 7.2 and 7.8 layers in IMQ-treated mice in the experiment depicted in Fig. 

2C and 3C, respectively. The overall mean suppression of IMQ-increased 

epidermal hyperplasia was 58.1% and 48.5% for PUVA and UVB (reduction of 

skin thickness to 46.94 μm and 49.4 μm, respectively), as measured by epidermal 

thickness, and 45.3% and 25.3%, as measured by epidermal layers (Table 2.5.1). 

Similar to the macroscopic skin swelling, the effect of PUVA in reducing epidermal 

hyperplasia was partially sustained, whereas the effect of UVB was entirely lost 

after the prolonged gap of 7 days between last PUVA/UVB exposure and start of 

IMQ. After the 7-day gap, the overall mean suppression of epidermal hyperplasia 

was 15.6% for epidermal thickness and 16.2% for the increase in epidermal layers 

for PUVA, whereas there was worsening in epidermal hyperplasia for UVB (with 
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overall negative values of 5.1% and 15.9%) (Table 2.5.1). Pretreatment with a 

single dose of PUVA (Group VII) did also diminish IMQ-induced inflammation but 

its effect was smaller than that after repetitive PUVA exposure (data not shown). 

Thus, this observation strongly indicated that PUVA was much more effective to 

maintain long term disease free condition along with longer remission time 

compare to UVB treatment. 

 

2.2.4 PUVA pretreatment influences Th1/Th2/Th17 cytokine and chemokines 

profile in IMQ-treated mice 

 

Another important question was to check whether antipsoriatic effect of PUVA 

pretreatment observed in skin was linked to any alterations of serum levels of 

cytokines and chemokines or not. There was a down regulatory effect of PUVA 

pretreatment on the serum levels of cytokines of the Th1 and IL-23/Th17 axis, 

including IFN-gamma, IL-1 beta, TNF-α, IL-17A, IL-22, IL-23 (Group I) as well as 

chemokines like GRO alpha, IP-10, MCP-1, MCP-3, MIP-1 alpha, MIP-1 beta, 

MIP-2, RANTES and eotaxin (Fig. 2.4.7). In contrast, there was ambivalent 

response of Th2 cytokines with a trend of upregulation of IL-4 (p=0.057) and 

downregulation of IL-5 (p=0.05) after PUVA treatment. However, for most 

cytokines, except for IL-23 and GRO-alpha, the effects of PUVA vanished when 

they were measured at the end of the experiment after a gap of 7 days between 

last PUVA and first IMQ exposure. IL-2, IL-6, IL-10, IL-27 and GM-CSF levels 

were below the detection limit of the immunobead assay in all samples. IL-6 is 

known to be an important factor in recruiting myelomonocytic cells (Flutter and 

Nestle, 2013) like neutrophils, monocytes and macrophages specifically in 

psoriatic skin lesions (Grossman et al., 1989, Fielding et al., 2008); but in present 

study it was not detected. Though IL-6 association has been described recently in 

context of IMQ-driven inflammation (van der Fits et al., 2009), it can be 

hypothesized from the current cytokine data that in absence of IL-6 an alternative 

pathway through GRO-aplha (CXCL1) and macrophage inflammatory protein 

(MIP) chemokine family might regulate inflammation (El Malki et al., 2013). As 

depicted in  Fig.2.4.8 PUVA pretreatment did reduce the responsiveness of the 
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neutrophils from Group II and Group III, toward GRO-alpha which has shown a 

significant reduced migration against  the highest concentration of GRO-alpha. 

Notably, this systemic effect of PUVA on cytokine levels and unresponsiveness of 

neutrophils was equivalent with its effect on spleen size (Fig. 2.4.5 D). 

 

The cytokine and chemokine levels after PUVA treatment and before start of IMQ 

treatment were monitored which have shown significant downregulation of IFN-

gamma, IL-17A, IL-9, along with upregulation of GRO-alpha compared to 

untreated controls (Group VIII) (Table 2.5.2). This indicated the potential role of 

pro-inflammatory cytokine IL-9 and its down-stream effector cytokines IFN-

gamma, IL-17A in the pathology of IMQ-induced inflammation. Collectively, these 

results indicated that PUVA pretreatment does downregulates the IL-23/Th17 

pathway and Th1 cytokines but upregulates Th2 cytokines in the pretreatment 

model.  The depression of serum protein levels of the important cytokines of the 

IL-23/Th17 pathway complemented well to the improvement of the macroscopic 

skin phenotype and the histological alterations. 

  

2.2.5 Microarray for differential expressed genes, biological function and 

pathway analyses 

 

Further on, as a closer approach to identify the therapeutic effects of pretreatment 

the alteration of genes and development of transcriptional gene signature was 

investigated. Microarray analysis helped to highlight the possible treatment-

induced changes leading to the therapeutic effect. For the overall gene expression 

data analysis, 4 mouse arrays were analyzed from Group V and Group VI while for 

control (Group VIII) only two arrays were analyzed and compared since the 

remaining two had considerably different gene expression profiles from the other 

two samples within the group, most likely due to an interfering hair cycle effect. 

Those samples were therefore considered as outliers and excluded from all further 

analyses. The cluster analysis highlighted that the Group V clustered separately 

from the Group VI and Group VIII (Fig 2.4.9) As depicted in Fig. 2.4.9, PUVA 

pretreatment significantly altered the expression of 30 genes that were identified 

based on the fold change of >1.5 and a p-value of <0.05 in the array. Those genes 
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included Col1A1, Col1A2, Col3A1, Col5A1, Col5A2, Col6A3, Col6A2, TIMP1 and 

MMP13 that were overexpressed compared to controls (Group VIII) and Group VI 

that had a 7-day gap between last PUVA exposure and collection of skin samples 

(Fig. 2.4.4). Notably, these genes belong to collagen (Col), matrix 

metallopeptidase (MMPs) and tissue inhibitor of metalloproteinase (TIMP 1) 

families which are associated with senescence and apoptosis. In contrast, alkaline 

ceramidase 2 (Acer2) which mediates cell proliferation, differentiation, apoptosis, 

adhesion, and migration, belonging to the sphingosine and sphingosine-1-

phosphate (S1P) metabolism pathway (Xu et al., 2006), and miRNA-29a, that is a 

negative regulator of TIMP 1, were down-regulated (Huang et al., 2015). The fold-

change bar diagram in the lower part of Fig. 2.4.9 B highlights the differences in 

the expression of the 30 genes (normalized to control) 3 days after the last PUVA 

treatment (Group V) compared to Group VI that had a 7-day gap between last 

PUVA exposure and collection of skin samples. This helped to identify and 

understand the mechanism taking place in the skin of PUVA-pretreated mice 

before IMQ application, leading to reduced response. 

To confirm the activation of the key up-steam components of senescence 

pathway, the expression of p21 and p16 was quantified in the dorsal skin of the 

mice using immunohistochemistry. The presence of p21 in the basal layer of the 

epidermis in all treatment groups (Fig. 2.4.10) was strongly evident. PUVA 

treatment amplified the expression of p21 in the entire epidermis and in the dermis 

mainly in epithelial cells of hair follicles. Similarly, PUVA treatment also increased 

the expression of p16 in the epidermis but not. In contrast, UVB pretreatment did 

not significantly affect the expression of either of these proteins in the skin (data 

not shown). As outlined in the graphic panel of Fig. 2.4.10, the increase of 

senescence after PUVA was lost in the mice that had a 7-day gap between last 

PUVA exposure and collection of tissue samples. 

Moreover, the ultimate senescence marker senescence-associated (SA) ß-

galactosidase (ß-Gal) was also stained in the tissues. The ß-Gal positive 

senescent cells were observed predominantly and specifically in the hair follicles 

and inconsistently in the epidermis and dermis (data not shown). A low expression 

of p16 is known to be associated with absence of late and irreversible senescence 

while high expression of p21 is the read-out of onset of early senescence (Vogt et 
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al., 1998, Coppe et al., 2010). The latter is known to be independent of expression 

of ß-Gal positive cells and reversible in nature (Childs et al., 2015). However, the 

staining pattern of these investigations was inconclusive. 

Microarray data (Fig. 2.4.9) also indicated that PUVA pretreatment at sub-

phototoxic level upregulated Fscn1, a gene that belongs to the dendritic cell 

maturation markers (Bros et al., 2011).  PUVA is known to cause significant 

induction leading to higher expression of MHC class II expression displayed by 

DCs leading to a tolerogenic effect. Thus, to validate this finding multiplex 

immunohistochemical staining using Opal™ 6-Color Fluorescent IHC Kit (Perkin 

Elmer) was performed to quantify dendritic cell maturation using MHC-II 

expression as the marker of the skin samples taken after PUVA pretreatment. 

Opal allows staining of multiple IHC targets using unlabeled primary antibodies to 

detect up to 6 biomarkers in one tissue section. To gain an understanding in of 

how these cells populating pretreated skin are modulated, the Vectra 3 automated 

quantitative pathology imaging system together with inForm® software was 

employed that accurately detects and measures even weakly expressing and 

overlapping biomarkers within a single H&E, IHC or IF tissue section.  
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2.3 DISCUSSION 

 

Knowing the fact that the skin of different strains of mice does exhibit different 

level of susceptibility to environmental stimuli including UV radiation (Hart et al., 

1998, Gyongyosi et al., 2016), the MPD in the BALB/c mice was determined first 

(Fig. 2.4.1) and subsequently sub-inflammatory doses (i.e. 50% of the MPD) were 

administered in the study for repetitive use. The MPD was 0.5 J/cm2 for PUVA and 

0.4 J/cm2 for UVB in this study. The PUVA MPD was identical to that determined 

in a previous study for wild type controls with ICR (CD-1R) background of the 

K5.hTGF-β1 psoriasis model (Singh et al., 2010). In those studies, the lower 

PUVA dose of 0.25 J/cm2 (as used in the present study) was found to be more 

effective than the higher dose of 0.5 J/cm2 in clearing psoriatic lesions in the 

K5.hTGF-β1 mice (Singh et al., 2010).  

