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1 Abstract 

1. Abstract 
 
 
Psoriasis is a chronic inflammatory, not curable skin disease that is accompanied by 

an extensive impact on the patient’s quality of life. Currently, a genetic 

predisposition in combination with unknown initial triggers, including stress, 

infections and lifestyle factors, is thought to contribute to its development. 

Biologicals have proven their efficiency in psoriasis treatment as they target specific 

molecules involved in its pathogenesis. Among those, neutralization of the common 

p40 subunit of IL-12/23 is considered as one of the first‐line biologics in moderate to 

severe psoriasis vulgaris. So far, all available data point towards the IL-23/17A 

effector axis to be the dominant pathway in disease pathogenesis. Hence, the 

curative effect of anti-p40 therapy might be due to the inhibition of IL-23 signaling 

alone, especially as information on a causal relationship of either IL-12 or IFN-γ and 

psoriasis is still missing. 

This study addressed the contribution of IL-12 to the formation of psoriatic lesions. 

For this reason, psoriasiform inflammation was induced in mice by use of the IMQ-

model. Whereas p40-/- mice recapitulated the efficiency of anti-p40 therapy, mice 

deficient in IL-12 signaling alone developed an aggravated disease phenotype 

leading to the assumption of a protective role of IL-12 in the skin. This function was 

shown to be independent of IFN-γ, which in the lesion serves the expected 

pro-inflammatory effect. The use of loss- and gain-of-function in the IMQ-model 

revealed that IL-12, in contrast to IL-23, has a regulatory function in the skin by 

restraining the invasion of pathogenic Vγ6+ γδT17 cells, which were further shown to 

be causative for disease aggravation in IL-12-deficient mice. To investigate the 

underlying mechanism, transcriptomic analyses of murine skin and primary human 

keratinocytes were performed, demonstrating that IL-12 directly communicates with 

the local stroma and initiates a tissue-protective transcriptional program, which limits 

psoriasiform skin inflammation.  

One of the lifestyle factors in the focus as critical triggers in psoriasis development 

are certain diets. In particular, high dietary salt intake, as part of the “western diet”, 

is currently under discussion to be an environmental trigger for autoimmune 

diseases by increasing the differentiation of naive αβT cells into pro-inflammatory 

TH17 cells. Skin tissue resident immune cells, like γδT cells, are sentinels of external 

triggers and tissue stress. Thus, the effect of high salt diet on these cell populations 

and its impact on the development of psoriasiform inflammation was additionally 
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investigated in WT mice. Flow cytometric analyses revealed that excessive salt 

intake primes the skin-resident immune system towards an inflammatory type 17 

response with Vγ6+ γδT17 cells being the most affected cell population that is highly 

contributing to aggravated disease pathology. 

This thesis considers two different aspects in psoriasis therapy. It reveals 

interference in efficacy of the biological pharmacotherapy of anti-p40 antibodies in 

psoriasis by parallel targeting of IL-23 and IL-12, which mediates a protective, 

autonomous regulatory programme in the skin. The study also presents high dietary 

salt intake as a dietary trigger for psoriasis development, thus offering dietary 

treatment as a lifestyle-based intervention in psoriasis patients. Both findings 

emphasize the importance of a deep knowledge on the specific mode of action of 

biologicals and dietary factors for an effective and safe therapeutic intervention. 
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2. Zusammenfassung 
 
 
Psoriasis ist eine chronisch-entzündliche, bisher nicht heilbare, Hauterkrankung, die 

mit einer starken Einschränkung der Lebensqualität des Patienten einhergeht. 

Derzeit wird eine Kombination aus genetischer Prädisposition und unbekannten, 

initialen Faktoren, wie Stress, Infektionen und Umweltfaktoren, als 

Entstehungsursache diskutiert. Biologika haben sich in der Behandlung von 

Psoriasis als sehr effizient erwiesen, da sie gezielt die an der Immunpathogenese 

beteiligten Moleküle und deren Signalwege beeinflussen. Die Hemmung der 

gemeinsamen p40-Untereinheit von IL-12/23 gilt als eine der Standardtherapien bei 

mittel-schwerer bis schwerer Psoriasis vulgaris. Doch bisher weisen alle 

wissenschaftlichen Erkenntnisse darauf hin, dass die IL-23/IL-17-Effektor-Achse den 

entscheidenden Beitrag zur Krankheitspathogenese leistet. Es stellt sich daher die 

Frage, ob der positive Effekt der Anti-p40 Therapie einzig auf die Hemmung des IL-

23 Signalweges zurückzuführen ist, insbesondere da ein kausaler Zusammenhang 

von IL-12 oder IFN-y und Psoriasis immer noch fehlt. 