Herein the data indicated the fact that the IMQ model can be useful to study both 

the therapeutic effects of PUVA and UVB. PUVA to a greater degree than UVB 

radiation was able to suppress established IMQ-induced psoriatic inflammation 

(Fig 2.4.2) but also pretreatment (before imiquimod administration) with PUVA was 

able to suppress the susceptibility of murine skin to mount a psoriatic inflammation 

again to a greater degree than UVB radiation (Fig. 2.4.5 and Fig. 2.4.6). Moreover, 

the influence of phototherapy was dropping when a gap of 7 days was allowed to 

elapse between the last phototherapeutic exposure of PUVA and the start of IMQ 

treatment or was totally lacking in case of UVB after a gap of 7 days.  

In the present work, the therapeutic effect of PUVA on IMQ-induced macroscopic 

psoriatic skin changes (Fig. 2.4.5 A) was paired with a reduction of histologic 

psoriatic alterations of epidermal hyperplasia and inflammation (Fig. 2.4.5 B and 

C) and downregulation of psoriatic cytokines of the Th1 and Th17 axis including 

IFN-gamma, TNF-α, IL-17, IL-23 and IL-22 (Fig. 2.4.7) (Singh et al., 2010). 

Moreover, repetitive PUVA treatment also downregulated pro-psoriatic cytokine 

levels of IFN-gamma, IL-9 and IL-17 at baseline before start of IMQ treatment 

(Table 2.5.2).  The effect of PUVA on IL-23 and GRO-alpha was sustained as 

measured in Group III after the last PUVA exposure and 24 h after the last IMQ 

exposure (Fig. 2.4.7). As IL-23 is crucial for driving the IL-23/Th17 axis and GRO-

alpha which is also known as IL-8, is essential for growth promotion of 
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keratinocytes (Lemster et al., 1995) and chemoattracting neutrophils (De Filippo et 

al., 2008, Schlager et al., 2015).  The inhibition of these cytokines was consistent 

with the partially sustained effect of PUVA in reducing macroscopic and 

microscopic skin inflammation and epidermal hyperplasia (Fig. 2.4.5 B and C).  

Further on, the observation that PUVA induced downregulation of IL-9 before start 

of IMQ treatment (Table 2.5.2) was fascinating since IL-9 is known to be produced 

transiently and prior to the activation-induced up-regulation of other downstream 

inflammatory pro-psoriatic cytokines (Schlapbach et al., 2014). Also, IL-9 is known 

to operate indirectly by regulating the induction of downstream effector 

Th1/Th2/Th17 cytokines such as IFN-gamma, IL-5, IL-13, and IL-17 (Schlapbach 

et al., 2014). Moreover, in the past the dermal injection of IL-9 had shown to 

enhanced Th17-related psoriasiform inflammation in K5.hTGF-b1 transgenic mice 

where as its blockade by anti-IL-9 antibody treatment did suppressed the psoriatic 

inflammation and the expression of IL-17A (Singh et al., 2013). In the same study, 

PUVA was also effective in diminishing psoriatic inflammation, in parallel with 

strong downregulation of IL-9 (Singh et al., 2010). Additionally, IL-9 and its 

receptor have been found to be expressed in the infiltrating cells of lesioned skin in 

psoriasis patients (Singh et al., 2013, Schlapbach et al., 2014), which indicated its 

potential role in psoriatic pathophysiology.  

At molecular level, using high through-put genome microarray analysis, 

enrichment of senescence-related pathway genes after PUVA pretreatment was 

detected. The trend of normalization in the expression of senescence-related 

genes after the gap of 7 days between last PUVA exposure and start of IMQ 

indicated that PUVA-induced senescence may indeed be crucial for its anti-

psoriatic activity, as seen in Group V. This was further supported by staining of two 

upstream cyclin CDKIs, p21 and p16, (Fig. 2.4.10) which play a pivotal role in the 

cell cycle arrest leading to development of senescence (Waldman et al., 1995).  

Further on, functional activation of p53 and pRB family proteins that regulates 

growth signalling is required for the initiation and regulation of cellular senescence. 

In contrast, its downstream effector CDKI p21 that belongs to the CIP/KIP family of 

CDKIs is best known as an inhibitor of cell proliferation. Also, p21 plays a complex 

role in regulating apoptosis and differentiation. In vitro studies have shown that 
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PUVA treatment does cause cellular senescence, leading to growth arrest of 

fibroblasts, with enlarged cytoplasm and an increased synthesis of MMPs (Briganti 

et al., 2008). These responses are mainly regulated by the two potent CDKIs p21 

and p16, where the former is a direct target of p53 transactivation, while the latter 

is known to be induced by stress without DNA damage (Sherr and DePinho, 2000, 

Bringold and Serrano, 2000). Senescence phenotype development is also known 

to stimulate cytokines and chemokines cocktail, termed as senescence-associated 

secretory phenotype (SASP). This phenotype can affect surrounding cells by 

activating cell-surface receptors and corresponding signal transduction pathways 

that lead to irreversible senescence induced by soluble signaling interleukins and 

chemokines (Campisi and d'Adda di Fagagna, 2007), including  IL-1, IL-5,  IL-6, IL-

13, GRO-alpha, GM-CSF, MIP-1 (alpha & beta) and MIP-2 (Coppe et al., 2010). In 

the current study while the levels of GRO-alpha were seen to be significantly 

stimulated after PUVA pretreatment, SASP related cytokines were insignificantly 

modulated or remained undetectable (IL-6 and GM-CSF) (Table 2.5.2).  

MMPs and TIMPs are other products of genes associated with senescence and 

apoptosis (Mannello et al., 2005). Elevated concentrations of MMPs have been 

found in the scales from the mild form of psoriatic lesions, while their levels were 

shown to be decreased in patients with more severe form of the disease, 

consistent with inverse PASI correlation (Flisiak et al., 2006). Similarly, TIMP-1 

and TIMP-2 serum levels also decreased with severity of psoriasis. In the present 

study, PUVA-induced MMP gene expression pattern (Fig. 2.4.9) was equivalent by 

improvement of psoriatic skin phenotype due to PUVA pretreatment (Fig. 2.4.5). In 

addition, the microarray data also indicated that PUVA did downregulate miR-27a 

and miR-29a, uncovering its correlation in the regulatory networks of PUVA. The 

miRs are known as essential controllers of cell fate decisions in immune 

responses. They act by coordination that leads to overpowering of multiple target 

genes. Lately, miR-27a has been recognized as inhibitor of Th2 cell differentiation 

and function, which thereby limits the IL-4 production in T cells along with the 

network that regulates IL-4 production (Pua et al., 2016). Knocking down of this 

miR has reportedly down regulated expression of TNF- α and IL-6 significantly via 

reducing the phosphorylation level of NF-κB p65. Moreover, miR-27a 

neutralization with anti-miR-27a hairpin had been shown to down regulate TNF- α 
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expression, which is consistent with the cytokine results seen in the current study 

(Fig. 2.4.7) (Wang et al., 2014). Additionally, miR-29a´s role in association with 

extracellular matrix (ECM) induction is well documented (Huang et al., 2015). miR-

29a overexpression in murine hepatic stellate cells resulted in a downregulation of 

collagen expression thereby directly targeting the mRNA expression of ECM 

genes (Roderburg et al., 2011). These collective facts correlated well with the 

observation of collagen-associated genes which were significantly expressed in 

the Group V, possibly due to downregulation of miR-29a. Likewise, PUVA also 

downregulated the Acer2 gene that is involve in regulating sphingolipid 

metabolism and the S1P signaling pathway (Xu et al., 2010).  Recently, S1P has 

attracted attention for its effects in promoting cell proliferation and survival in 

psoriasis (Obinata and Hla, 2012, Xu et al., 2006, Checa et al., 2015). 

Taken together, the current data not only shows that phototherapy and in 

particular with PUVA was able to suppress established psoriatic inflammation but 

also proves that pretreatment with phototherapy (before IMQ administration) was 

able to suppress the susceptibility of murine skin to mount a psoriatic 

inflammation. Together, this indicates that PUVA-induced senescence may make 

cells more unsusceptible to stimulation by IMQ, resulting in less psoriatic 

inflammation and hyperplasia. Consistent to all the previous comparative studies 

of PUVA with UVB to treat psoriasis (Gordon et al., 1999, Van Weelden et al., 

1990, Dawe et al., 2003, Snellman et al., 2004, Salem et al., 2010, Yones et al., 

2006), the current study not only shows that PUVA gives better remission but 

additionally unveils the molecular events and signature set that leads to priming 

the skin to be less responsive to IMQ.  

  



 33 

2.4 FIGURES 
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Figure 2.4.1 Determination of  the minimal phototoxic dose (MPD) of PUVA and 

UVB  treatment in BALB/c mice skin by measuring the double skin fold thickness 

(DSFT) on the dorsal skin. A. Mice were treated topically with increasing dose 

starting from 0.125 J/cm2 to maximum of 1 J/cm2  for PUVA therapy and B. 0.1 

J/cm2 to maximum of 0.8 J/cm2  for UVB therapy. Data shown are from one 

representative experiment, with n = 5 per treatment group. Statistical differences 

were determined by Two-way ANOVA using Bonferroni post-test (*p ≤ 0.05; **p ≤ 

0.01; ***p ≤ 0.001). 
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Figure 2.4.2 Identification of the duration of imiquimod (IMQ)-induced psoriatic 

phenotype development and inflammation. DSFT on the dorsal skin of the BLB/c 

mice was measured as a read-out to quantify IMQ-induced inflammation for over 

the period of 17 days. 
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Figure 2.4.3 DSFT on the back of the mice was measured to quantify IMQ-

induced thickening of the skin after (A) PUVA and (B) UVB treatment over the 

period of 16 days. (C) Percent suppression of IMQ-induced skin swelling by PUVA 

and UVB. Data shown are from one representative experiment, with n=5 mice per 

group/experiment. Statistical differences were determined by Two-way ANOVA 

using Bonferroni post-test (*P < 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns= Not Significant). 
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Figure 2.4.4 Schematic representation of the irradiation regime and overall 

experimental design. PUVA and UVB was given at a sub-phototoxic dose level of 

0.25 J/cm2 and 0.2 J/cm2, respectively. Imiquimod (IMQ) was applied topically for 

3 days at a quantity of 62.5 mg/day per mouse at the indicated timepoints. The 

execution (E) and tissue collection for each group is indicated with arrows at the 

respective time point. Each study group consisted of n=5 mice.         
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Figure 2.4.5  PUVA pretreatment suppressed IMQ-induced inflammation and 

hyperplasia. (A) DSFT on the back of the mice was measured to quantify the 

change in IMQ-induced thickening of the skin after PUVA pretreatment. (B,C) 

Representative image of H&E-stained section from dorsal skin of a mouse from 

each group (scale bar, 200 µm) along with evaluation of histological features such 

as epidermal thickness (µM) and epidermal layers. (D) Sign of systemic treatment 

effect was measured by spleen weight. Data shown are from one representative 

experiment, with n=5 mice. Statistical differences were determined by Two-way 

ANOVA using Bonferroni post-test (*p <0.05; **p ≤ 0.01; ***p ≤ 0.001 for Group I 

vs Group II or Group III and # p < 0.05; ### p ≤ 0.001 for Group III vs Group II). 
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Figure 2.4.6 UVB pretreatment suppressed IMQ-induced inflammation and 

hyperplasia A) DSFT on the back of the mice was measured to quantify the 

change in IMQ-induced thickening of the skin after UVB pretreatment. (B, C) 

Representative image of H&E-stained section from dorsal skin of a mouse from 

each group (scale bar 200 µm) along with evaluation of histological features such 

as epidermal thickness (µM) and epidermal layers. Data shown are from one 

representative experiment, with n=5 mice. Statistical differences were determined 

by Two-way ANOVA using Bonferroni post-test (*p < 0.05; ***p ≤ 0.001 and # p < 

0.05 for Group I vs Group IX or Group X; ## p ≤ 0.01 for Group X vs Group IX). 
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Figure 2.4.7 PUVA pretreatment influenced chemokine and Th1/Th2/Th17 

cytokine profile expression in IMQ-treated mice. BALB/c mice were treated, as 

described in M&M. 24 hrs after the last IMQ treatment, serum samples were 

collected and analyzed by 26-plex bead immunoassay. Data shown are from one 

representative experiment, with n=5 mice. Statistical analysis was performed using 

unpaired t-test (*p < 0.05). 
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A.  

 

B. 

 

Figure 2.4.8 PUVA pretreatment and the responsiveness of bone marrow-derived 

neutrophils towards GRO-alpha chemoattractant in comparison with UVB. 

Respective PUVA and UVB pretreated mice´s bone marrow-derived neutrophils 

sensitivity was enumerated by flow cytometric counting where n= 5 per group. 

Statistical differences were determined by Two-way ANOVA using Bonferroni 

post-test (*p < 0.05 and ***p ≤ 0.001) 
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Figure 2.4.9 Heat map of gene array expression with changes in molecular 

signature due to PUVA pretreatment. (A) Genes identified on the basis of the fold 

change of >1.5 and a p-value of <0.05 are plotted. Heat map of expression values 

for 30 genes is shown by two-way clustering of expression levels for Group V 

(4PUVA+3D) compared to Group VI (4PUVA+7D) and Group VIII (Control) (2 

outlier samples from Group VIII had to be excluded due to hair cycling) (n=4 per 

group). Red denotes increased relative gene expression levels for the indicated 

genes per mouse and group, while blue denotes decreased expression levels. (B) 

Bar diagram indicates the fold changes in gene expression after PUVA 

pretreatment in comparison to controls (Group VIII). Statistical analysis for this 

data set was performed using the Partek Software v.6.6, as outlined in the M&M 

section. 
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Figure 2.4.10 Expression of p21/p16 associated with cellular senescence in 

PUVA-pretreated skin. Representative skin sections for p21 and p16 staining in 

4PUVA+3D (Group V) and 4PUVA+7D (Group VI) is shown in comparison to 

untreated control (Group VIII) with n=4-5 per group. Magnification 20X, scale bar 

100 µm. Semi-quantitative scoring for p21 and p16 expression was done, as 

outlined in M&M.  Statistical analysis was performed using unpaired t-test (*p < 

0.05). 
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Figure 2.4.11 PUVA pretreatment and its effect on the induction of the MC-II 

expression in epidermis and dermis of dorsal mouse skin. Multiplex 

immunohistochemistry (IHC) staining with antibodies specific for MHC-II was 

performed. Data are mean values ± standard error of the mean (SEM) from 1 

experiment, with n=3-4 per treatment group.  
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Figure 2.4.12 Schematic representation of the study hypothesis/results to 

understand the effects of phototherapy pretreatment which leads to inhibition of 

the Th9/Th1/Th17 axis along with p53/p21 induced senescence phenotype that 

modulates the proinflammatory cytokines and extracellular matrix-related gene 

expression, thereby priming the skin to be more tolerant to IMQ stimulation.   
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2.5 TABLES 

 

Table 2.5.1 Percent suppression in IMQ-induced skin swelling and hyperplasia by 

pretreatment of PUVA or UVB 

Groups 

Treatment type and days Percent suppression by PUVA/UVB  

PUVA 
   Macroscopic      Increase in         Increase in  

  skin swelling  epidermal layers epidermal thickness 

4PUVA+3D+IMQ 

(II) 

day 15 74.4     

day 16 59.1     

day 17 55.1     

Days 15-18 (mean) 62.9* 45.3 58.1 

4PUVA+7D+IMQ 

(III) 

day 19 32.6     

day 20 18.2     

day 21 30.6     

Days 19-21 (mean) 27.1* 16.2 15.6 

  
UVB 

      

        

4UVB+3D+IMQ  

(IX) 

day 15 9.5     

day 16 33.3     

day 17 25     

Days 15-18 (mean) 22.6 25.3 48.5 

4UVB+7D+IMQ  

              (X) 

day 19 -61.9     

day 20 -3     

day 21 0     

Days 19-21 (mean) -21.6 -15.9 -5.1 

 

Effectiveness of PUVA vs UVB therapy was determined by calculating % 

suppression observed in macroscopic (skin swelling) and microscopic (epidermal 

thickness/layers) parameters, as outlined in M&M. For *p-values of comparisons 

among individual groups and days, see Fig. 2.  
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Table 2.5.2 Change in levels of cytokines and chemokines in serum due to PUVA 

pretreatment before IMQ exposure 

  
Cytokines/chemokines 

Serum levels in pg/ml   
p-Value 

Control (VIII) 4PUVA+3D (V) 

IFN-gamma 8.9 ± 1.1 1.2 ± 4.2 0.03 
IL-17A 26.2 ± 14 0 ±  1 0.05 

IL-9 63.3 ± 18 0 ± 0 0.05 
GRO-alpha 12.3 ± 10.7 34 ± 9.6 0.05 

eotaxin 3620 ± 1219 6067 ± 1373 0.11 
IL-23 0.17 ± 0.29 0.83 ± 0.76 0.13 
IL-13 13.4 ± 20.6 32 ± 16.8 0.20 
IL-27 219 ± 74.4 95 ± 139 0.20 
IP-10 978 ± 324 618 ± 113 0.23 

MCP-3 2886  ± 1805 1248 ± 755 0.23 
IL-18 7.9 ± 5.9 4.2 ± 3.1 0.24 

MCP-1 13.3 ± 10.7 4.7 ± 2.1 0.27 
IL-22 10.1 ± 5.6 7.2 ± 6.3 0.31 

MIP-2 29.1 ± 8 36.8 ± 5.5 0.40 
IL-4 8.3 ± 6. 5.3 ± 1.5 0.43 
IL-5 11.3 ± 8.2 43.8 ± 41.6 0.50 

IL-1 beta 1.8 ±  1.3 2.8 ± 2.1 0.59 
MIP-1 beta 25 ± 8.2 29 ± 3.3 0.70 

RANTES 285.2 ± 177 378 ± 55.8 0.70 
IL-12p70 3.8 ± 1.5 3 ± 1.8 0.82 

TNF-alpha 11.7 ± 7.5 8 ± 4.5 0.86 
MIP-1 alpha 214.6 ± 58.3 226.8 ± 37.3 0.86 

 

Control (VIII) vs 4PUVA+3D (V) samples were analyzed using multiplex bead 

immunoassay. Entries represent values of detected cytokines and chemokines 

while IL-2, IL-6, IL-10 and GM-CSF were not detected by the assay. Data shown 

are expressed as mean ± SEM of cytokine and chemokine levels in pg/ ml−1. P-

values were determined by using Mann–Whitney U test. 
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Table 2.5.3 Top enriched interaction networks in PUVA pretreatment (comparison 

of Group V vs Group VI). 

 

Top Diseases and Functions 

 

Score 

Focus 

Molecules 

Connective Tissue Disorders, Organismal Injury and 

Abnormalities, Dermatological Diseases and Conditions 

55 28 

Cellular Development, Cellular Growth and Proliferation, 

Organ Development 

25 16 

Cell Death and Survival, Cellular Development, Cellular 

Growth and Proliferation 

19 13 

Cellular Movement, Cardiovascular System Development 

and Function, Cell-To-Cell Signaling and Interaction 

17 12 

Skeletal and Muscular System Development and Function, 

Tissue Development, Tissue Morphology 

17 12 

Inflammatory Response, Organismal Injury and 

Abnormalities, Inflammatory Disease 

11 9 

Gastrointestinal Disease, Hepatic System Disease, Lipid 

Metabolism 

2 1 

Cellular Development, Cellular Growth and Proliferation, 

Developmental Disorder 

2 1 
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These enriched interaction networks ranks each network based on p-value, with 

higher score indicating a greater number of network eligible molecules. Focus 

molecules indicates the number of network eligible molecules per network. 
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3. STUDY PART 2: REGULATION AND FUNCTIONAL 

IMPORTANCE OF MAMMALIAN TARGET OF RAPAMYCIN 

IN PSORIATIC SKIN LESIONS 

 

Aims 

Research in psoriasis has highlighted the activation status of PI3-K/mTOR 

cascade that is influenced by cytokines in keratinocytes biology (Buerger et al., 

2013, Raychaudhuri and Raychaudhuri, 2014). Since dysregulated cytokine 

secretion in auto-inflammatory diseases is known to activate mTOR signaling, the 

aim of this thesis part was to determine the mTOR pathway activation status using 

archived samples of K5.hTGF-b1 transgenic mice. Further on, to investigate in 

detail the exact immunological mechanisms and functional importance of mTOR 

signalling in the pathogenesis of psoriasis by using an mTOR agonist to 

understand if it can induce psoriatic phenotype. The efficacy of topical rapamycin 

was tested using the IMQ psoriasis mouse model.  
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3.1 MATERIALS AND METHODS 

 

3.1.1 Mice and Treatment 

 

BALB/c mice were purchased from Charles-River and housed in the animal facility 

of the Center for Medical Research, Medical University of Graz, Austria. All 

procedures to which the mice were subjected were approved by the Austrian 

Government, Federal Ministry for Science and Research, through protocol no. 