In dieser Studie wurde der Beitrag von IL-12 zur Entstehung psoriatischer Läsionen 

untersucht. Dazu wurde, unter Anwendung des IMQ-Modells, eine Psoriasis-

ähnliche Hautentzündung in Mäusen induziert. Während p40-/--Mäuse die 

Wirksamkeit der Anti-p40-Therapie bestätigten, wiesen Mäuse mit Verlust des IL-12-

Signalweges einen verstärkten Krankheitsverlauf auf, was auf eine schützende 

Funktion von IL-12 in der Psoriasis-belasteten Haut hindeutet. Diese Funktion zeigte 

sich unabhängig von IFN-γ, welches in den Läsionen selbst einen 

proinflammatorischen Effekt hat. Zudem machte die Anwendung von loss-und gain-

of-function Experimenten im IMQ-Model deutlich, dass IL-12, im Gegensatz zu IL-

23, eine regulatorische Funktion in der Haut ausübt, indem es das Einwandern 

pathogener Vγ6+ γδT17 Immunzellen unterbindet, welche sich unter Verlust des IL-

12 Signalweges als ursächlich für den verstärkten Krankheitsverlauf erwiesen. Um 

den zugrunde liegenden Mechanismus näher zu untersuchen, wurden 

Transkriptomanalysen von muriner Haut und primären human Keratinozyten 

durchgeführt. Diese ergaben, dass IL-12 direkt mit dem lokalen Stroma 

kommuniziert und dabei ein schützendes Programm in den Hautzellen aktiviert, 

welches die Entzündung in der Haut begrenzt.   

Einer der Umweltfaktoren, der als kritischer Auslöser für die Entstehung von 

Psoriasis gehandelt wird, ist die Ernährungsweise. Insbesondere die Einnahme 
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höherer Mengen an Kochsalz, im Zuge der westlichen Ernährungsweise, wird 

momentan als umweltbedingter Auslöser für die Entstehung autoimmuner 

Erkrankungen diskutiert, da es die Entwicklung naiver αβT Zellen in 

entzündungsfördernde TH17 Zellen fördert. In der Haut ansässige Immunzellen wie 

γδT Zellen, üben eine „Wächterfunktion“ aus, mit der sie externe Einflüsse und 

Stress detektieren können. Daher wurde zusätzlich die Wirkung einer salzreichen 

Ernährung auf diese Zellpopulation und die Entwicklung psoriatischer Entzündungen 

in WT-Mäusen untersucht. Durchflusszytometrische Analysen ergaben, dass 

übermäßiger Salzkonsum das Immunsystems in der Haut in Richtung einer 

entzündlichen TH17-Immunantwort polarisiert, wobei Vγ6+ γδT17 Zellen, welche 

beträchtlich zur Verschlechterung des Krankheitsbildes beitrugen, die am stärksten 

betroffene Zellpopulation darstellten. 

Diese Thesis betrachtet zwei verschiedene Aspekte in der Psoriasis-Therapie. Sie 

zeigt zum einen die Beeinträchtigung in der Wirksamkeit der Pharmakotherapie mit 

anti-p40-Antikörpern in Psoriasis aufgrund der parallelen Hemmung von IL-23 und 

IL-12, welches ein schützendes, autonomes Programm in der Haut induziert. 

Außerdem präsentiert die Sudie eine hohe Salzaufnahme als möglichen 

Umweltfaktor für die Entwicklung von Psoriasis und stellt damit eine lebensmittel-

orientierte Behandlung als Maßnahme für Psoriasis Patienten dar. Die Ergebnisse in 

dieser Arbeit verdeutlichen, wie wichtig es ist, die spezifischen Wirkungsweisen von 

Biologika und den Einfluss der Ernährung zu verstehen, um mit den gewonnenen 

Erkenntnissen den Erfolg und die Sicherheit therapeutischer Anwendungen zu 

garantieren. 
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3. Introduction 
 
 

3.1 The skin immune system  
 

The immune system is a complex network of specialized cells, tissues and organs 

that preserves the integrity of the body and protects the organism from a multitude 

of infectious microorganisms (bacteria, viruses, parasites or fungi), harmful 

substances from the environment and neoplastic cellular transformations (e.g. 

cancer) [1, 2].  

The skin represents the body’s largest organ, which is constantly exposed to the 

outer environment. Therefore, it not only provides a passive physical barrier, but in 

particular represents an active immune organ, which protects the body from 

invading pathogens by activation of the innate and adaptive immune system. At the 

same time, it provides tolerance to self-antigens and commensal bacteria [3, 4].  

Separated by the basement membrane, the skin is divided into two major 

compartments, the epidermis and the dermis with an underlying hypodermis 

consisting of loose connective and fatty tissue and multiple leukocyte subsets 

residing inside. The epidermis presents the outer layer of the skin that is composed 

of a multi-cell layer of differentiating keratinocytes, and an integral population of 

antigen-presenting cells (APCs), dendritic epidermal γδT cells (DETCs, mouse) and 

tissue-resident memory T cells (TRM). The dermis is composed of collagenous 

connective tissue that gives the skin its flexibility and strength. Besides a network of 

blood and lymphatic vessels, through which migrating cells can traffic, it also 

contains nerve endings, hair follicles as well as sweat and sebaceous glands. It is 

populated by a variety of immune cells, including macrophages (MФ), dendritic cells 

(DCs), mast cells, natural killer (NK) cells, natural killer T (NKT) cells as well as 

innate lymphoid cells (ILCs), dermal γδT cells and αβT cells [4, 5].  