BMWF-66-010/0032-11/3b/2013. For K5.hTGF-b1 transgenic mice study (Fig. 

3.4.1-3.4.3) which express wild-type (latent) TGF-b1, all experiments were 

conducted using archived paraffin sections of murine tissues of wild type control 

(WT) and untreated and PUVA-treated K5.hTGF-β1 transgenic (TG) skin from 

previously reported research by Singh TP et. al (Singh et al., 2010, Singh et al., 

2011). The tissue isolation and processing was done as indicated by Singh et al 

(Singh et al., 2010) and these archived samples were used to perform 

immunohistochemistry stainings for the downstream markers of mTOR pathway. 

To study the effect of mTOR agonist MHY 1485 (Fig. 3.4.7 and 3.4.8), mice of 8–

10 weeks received MHY1485 dissolved in ethanol/propylene glycol in a ratio of 3:7 

while control received vehicle alone topically once daily to the dorsal skin in a 

cumulative manner with increasing doses every third day (0.1 mg/ml, 0.3, 10 

mg/ml, 1 mg/ml, 3 mg/ml, 10 mg/ml). For rapamycin study (Fig. 3.4.10-3.4.15), 

female mice at the age of 7–8 weeks were shaved on the back skin 48 h before 

the start of experiment. Experimental groups included three regimes: vehicle + no 

IMQ (control), vehicle + IMQ (IMQ) and 1% Rapamycin + IMQ (RAPA+IMQ). 50 

mg of freshly made 1% Rapamycin ointment or vehicle (petroleum jelly) was 

applied to the dorsal skin using a flat spatula in the morning and 6 h later 62.5 mg 

IMQ cream was applied. Both rapamycin and IMQ treatments were given for 4 

days, while rapamycin alone was applied for one additional day.  

To measure the severity of inflammation on the back, a scoring system similar to 

the human PASI (Psoriasis Area and Severity Index) score was used as previously 

described (Singh et al., 2010, Singh et al., 2013). In brief, to describe the severity 

of psoriasis, erythema, infiltration and scaling of the skin were scored “blindly” on a 

scale from 0 to 3, as follows:  0: none; 1: slight; 2: moderate; 3: severe. These 

single scores were summed up, resulting in a theoretical maximal total score of 9 
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(Fig. 3.4.11). Also, skin thickness was assessed by measuring the double skin-fold 

thickness (DSFT) of dorsal skin of the mice with a spring-loaded engineer’s 

micrometer (Mitutoyo, Japan) throughout the experiment. Percent reduction of 

specific skin swelling (S) was determined using the following formula: (1-

(SRapa+IMQ –S control / SIMQ –S control)) X100 (Burger et al., 2017). Mice were 

euthanized with an overdose of isoflurane and all efforts were made to minimize 

suffering. All the mice were sacrificed 24 hours after the last application of 

respective study drug and blood serum, skin, spleen and lymph nodes samples 

were collected for further analysis. Mice were euthanized with an overdose of 

isoflurane and all efforts were made to minimize suffering.  

 

3.1.2 Chemicals and reagents 

 

5% Aldara imiquimod (IMQ) was purchased from MEDA Pharmaceuticals. 1% 

Rapamycin (Merck Calbiochem) ointment was made by mixing 50 mg petroleum 

jelly with 10 μl of the corresponding rapamycin stock of 50 mg/ml. For the the 

K5.hTGF-b1 transgenic mouse study following primary rabbit monoclonal anti-

murine antibodies were applied: anti-S6 ribosomal protein (clone 5G10), anti-

phospho S6 ribosomal protein (Ser235/236) (clone D57.2.2E), anti-mTOR (7C10), 

anti-phospho mTOR antibody (Ser2448) (clone 49F9) (Cell Signaling, US) and 

Multilink System (biotinylated polyclonal swine anti-goat, -mouse, -rabbit IgG, code 

E 0453) at a concentration of 1/50. For MHY1485 mouse study, involucrin 

(Poly19244) was from Biolegend. In the rapamycin study, P-mTOR S2448 #2976 

and P-S6 S235/6 #2211 antibodies were from Cell Signaling Technology. Keratin6 

antibody (Ks6.KA12) from Thermo Scientific and caspase 14 antibody (NB100-

56126) was from Novus Biologicals. Fluorescein Isothiocyanate (FITC)-conjugated 

anti-CD3, Phycoerythrin (PE)-conjugated anti-CD4, PE-conjugated anti-CD11c, 

Allophycocyanin (APC)-conjugated anti-CD11b, FITC-conjugated anti-F4/80, APC-

conjugated anti-B220, PE-conjugated anti-Langerin, APC-conjugated anti-EpCAM 

all were from eBioscience while Peridinin Chlorophyll Protein Complex 

(PerCP/Cy5)-conjugated anti-Siglec-H was from Biolegend and PerCP-conjugated 

anti-CD8 was purchased from BD Bioscience (Buerger et al., 2017, Burger et al., 

2017). 
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3.1.3 Immunohistology examination and staining 

 

Approximately 1 cm2 of central dorsal skin per mouse was excised was fixed in 4% 

PFA, paraffin embedded and stained with haematoxylin and eosin. The thickness 

of epidermis was measured and number of layers was determined in five 

microscopic fields using the fluorescent basic microscope at 20x magnification per 

mouse. All measurements were made blinded. Results were first averaged per 

mouse and then averaged per treatment group for statistical analysis. For 

immunohistochemistry, paraffin sections were processed routinely. Primary 

antibody was applied overnight after antigen retrieval with citrate solution pH 6. 

For K5.hTGF-b1 transgenic mice study Dako REAL Detection System with 

Peroxidase/AEC, Rabbit/ Mouse (code K5003) (Dako, Carpinteria, CA, US) was 

used for antibody detection, according to the manufacturer’s instructions. Images 

were acquired by using a DP71 digital camera (Olympus) and an Olympus BX51 

microscope. For rapamycin study Histofine Simple Stain AP Multi (Medac 

Diagnostika) was used for detection, according to the manufacturer’s instructions. 

Images were acquired by using a Nikon Eclipse slide scanning microscope 

(Buerger et al., 2017, Burger et al., 2017). 

 

3.1.4 Quantification of macroscopic vascularization 

 

For quantifying the vascularization, the dorsal skin and the adjacent soft tissue of 

the mice was prepared for taking photographs from the reverse site in order to 

quantify the presence of blood vessels, similarly as previously described (Singh et 

al., 2010). The number of vascular bifurcations per dorsal skin sample was 

counted.  

 

3.1.5 Multiplex immunfluorescent analysis 

 

The OpalTM 6-Color Fluorescent IHC Kit (Perkin-Elmer, Waltham, USA) was used 

according to the manufacturer’s instructions. Slides were stained with primary 

antibodies targeting Ki67, Krt10 (both from Abcam, Cambridge (UK)), Krt14, 
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Loricrin and Involucrin (Biolegend, London, UK). The Vectra® 3 automated 

quantitative pathology imaging system (Perkin-Elmer) was used for image 

acquisition and InForm software was used to score the relative abundance of cells 

expressing a certain marker protein in the epidermis upon tissue segmentation.  

 

3.1.6 Flow Cytometry 

 

Isolated lymph nodes were filtered through sterile sieve (40μm) to obtain single 

cell suspension. Cells were washed twice, and 1.5x107 cells were stained for 20 

min in the dark at RT with fluorescent-labelled antibodies diluted in PBS/0.3% 

BSA. Stained cells were washed with washing buffer and resuspended in 300µl 

PBS with 30µl of Sytox (Life Technologies, USA). Labelled cells were quantified on 

a flow cytometer (FACScan or FACSCalibur; BD Biosciences) and analyzed using 

CellQuest software (BD Biosciences). Viability of the cells was checked by staining 

with Sytox (Burger et al., 2017). 

 

3.1.7 Complete blood count 

 

Blood of the mice were collected in EDTA coated vails and stored at 40C and were 

processed and analysed next day using the Cell counter analyser-MELET 

SCHLOESING LABORATORIES. 

 

3.1.8 Bead immunoassay 

 

Mouse serum cytokine and chemokine levels were measured with Mouse 

Cytokine/Chemokine bead immunoassay kit, ProcartaPlex, 26Plex from Affymetrix 

eBioscience according to the manufacturer’s specifications using the Bio-Plex 200 

(Bio-Rad) and analysed with five parametric curve fitting. 

 

3.1.9 Statistical analysis 

 

All macroscopic readings and scorings of microscopic slides were conducted in a 

blinded fashion. All data is presented as mean ± SEM. Statistical differences 



 62 

among experimental groups were determined by use of ANOVA or Mann Whitney 

U test after testing for normality, whatever appropriate. All analyses were 

performed with Prism 5.0; statistical significance was set at p< 0.05 and levels of 

significance were given as *p < 0.05; **p < 0.01; ***p < 0.001. 
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3.2 RESULTS 

 

3.2.1 Activation status of mTOR signaling components in psoriatic skin of 

K5.hTGFb1 transgenic mice 

 

The hyperactivation status of the mTOR signalling cascade in K5.hTGF-b1 

transgenic mice psoriatic skin was identified by the phosphorylation of mTOR at 

Ser2448, a site representative for mTOR activation, in lesional and nonlesional 

skin of the mice (Fig. 3.4.1 and 3.4.2). To provide further evidence that mTOR 

signalling is activated in psoriasis, the activation pattern of signalling molecules 

downstream of the mTOR complex was checked. As indicated in Fig 3.4.1, 

phosphor S6 levels were strongly upregulated in the TG psoriatic skin samples 

compared with WT skin. Also the mTOR and its downstream signaling 

components were strongly activated particularly in epidermis (Fig. 3.4.2). The 

phosphorylated levels of the S6 ribosomal protein were highly intense from 

stratum corneum to basal layer in diseased mice while mTOR expression was in 

both normal and diseased skin. Moreover, the phospho-S6 ribosomal protein was 

significantly reduced while phosphor mTOR expression was unaffected in the 

PUVA-treated group. This altered spatial activation pattern emphasized on the 

diverse function of mTOR in the manifestation of the disease. Besides, the 

expression pattern of EGFR (Fig. 3.4.3), subfamily receptor of tyrosine kinases 

that function upstream of PI3-K/mTOR cascade, was detected. This have shown 

high expression in the diseased skin of TG mice, probably due to dysregulated 

cytokines network in this model which thereby contributed to the pathogenesis of 

psoriasis (Yoshida et al., 2008, Wang et al., 2009). Thus this data identified that 

mTOR signalling is activated in the lesional skin of K5.hTGFb1 transgenic mice 

(Shirsath et al., 2015). 

 

3.2.2 Deactivation of mTOR signalling promotes keratinocyte differentiation 

while cytokine-mediated induction leads to inhibition 

 

Though there were several studies reported the activation status of mTOR 

(Buerger et al., 2013, Shirsath et al., 2015, Chamcheu et al., 2016), the evidence 
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of mechanistic significance of mTOR in navigating psoriatic phenotype 

development was still missing. To shed light in this direction, Buerger et al 

(Buerger et al., 2017) recently identifed the contribution of mTOR signaling to 

keratinocyte maturation using an in vitro differentiation model of HaCaT cells. 

These cells were driven into differentiation by post-confluent growth with 

increasing cell numbers (0.3 up to 6x105 cells / 12 well). And the differentiation 

was confirmed and measured by the expression of involucrin and filaggrin. This 

observation was comparable with mTOR pathway as it was shut off, measured by 

the phosphorylation levels of the mTOR kinase itself, PRAS40, 4E-BP1 and the 

ribosomal protein S6 (Fig 3.4.5 A). However, other proliferative pathways such as 

Akt or Erk1 were turned off concomitant with p38MAPK activation (Fig. 3.4.5 A). 

To verify whether the shutdown of mTOR signaling is part of the differentiation 

process, the normal epidermis, keratinocyte stem cells (KSC), transient amplifying 

(TA) and post-mitotic (PM) cells were separated from primary human 

keratinocytes. Briefly, early passage keratinocytes were divided in KSCs, TA and 

PM cells on the basis of their ability to adhere to type IV collagen, as described 

before (Tiberio et al., 2002). Then the cells were allowed to adhere to type IV 

collagen dishes for 5 min which identify the KSC and non-adherent cells were 

transferred to fresh collagen-coated dishes and allowed to attach overnight, which 

was the TA cell. Remaining non-adherent cells was belonging to the PM cell 

population. These cells were verified by the expression of β1 integrin and keratin 

6. While KSCs of the basal epidermal layer expressed low amounts of the 

differentiation marker involucrin, paired with high mTOR activity as measured by 

S6 phosphorylation. TA cells that leave the basal layer for differentiation, started to 

downregulate PI3-K signaling as measured by reduced Akt phosphorylation. In 

contrast, PM cells that are above to terminal differentiate completely shut down 

their mTOR signaling and only little S6 phosphorylation could be detected in these 

cells (Fig. 3.4.5 B). This study highlighted that deactivation of mTOR signaling is 

important phenomenon for the progression of keratinocyte differentiation. 

As low mTORC1 signaling was inversely-proportional to the proper differentiation 

process favouring its expression, a question was raised whether aberrant 

activation of mTORC1 by pro-inflammatory cytokines involved in psoriasis is the 

cause for the differentiation defect in the epidermis. To answer this, differentiating 

HaCaT cells were treated with IL-17, IL-1β, TNF-α alone and with the mixture of 
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these three which led to repressed the protein expression of involucrin and mRNA 

level of keratin1, involucrin, loricrin and filaggrin (Fig. 3.4.6). This was parallel with 

their capacity to activate mTOR signaling. Interestingly, IL-17A and IL-22 have 

shown mild activation of mTORC1 with no effect on involucrin. To confirm this 

effect the Raptor, which specifically blocks mTORC1 signaling, was knocked-out 

using siRNA. This not only upregulated involucrin expression but also significantly 

rescued cytokine-induced repression of differentiation when comparing Raptor 

knockdown cells with control cells (p ≤0.05). The relative density further verified 

that there was indeed a trend of regularisation of involucrin expression in raptor 

knockdown cells. In contrast when both mTOR complexes were inhibited through 

knockdown of the mTOR kinase itself, the effect was same on differentiation as 

seen before but with no efforts of rescuing the cytokine induced differentiation 

repression was detected (Fig. 3.4.6).  Thus, it indicated that psoriatic cytokines do 

play a role in inducing mTORC1 activity in the epidermis, which inhibits correct 

epidermal stratification (Buerger et al., 2017).  

 

3.2.3 Hyperactivation of mTORC1 signaling by agonist, MHY1485, inhibits 

differentiation leading to psoriasis-like skin morphology  

 

For further verification of the findings of Buerger et al study (Buerger et al., 2017) 

in in vivo settings, the chemically synthesized mTOR agonist compound (Choi et 

al., 2012), MHY1485, was used. It is the mTOR agonist that is designed to 

specifically activate downstream components of mTOR signaling. This study 

exhibited that MHY1485 induced mTORC1 signaling, as shown by the 

phosphorylation of S6 or 4E-BP1 (Fig. 3.4.7 A and B), was mediated by mTORC1 

as pretreatment with rapamycin completely blocked the effect (Fig. 3.4.7 A). 

Moreover, the mTORC2 signaling was not influenced as the levels of 

phosphorylation of Akt at S473 remained unchanged (Fig. 3.4.7 A and B). In 

HaCaT differentiation model MHY1485 maintained continuous mTORC1 signaling 

activation, while in untreated control cells the mTOR activity faded as 

differentiation was progressing. Further on, continuous mTORC1 activation by the 

agonist did hampered differentiation which was measured by reduced involucrin 

expression. However, this effect of the agonist was not strong enough to maintain 
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S6 phosphorylation under fully differentiated conditions, which resulted in flimsy 

expression of involucrin at the highest cell density (Fig. 3.4.7 C). Likewise in vivo, 

when MHY1485 was applied to the dorsal skin of mice with increasing doses, the 

skin dispayed macroscopically normal phenotype, while the dorsal skin fold 

thickness (DSFT) was increased in MHY1485 treated animals (Fig. 3.4.7 D). 

Additionally, histological analysis revealed a psoriasis-like morphology (Fig. 3.4.7 

E) that was characterized by more epidermal layers and a small but not significant 

acanthosis (Fig. 3.4.7 F). At the same time, proper differentiation of the epidermal 

differentiation marker was disturbed as involucrin was also expressed in the 

spinous and granular layer, while in control mice it was exclusively detected in the 

upper granular and corneal layer (Fig. 3.4.7 G). Nevertheless, topical application 

of MHY1485 did not lead to a systemic effect that resembled the situation in 

psoriasis as no induction of chemokines and Th1/Th17 cytokines could be 

detected (Fig. 3.4.8). In summary, this invivo study strongly validated and 

complimented the invitro findings of Buerger et al (Buerger et al., 2017) that in 

healthy skin, deactivation of mTORC1 signaling seems to be required for basal 

keratinocytes to enter the epidermal maturation process and with activation leads 

to disturbed differentiation pattern. While, in psoriasis overexpression of Th1/Th17 

cytokines encourages strong stimulation of mTOR signalling this prevents the 

proper differentiation of the keratinocytes that leads to stratified epidermis. Thus, 

this study recognised that hyperactivation of mTORC1 signaling by MHY1485 

results in induction of psoriasis-like skin morphology (Fig. 3.4.9) (Buerger et al., 

2017). This finding strongly supported the notion that psoriasis patients would be 

rather benefited from the topical use of mTOR inhibitors on the affected skin then 

systemic administration, which had shown encouraging results in a small trial 

(Ormerod et al., 2005). This local application would not only help to inhibit the 

proliferation of psoriatic keratinocytes but will also contribute in restoring the 

epidermal differentiation defect (Chamcheu et al., 2016) thereby restoring the 

barrier integrity. 

 

3.2.4 Topical mTOR inhibition ameliorates skin and systemic symptoms of 

imiquimod-induced psoriasis 
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With this study base, the efficiency of topical rapamycin treatment in IMQ induced 

psoriasis-like skin lesions was evaluated as shown in the study plan (Fig. 3.4.10 A) 

(Burger et al., 2017). Rapamycin cream or vehicle was applied in the morning for 5 

days followed by IMQ cream, after a 6h gap, on the shaved back skin of BALB/c 

mice for the first four consecutive days. Two days after the start of IMQ 

application, the back skin of the mice started to display signs of swelling. In 

comparison to the IMQ only treated group, the rapamycin treated group had 

shown statistically significant reduced specific skin swelling of 24% from day 2 and 

this difference further was increased on day 3 to 49% (p<0.01), reaching a peak 

difference of 64% at day 4 and 61% at day 5 (p<0.001) (Fig. 3.4.10 B). Meanwhile, 

the typical features of IMQ-induced skin inflammation (erythema, infiltration and 

scaling) was scored on daily basis during the investigation. The individual (Fig. 

3.4.11) as well as the cumulative scores have displayed significant reduction by 

topical rapamycin compared to the IMQ only group (Fig. 3.4.10 C and D). While 

IMQ treated mice had shown high induction of neovascularization in the dorsal 

skin compared to the control group, topical rapamycin prominently led to reduced 

neovascularization formation (Fig. 3.4.10 E and F). Also there was significant 

spleen enlargement observed in disease mice by IMQ-induced inflammation that 

was rescued by topical rapamycin treatment (Fig. 3.4.10 G). In summary, the 

macroscopic observations highlighted efficacy of the rapamycin treatment with 

significant improvement of the psoriasis-like skin phenotype induced by IMQ. 

Following to this, the paraffin sections were stained to study the histological 

parameters. This analysis of H&E-stained sections had shown a strong epidermal 

thickening, hyperkeratosis and elongated rete ridges in IMQ treated mice (Fig. 

3.4.12 A), while rapamycin treatment led to a significant reduction in epidermal 

thickness and keratinocyte layers paired with complete reduction in neutrophil rich 

micro-abscess formation on the surface of epidermis (Fig. 3.4.12 A-D). 

 

3.2.5 Rapamycin reduces inflammation induced by dermal mTOR signalling 

 

To check whether this approach of topically targeting the disease skin by 

rapamycin was able to interfere with inflammation dependent mTOR signaling 

activation in this model, the skin tissues were stained and checked for the 
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activation of mTOR kinase itself namely phosphorylation of S2448 and its 

downstream target, the ribosomal protein S6 (Burger et al., 2017). While in the 

control group hardly any phosphorylation was detected (Fig. 3.4.12 E), IMQ 

treated skin had shown an increase of p-mTOR at S2448 (Fig. 3.4.12 F), 

especially in the basal layer compartment of epidermis, as observed in human 

psoriatic skin. Here, rapamycin treatment strongly diminished mTOR activation 

(Fig. 3.4.12 G). A similar pattern was seen for the ribosomal protein S6, with 

strong phosphorylation in supra-basal layers after the strong stimulation of dermal 

inflammation by IMQ (Fig. 3.4.12 I), that was noticeably reduced through 

rapamycin treatment (Fig. 3.4.12 J). Keratin 6 upregulation in the supra-basal 

layers of psoriatic plaque is a hallmark of hyper proliferative cells whereas 

Caspase-14 is crucial element of an intact skin barrier that contributes to the 

proper terminal differentiation by processing filaggrin (Hoste et al., 2011) and 

who’s  expression are reduced in psoriatic skin (Hvid et al., 2011). In the present 

study the keratin 6 expression was induced in supra-basal layers after the 

induction of inflammation (Fig. 3.4.12 L) and was effectively reduced if mTOR was 

inhibited by topical rapamycin (Fig. 3.4.12 M). Similarly, the expression of 

caspase-14 was reduced which was rescued by rapamycin treatment (Fig. 3.4.12 

N-P). This outcome of reinstating expression patters and normalization of the skin 

phenotype after rapamycin treatment strongly advocated the topical approach. 

  

3.2.6 Topical rapamycin treatment normalizes the epidermal differentiation 

pattern and extravasation of immune cells 

 

To further examine the impact of abnormal mTOR signaling activation and its 

inhibition on restoring normal epidermal maturation and barrier functions, multiplex 

IHC staining was performed (Burger et al., 2017). Here markers from the different 

stages of keratinocytes development were identified along with their expression 

patters, such as Keratin 10 as a marker of early differentiation and Loricrin as a 

marker of late expression. Ki-67 was used as a read-out for detecting the 

proliferation patter. Keratinocytes in the epidermis were recognized using keratin 

14 as a marker of mature keratinocytes that was quantified by co-staining with 

selected markers for the different epidermal layers, as indicated in Fig. 3.4.13 A. 
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Where IMQ increased the number of proliferating cells treatment with rapamycin 

had clearly reduced the number of Ki-67 positive cells to normal levels. (Fig. 

3.4.13 B). Keratin10 was significantly reduced from 33% to 13% and 10% of 

positive cells respectively, under inflammatory condition. Interestingly, the reduced 

expression of keratin 10 was not able to rescue by rapamycin treatment (Fig. 

3.4.13 C). However, the number of involucrin positive cells which were doubled by 

IMQ treatment, was significantly regularized when rapamycin was added (Fig. 

3.4.13 D). Loricrin was also diminished by approximately 50% (from 9% to 4% of 

positive cells) under IMQ induced inflammation, and have shown a not significant 

increase trend after mTOR inhibition (Fig. 3.4.13 E).  

Moreover, the number of innate immune cells infiltration in the epidermis and 

dermis was determined using the same multiplex IHC approach. IMQ treatment 

did induce a small but non-significant increase of CD3+ cells in the dermis, which 

could be normalized by rapamycin (data not shown). MHCII dendritic cells and 

neutrophils have shown increased extravasation into the skin after IMQ treatment, 

which could be inhibited by rapamycin. Especially the effect on neutrophils was in 

line with the reduced number of neutrophil rich micro-abscesses observed in H&E 

sections after rapamycin treatment (Fig. 3.4.12D). However, none of these 

developments proofed to be statistically significant, which majorly attributed to the 

vulnerability of the assay to inter-individual deviation in small number of samples 

which were analyzed. 

 

3.2.7 Topical rapamycin reverse the shift from lymphoid to myeloid cells in 

imiquimod model of psoriasis 

 

The systemic effects of topical rapamycin treatment on the secondary lymphoid 

organ were also scrutinized by counting the influx of cells of innate and adaptive 

immunity immigrated into lymph nodes (LNs) using flow cytometry (Table 3.5.1). 

Higher numbers of F4/80+ CD11b+ macrophages, CD11c+ CD11b+ dendritic cells, 

CD11c+ 120G8+ SiglecH+ plasmacytoid dendritic cells and CD207+ EpCAM+ 

Langerhans cells were present in the LNs of IMQ treated mice compared to 

untreated controls. Thus a trend of reduction in influx for all these cells in LNs was 
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observed due to rapamycin treatment, which was most effective and notably seen 

for pDCs population (Table I).  

 

3.2.8 Topical rapamycin treatment precludes any adverse systemic effects 

 

Complete blood cell count is one of the most commonly performed lab practices to 

examine the systemic effects of drugs in patients. In this study also, the blood 

count at the end of the experiment was monitored (Fig. 3.4.14) (Burger et al., 

2017). Consistent to the previous findings, here IMQ treatment also causes a shift 

from lymphoid to myeloid cells (van der Fits et al., 2009). Here, IMQ-induced 

inflammation have shown an abnormally increased absolute leukocyte number 

possibly due to increased levels of monocytes and neutrophils observed here. 

However, a trend for a decrease in the absolute number of lymphocytes was also 

seen and was consistent to the previous findings indicating a possible transient 

side effect of rapamycin treatment which is paired with its therapeutic effect 

(Prevel et al., 2013). Fascinatingly, there was also effective normalization of the 

IMQ-increased absolute numbers of neutrophils and monocytes by rapamycin. 

This was reliable with the fact that mTOR complex plays crucial role in regulating 

and influencing many pivotal immunomodulatory functions of these innate immune 

cells (Weichhart and Saemann, 2008). Collectively, this data point-out the efficacy 

of topical use of rapamycin in ameliorating IMQ-induced psoriatic phenotype.  

 

 

  



 71 

3.3 DISCUSSION 

 

Emerging studies have made it gradually more obvious the fact that constitutive 

overactivation of Akt/mTOR pathway in psoriatic lesions corresponds to dropped 

Foxp3 expression (Sauer et al., 2008) along with PTEN mutation (Li et al., 2014) 

which controls the functions of natural and inducible Treg cells (Powell et al., 

2012). This is in agreement with the study of Singh et al. (Singh et al., 2010) that 

provided the hint that formed the rational to check and correlate the expression of 

pS6 in the present study. First hint was the induced Foxp3+ Treg cell number in 

the lymph nodes and skin of K5.hTGF-b1 mice (Singh et al., 2010) due to PUVA 

therapy. Notably, this induction of Treg function in the skin was paired with 

downregulation of Th17 that appeared to be crucial for the efficacy of an anti-

psoriatic treatment in patients (Keijsers et al., 2015, Keijsers et al., 2014).  

Second, the increased trafficking of CD62L and CCR7 in lymph nodes in PUVA-

exposed animals is known to be inhibited by mTOR pathway (Sinclair et al., 2008). 

Thus in this part of the thesis, the role of mTOR signalling in psoriasis was 

scrutinized starting with the detection of activation status of phosphorylated mTOR 

on Ser2448 and also its downstream signalling molecule S6.  

This data suggests a role for mTOR signalling in the pathogenesis of psoriasis, 

consistent with other recent studies (Huang et al., 2014, Buerger et al., 2013). 

Although psoriasis is a benign disease, its pathophysiology has similarities with 

epidermal tumour biology (Leo and Sivamani, 2014) with triggered PI3-K/mTOR 

cascade, leading to hyperproliferative and differentiation defects (Chen et al., 

2009b, Chen et al., 2009a). Therefore the activation of these proteins, which have 

an important role in protein translation, reflects the need of the diseased 

keratinocytes to acquire building blocks for cell growth and proliferation 

(Raychaudhuri and Raychaudhuri, 2014). The present findings are intriguing with 

regard to the expression pattern of the subfamily receptor of tyrosine kinases, 

EGFR, which regulates upstream of PI3-K/mTOR cascade (Yoshida et al., 2008). 

mTOR that was activated in both lesional skin, mainly due to the knock-in effect in 

mouse (Li et al., 2004), and non-lesional skin while S6 activation was found only in 

the diseased skin (Fig. 3.4.1-3.4.3). This argues again for diverse functions of 

mTOR and S6 and projects that pathological activation of mTOR might be an early 
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event in psoriasis pathogenesis, while S6 activity might contribute to the 

manifestation of the plaque to sustain psoriasis (Buerger et al., 2013). In summary, 

this report showcased for the first time that mTOR signaling is downregulated by 

PUVA therapy analogously to the treatment with rapamycin (Yang et al., 2014). 

The normalization of psoriatic phenotype was linked to downregulation of Th1-

Th17cytokines and growth factors. In addition, many upcoming reports have 

shown invitro data indicating upstream p53 dependent RIG-1 signaling activation 

that suppresses Akt/mTOR pathway in keratinocytes (Chowdhari and Saini, 2016) 

by inhibiting signal transduction in the PI3K pathway by preventing efficient plasma 

membrane recruitment of crucial effector kinases in ECP treatment for GVHD (Van 

Aelst et al., 2016). The investigation in this part of the thesis highlighted the fact 

that study of skin biopsies for site-specific S6 phosphorylation might be a useful 

criterion in future to evaluate the pharmacodynamics and effectiveness of anti-

psoriatic therapies in clinical studies. 

Though the hyperactivation causing uncontrolled keratinocyte proliferation with 

differentiation defects was hypothesized to be regulated by PI3-K/Akt/mTOR 

cascade by Huang et al (Huang et al., 2014). Buerger et al (Buerger et al., 2017) 

shed light on the involvement of mTORC1 signaling and its pathogenic role in 

normal homeostasis and in the psoriatic epidermis. It was found that in healthy 

keratinocytes the relation between Akt/mTOR signaling and differentiation was 

inversely proportional where mTOR signaling deactivation occurred when 

differentiation was progressing. Thus, this emphasises that epidermal loss of 

mTORC1 signaling is necessary to cause reduced proliferation of epidermal 

progenitors cells in the basal layer (Ding et al., 2016). This appears to be an 

indispensable step for proper keratinocyte maturation that is allowed by blockade 

of mTORC1, leading to progression of differentiation (Huber and Teis, 2016). 

Indeed, autophagy induction is known to be paralleled by differentiation in 

keratinocytes which are undergoing a selective form of nucleophagy, where Akt 

contributes to its nuclear degradation (Aymard et al., 2011, Akinduro et al., 2016). 

Buerger et. al and others (O'Shaughnessy et al., 2007, Buerger et al., 2012, Sully 

et al., 2013) proved that functional activation of Akt in the upper granular layer of 

healthy skin is an important characteristic in the formation of the cornified 

envelope that thereby contributes to the nuclear degradation process. Further on 
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the work from Buerger et al. indicates that cytokine- induced aberrant activation of 

the mTOR cascade occurred. These in vitro findings by Buerger et. al. were 

modelled and validated further in this part of the thesis using a murine model that 

proved the aberrant mTOR activation demonstrated by using the synthetic mTOR 

agonist MHY 1485. The findings indicated that the agonist induced psoriasis-like 

skin changes associated with dislocalisation of involucrin. This data was consistent 

with the work Chen J.Q et al. finding (Chen et al., 2013)  who have showen that 

involucrin which is mainly localized in the granular layer in healthy human skin, is 

overexpressed and mislocalized into the stratum spinosum of psoriatic lesional 

skin which forms a signal for disturbed differentiation. It can be assumed that 

mTOR hyperactivation might have a dual effect, first on the cells that still have the 

capacity to divide mTORC1 signaling enforces proliferation contributing to the 

acanthosis seen in MHY1485-treated mice and in psoriasis patients, and second 

in the cells that are already determined for differentiation the regular maturation 

program is blocked leading to aberrant epidermal maturation such as dislocation of 

involucrin (Buerger et al., 2017). Thus, mTOR inhibition seems a promising anti-

psoriatic strategy. Remarkably, systemic rapamycin or its derivatives have been 

used for its immunosuppressive properties in anti-psoriatic trials alone or in 

combination with low doses of cyclosporine (Frigerio et al., 2007, Reitamo et al., 

2001, Wei and Lai, 2015). This also supports the notion that psoriasis patients 

could be benefited from the topical use of mTOR inhibitors on affected skin, which 

had showen encouraging results in the past in a small trial (Ormerod et al., 2005). 

Thus this gives rational that local application could not only inhibit the proliferation 

of psoriatic keratinocytes but may also restore the epidermal differentiation defect 

(Chamcheu et al., 2016). 

The recent study by Swindell et al. who used RNA microarray analysis confirmed 

the disease signature observed in the IMQ mouse model to reflect the human 

setting specifically with respect to genes involved in epidermal development 

(Swindell et al., 2011), thereby validating the use of this model. Moreover, the 

usefulness of this model to test the topical delivery profiles of anti-psoriatic drugs 

strongly supports its use as well (Lin et al., 2015). In the current study IMQ-

induced epidermal signalling pattern of mTOR was assessed what supported 

previous findings (Buerger et al., 2013, Chamcheu et al., 2016). Here, topical 
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rapamycin treatment did ameliorate the severity of erythema and scaling of the 

psoriasis-like condition along with reduced skin thickness (Fig. 3.4.10-3.4.14). This 

was supplemented by a noticeable reduction of spleen size, with steady blood 

count parameters and reduced influx of (innate) immune cells with antigen 

presenting capacity into secondary lymphoid organ(s). The effect was quite 

prominent for the cells that express endosomal TLR7 and in which mTOR plays an 

important role for TLR-mediated activation like pDCs (Liu, 2005, Cao et al., 2008). 

mTOR pathway is important in regulating interferon production by pDCs and 

inhibition of which resulted in impaired IFN-alpha/beta production (Cao et al., 

2008). Moreover, mTOR is also known to endorse vascular permeability by 

enhancing VEGF functions (Huang et al., 2014). This leads to increased tissue 

vascularity thereby enhancing the leucocyte traffic into the skin. This was also 

effectively targeted  by rapamycin (Frost et al., 2013). Thus, the normalized dermal 

vessel density resulting in a decreased flow of leucocytes to the skin might be also 

contributing to the reduced influx of APCs into secondary lymphoid organs in 

rapamycin-treated animals. Together, this data indicated that topical rapamycin 

treatment worked effectively not only in conditioning APCs causing them to be less 

responsive to TLR agonist but also preventing its channelizing through inhibition of 

new blood vessel formation.  

All together rapamycin not only diminished some of the systemic effects of IMQ 

but also had a strong influence on the activation of the mTOR pathway itself and 

its target proteins such as keratin 6 and caspase 14 (Fig. 3.4.12 E-P). Other than 

the fact that Keratin 6 is upregulated in the suprabasal layers of psoriatic plaques 

(Korver et al., 2006) and is an important biomarker of hyperproliferative cells, what 

is even more interesting is that its mRNA containing putative 5' 

oligopyrimidine  (5´TOP), known to be specifically regulated by mTORC1 are 

sensitive to rapamycin treatment (Hickerson et al., 2009). Treatment with 

rapamycin has been shown to cause selective inhibition of the translation of the 

mRNAs that incorporates terminal 5′ TOP thereby obstructing downstream mTOR 

pathway components involved in TOP mRNA translation. Thus, it could be 

hypothesized that inhibition of mTOR might have reduced the aberrant expression 

of keratin 6 which by this means contributed to the observed normalization of 

keratinocyte maturation. Similarly, control of caspase 14 expression after 

rapamycin treatment was observed, what can contribute to epidermal maturation 
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by the processing filaggrin expression (Hoste et al., 2011). This went in line with 

the fact that lack of caspase 14 in psoriatic plaques is associated with disturbed 

epidermal barrier formation (Hoste et al., 2013). 

To further investigate the expression of these epidermal differentiation markers in 

detail, a quantitative multiplex immunostaining approach was used which revealed 

reduced expression of keratin 10 and loricrin and an increase in expression with 

aberrant distribution of involucrin by IMQ, resembling the clinical scenario 

observed in psoriasis (Ishida-Yamamoto and Iizuka, 1995). Here, topical 

rapamycin was able to reinstate disturbed expression patterns for most of the 

markers (Fig. 3.4.13), similar to what can be observed in human skin biopsies after 

treatment with biologics (Donetti et al., 2012). This highlighted rapamycin more as 

an differentiation-promoting agent, analogous to other naturally occurring 

compounds that hinders mTOR activity (Chamcheu et al., 2016). In addition, 

rapamycin also normalized the IMQ dependent increase in Ki-67 positive 

keratinocytes, which can possibly linked to a direct effect of rapamycin on 

proliferative control, underlining the role of mTORC1 in keratinocyte stem cell 

homeostasis (Rho et al., 2014). On the other hand, the failure in proliferative 

keratinocytes might be a consequence of the onset of the mechanism causing the 

shift towards keratinocyte differentiation induced by mTOR inhibition itself. 

To date, systemic mTOR therapy has shown encouraging outcome in autoimmune 

diseases but was accompanied from significant side effects (Fogel et al., 2015). 

Moreover, there is limited data on the efficacy of topical rapamycin and its direct 

effect on skin structure and barrier integrity. Though recent efforts have highlighted 

topical rapamycin as an effective approach in a mouse model of tuberous sclerosis 

complex and allergic dermatitis (Baumer et al., 2005, Rauktys et al., 2008). In a 

recent clinical study topical rapamycin ointment not only have showen passable 

skin penetration along with good safety profile, but also significantly inhibited the 

growth of skin angiofibromas which are characterized by hyperactivation of mTOR 

signaling (Tanaka et al., 2013). These conclusions together with the present 

finding strongly advocate the rational that mTOR activation is not only an important 

biomarker for prognosis of the disease but also has a significant functional 

importance in balancing keratinocyte proliferation and differentiation balance 

(Fig.3.4.15). Thus the data in this part of thesis along with other upcoming 

research (Eline et al., 2017) highlights the fact that a topical approach can be an 
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effective treatment option for psoriasis that avoids the side effects associated with 

systemic administration.  

Altogether, the findings in this section of thesis corroborate current reports of the 

dysregulated mTOR pathway in hyperplastic skin diseases and provide further 

evidence for mTOR as a pathogenic factor also in psoriasis.  However, more work 

is needed to further study the optimal frequency and duration of overall treatment, 

also with regard to the rate of recurrence after treatment is discontinued (Fogel et 

al., 2015). Nevertheless, it has to be taken into consideration that inhibition of 

mTOR may have side effects related to regenerative response capacity of 

keratinocytes that possibly can be restored by interrupting the therapy from time to 

time (Ding et al., 2016).  
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3.4 FIGURES 

  

(j) (k) 
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Figure 3.4.1 The downstream effector of mTOR signaling cascade is functionally 

active in psoriatic skin of K5.TGFß1 transgenic (TG) mice. The 

immunohistochemical stainings demonstrate high levels of phospho S6 (pS6) in 

the skin of TG mice (d) compared to WT controls (a) and its downregulation by 

treatment with 0.25mJ/cm2 PUVA (g). Note that activated protein was mainly 

observed in the cytoplasm of epidermal cells in the untreated TG mice. No 

significant staining was found for S6 (b,e,h). Control IgG, isotype antibody staining 

(c,f,i). Scale bar, 100 µm for main image and 50 µm for insert. Histological scoring 

of immunohistochemical stainings of phosphorylated ribosomal protein S6 (pS6) (j) 

and S6(k). The data shown represent the individual scores as well as the mean 

and range of the histological scores for both proteins.  Statistical analysis was 

performed using unpaired Mann-Whitney (*P < 0.05, ** P< 0.005). n, 4 to 8 mice 

per experimental group. Reused from (Shirsath et al., 2015) with permission of 

John Wiley and Sons publisher. 

 

  



 79 

 

 

Figure 3.4.2 Activation status of the mammalian target of rapamycin (mTOR) 

kinase in psoriatic skin of K5.TGFß1 transgenic (TG) mice. Immunohistochemical 

studies reveal that mTOR is activated in both nonlesional (a) and lesional (c,e) 

skin. Control IgG, isotype antibody staining (b,d,f). Scale bar, 100 µm for main 

image and 50 µm for insert. Reused from (Shirsath et al., 2015) with permission of 

John Wiley and Sons publisher. 
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Figure 3.4.3  

The staining intensity of EGFR (receptor for members of the epidermal growth 

factor) is slightly upregulated in psoriatic epidermis of K5.hTGFß1 transgenic (TG) 

mice (c) compared to wild type mice (WT) (a) and PUVA-treated mice (e). Control 

IgG, isotype antibody staining (b, d, f). Scale bar, 50 μm. Reused from (Shirsath et 

al., 2015) with permission of John Wiley and Sons publisher. 
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Figure 3.4.4 mTORC1 and its downstream mediator are strongly activated in 

psoriatic lesions.  Punch biopsies from lesional psoriatic skin (a,c,e,g) of 20 

patients and five healthy donors (b,d,f,h) were stained with antibodies for specific 
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for Rheb, Raptor, P-PRAS40 and P-4E-BP. Nuclei were stained with DAPI. 

Representative overlay images from one patient and one healthy donor are 

shown. Bars represent 100 μm. Reused from (Buerger et al., 2017) with 

permission of the copywrites holder.  
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Figure 3.4.5 mTOR signaling is deactivated during differentiation and only partially 

contributes to the control of proliferation. (A) Increasing densities of HaCaT were 

seeded to promote differentiation and harvested after 72h. Protein lysates were 

subjected to SDS-PAGE and Western Blotting with the indicated antibodies. (B) 

Keratinocytes stem cells (KSC), transient amplifying (TA) and postmitotic (PM) 

cells were separated according to their ability to adhere to type IV collagen. 

Protein lysates were subjected to SDS-PAGE and Western blotting with the 

indicated antibodies, showing that mTORC1 signaling is mainly present in 

undifferentiated cells. Reuse from (Buerger et al., 2017) with permission of the 

copywrites holder.  
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Figure 3.4.6 Cytokine mediated activation of mTOR interferes with differentiation. 

HaCaT cells were reverse-transfected with siRNA specific for Raptor, mTOR or 

control siRNA and seeded at 0.6 x105 (P) or 6x105 (Diff) cells per 12 well. After 24 

h cells were treated with 20 ng of IL-1 β, IL-17A and TNF- α (Mix) and harvested 

after another 72h. Protein lysates were analysed by Western blotting with the 

indicated antibodies. Below a quantification of 7–9 similar blots is shown. 

Statistical significance was calculated with two-way ANOVA and Bonferroni 

multiple comparison. For P-S6 statistical significant difference is shown for 

proliferating cells of knockdown cells compared to proliferating control cells (*p 

≤0.05, **p ≤0.01, **** p ≤0.0001). Reuse from (Buerger et al., 2017) with 

permission of the copywrites holder. .  
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Figure 3.4.7 Activation of mTORC1 signaling inhibits differentiation. HaCaT cells 

(a) or NHK cells (b) were serum starved overnight and treated with increasing 

doses of MHY1485 or DMSO for 30 min If indicated cells were pre-treated with 

100 nM Rapamycin for 30 min. Cells were harvested and protein lysates were 

analyzed by Western blotting with the indicated antibodies, 669 showing that 

mHY1485 induces mTORC1 signaling. (c) Increasing numbers of HaCaT cells 

were seeded and driven into differentiation by post-confluent growth in the 

presence of the indicated concentrations of MHY1485. Protein lysates were 

analyzed by Western blotting with the indicated antibodies. Below a quantification 

of four similar Western blots is shown. **p ≤0.005 (d-g) MHY1485 or vehicle 

control was topically applied to the dorsal skin of mice for 12 consecutive days 

with increasing doses. (d) DSFT (Double Skin Fold Thickness) was measured 

before the first treatment (day1) and repeated every day. Data shown are mean 

values from one experiment, with n=3 mice per treatment. *p ≤0.05, **p ≤0.005 (e) 

Representative images of H&E-stained sections from dorsal skin of a mouse of 

control and MHY 1485 treated groups (scale bar, 100μM). (f) Evaluation of 

histological features, including number of epidermal layers and epidermal 

thickness in μM. Data shown are mean values of five measurements per mouse ± 

SEM. **p ≤0.05. (g) Involucrin staining of vehicle control or MHY1485 treated 

mice. Overview images and close-ups are shown. MHY1485 induces in vivo 

psoriasis like phenotype and interferes with proper differentiation. Reuse from 

(Buerger et al., 2017) with permission of the copywrites holder. .  
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Figure 3.4.8 Effect of topical MHY1485 treated on chemokine and Th1/Th2/Th17 

cytokine profile expression. BALB/c mice were treated, as described in M&M (3.1). 

24 hrs after the last treatment, serum samples were collected and analysed by 26-

plex bead immunoassay. IL-1 β, IL-2, IL-6, IL-10, IL-12, IL-17, IL-23, and GM-CSF 

levels were below detection level. Data shown are from one experiment, with n = 

2–3 mice per treatment group. Reuse from (Buerger et al., 2017) with permission 

of the copywrites holder. .  
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Figure 3.4.9 Schematic representation of the study hypothesis/results to explain 

functions of mTOR in normal and in diseased skin where it serves as a switch to 

determine the fate of keratinocytes. 
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Figure 3.4.10 mTOR inhibition ameliorates skin and systemic symptoms of 

imiquimod induced psoriasis. (A) Study plan: BALB/c mice were treated on the 

dorsal skin for 4 to 5 days by three different treatment regimes, as described in 

materials and methods. (B) Double skin-fold thickness (DSFT) assessment of 

dorsal skin of the mice measured throughout the experiment. (C) Macroscopic 

presentation of mice from the three treatment regimens (D) A specific score 

(composed of a rating from 0 to 3 for erythema, infiltration, and scaling) was used 

to monitor macroscopic cumulative disease severity in the mice (E) Reduced 

neoangioenesis formation observed in dorsal skin of rapamycin treated mice 

compared to IMQ treated ones. (F) Macroscopic bifurcations were counted as a 

measure of blood vessel formation. (G) Spleens were prepared from each mouse 

and weighed. All data shown is from one representative experiment, with n = 5 per 

treatment group and error bars representing SEM. Statistical differences were 

determined by using one-way ANOVA or Mann-Whitney U test (*p ≤ 0.05. **p ≤ 

0.01. ***p ≤ 0.001). As a copywrite holder of the article, the figure was reused from 

(Burger et al., 2017) with the permission of publisher. 
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Figure 3.4.11 Detailed clinical disease score. The severity of inflammation on the 

back was assessed with a scoring system similar to the human Psoriasis Area and 

Severity Index (PASI) score. Erythema, infiltration and scaling of the skin were 

scored “blindly” on a scale from 0 to 3, as follows: 0: none; 1: slight; 2: moderate; 

3: severe. Statistical differences were determined by 2-way analysis of variance 

(ANOVA) and Bonferroni multiple comparison (**p ≤ 0.01; ***p ≤ 0.001). As a 

copywrite holder of the article, the figure was reused from (Burger et al., 2017) with 

the permission of publisher.  
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Figure 3.4.12 Rapamycin reduces inflammation induced by dermal mTOR 

signaling (A) H&E staining of representative image from each group. (Bar 

represents 100µm. (B-C) Evaluation of histological features, including epidermal 

thickness and epidermal layers. (D) The number of neutrophil rich micro 

abscesses (indicated by arrow) was counted in the whole epidermis sheet. (Bar 

represents 100µm) Data shown is from one experiment, with n =5 per treatment 

group and error bars representing SEM. Statistical differences were determined by 

using one-way ANOVA or Mann-Whitney U test (*p ≤ 0.05. **p ≤ 0.01. ***p ≤ 

0.001). (E-P) Immunohistochemistry staining with the indicated antibodies is 

shown from one representative mouse from each group. Scale bar represent 20 

µm. As a copywrite holder of the article, the figure was reused from (Burger et al., 

2017) with the permission of publisher. 
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Figure 3.4.13 Rapamycin treatment normalizes the epidermal differentiation 

pattern. (A) Multiplex IHC staining with antibodies specific for Ki-67, keratin 14, 

keratin 10(K10), involucrin(IVL) and loricrin(LOR) was performed. Composite 

images from one representative mouse of each group are shown. Insert present 

close-up images from the same slides. (B-E) The number of positive cells for the 

specific marker (Ki-67, K10, IVL or LOR) of all (keratin 14 positive) keratinocytes 

per mouse sample was quantified in %. Data shown is from one experiment, with n 

=5 per treatment group and error bars representing SEM Statistical differences 

were determined by using one-way ANOVA or Mann-Whitney U test (*p ≤ 0.05. **p 

≤ 0.01. ***p ≤ 0.001). As a copywrite holder of the article, the figure was reused 

from (Burger et al., 2017) with the permission of publisher. 
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Figure 3.4.14 Systemic effect of topical rapamycin on total and differential 

leukocyte count. Total leukocytes were counted per 103/µL from n = 5 mice per 

treatment group and the absolute numbers of monocytes, neutrophils and 

lymphocytes were determined. Statistical differences were determined by using 

one-way ANOVA or Mann-Whitney U test (*p ≤ 0.05. **p ≤ 0.01. ***p ≤ 0.001). As 

a copywrite holder of the article, the figure was reused from (Burger et al., 2017) 

with the permission of publisher. 
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Figure 3.4.15 Schematic representation of targeting mTOR by topical application 

of rapamycin leading to normalization of inflammation-dependent aberrant 

activation of mTORC1. 
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3.5 TABLES 
 

 

 

Table 3.5.1 Topical rapamycin reverse the shift from lymphoid to myeloid cells in 

IMQ model of psoriasis. Surface marker staining to quantify innate immune cells 

influx in lymph nodes was performed for F4/80+CD11b+ Macrophages (MF), 

CD11c+CD11b+ dendritic cell (DC), CD11c+120G8+SiglecH+ plasmacytoid 

dendritic cells (pDCs), and CD207+EpCAM+ migratory Langerhans cells (LCs). 

Sample collected 24 hours after last topical treatment. Average numbers ± SEM 

from lymph nodes of two samples, each pooled from two mice. As a copywrite 

holder of the article, the figure was reused from (Burger et al., 2017) with the 

permission of publisher.  

 

Macrophages(MF) Dendritic cell (DC) Plasmacytoid dendritic cells (pDCs) Langerhans cells (LCs) 

F4/80+CD11b+ CD11c+CD11b+         CD11c+120G8+SiglecH+ CD207+EpCAM+

control 0.025 ± 0.005 0.075 ± 0.005 0.195 ± 0.03 0.065 ± 0.055

IMQ 0.550 ± 0.100 0.640 ± 0.110 0.245 ± 0.00 0.160 ± 0.020

Rapa +  IMQ 0.465 ± 0.005 0.545 ± 0.015 0.205 ± 0.015 0.125 ± 0.015

Study Groups
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