The close interaction between the skin environment with stromal cells and skin- 

resident and -infiltrating immune cells is the basis for the effectiveness of the skin 

immune system. 
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Figure 1: Overview of the skin structure and skin-resident cellular effector cells. 

(adapted and modified from Nestle FO. et al., 2009 [5]) 

 

3.1.1 Immune functions of non-hematopoetic stromal cells 

Keratinocytes (KCs) are the major cell type of the epidermis and represent the 

outermost layer of the skin. They originate from stem cells in the deepest layer of 

the epidermis (stratum basale) and undergo a progressive differentiation program 

from spinous to granular KCs when they slowly migrate up towards the surface of 

the epidermis. In their terminal differentiation step they undergo keratinization, lack a 

nucleus and organelles and thus become metabolically inactive. The resulting dead 

corneocytes form the stratum corneum, a tight but not impermeable physical and 

chemical barrier, which provides protection against water loss, physical damage, as 

well as invasion of bacteria, viruses, and other foreign substances. Corneocytes are 

continuously shed of through desquamination and are replaced by cells derived from 

the stratum basale. In addition, KCs mediate cutaneous immune responses against 

environmental or pathogenic stimuli [5, 6]. To take over this role, KCs are equipped 

with a variety of toll like receptors (TLRs), by which they are able to recognize a 

wide range of pathogen-associated molecular-patterns (PAMPs) as well as danger-
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associated molecular patterns (DAMPs) found on viruses, bacteria, fungi and other 

microbes [7]. Once being activated, they release antimicrobial peptides (AMPs; e.g. 

S100A proteins, β-defensins, cathelicidins), pro-inflammatory cytokines (e.g. IL-1, 

IL-6, and TNF-α), and chemokines (e.g. CXCL1, CXCL8- CXCL11, and CCL20) [8, 

9]. Therefore, KCs are critical pro-inflammatory effector cells, which recruite various 

immune cells to the site of infection or injury making them important inducers of 

cutaneous innate and adaptive immunity [5, 8].  

3.1.2 Skin-resident immune compartement 

Like KCs, cells of the innate immune system in the skin express a variety of pattern-

recognition receptors (PRRs) to detect damage and danger, which generate an 

initial and immediate immune response that is not directed against a specific antigen 

[10].  

The most abundant haematopoietic population under steady-state conditions in the 

skin is represented by tissue-resident MФ [11]. Once they are activated they attract 

other immune cells from the circulation to site of infection/injury by production of pro-

inflammatory cytokines and chemokines [12]. These include granulocytes, which 

migrate from the bone marrow to the site of affected skin during an immune 

response. Whereas neutrophils are important in phagocytosis of a variety of 

microorganisms, basophils and eosinophils are more important in defense against 

parasites by releasing toxic proteins and enzymes [1].  

Skin-specific APCs are dermal dendritic cells (DDCs) and Langerhans cells (LCs) 

residing in the epidermis. While LCs remain sessile during steady-state, forming a 

dense network between keratinocytes, DDCs are a more heterogenous population 

that continuously migrates throughout the dermis [13]. Once they get in contact with 

a foreign antigen, they rapidly migrate to the draining LNs initiating a specific T cell 

immune response in order to neutralize or eliminate the antigen [14]. Mast cells are 

mainly found around blood vessels and are activated by PAMPs, cross-linked IgE 

molecules or unspecific triggers. Beneath their role in wound healing and pathogen 

defense, they are critical effectors of TH2 immune responses, like contact 

hypersensitivity, by release of inflammatory mediators [15].  

In contrast to MФ, DCs and mast cells, which arise from a common myeloid 

precursor, NK cells, NKT cells, γδT cells, ILCs and tissue-resident memory (Trm) 

cells originate from the lymphoid lineage [2]. 

Residing in the dermis, NK cells are antigen non-specific, providing a rapid response 

in killing viral-infected cells and tumor cells [16], while NKT cells carry an invariant T 
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cell receptor (TCR), which can recognize lipids and glycolipids presented by non-

polymorphic CD1d molecules [17].  

ILCs, lacking common lineage marker expression, have been described in the 

dermis of both mice and humans and are characterized by their developmental 

requirements and cytokine production (ILC1-3), analogue to adaptive TH cells [18].  

The murine epidermis contains dendritic epidermal γδT cells (DETCs) that remain 

largely immobile, forming tight immunological synapses with keratinocytes [19] and 

are important in epidermal homeostasis and repair [20, 21]. In contrast, dermal γδT 

cells can form a long-lived population and thus provide an innate defense against 

pathogens by facilitating neutrophil recruitment via production of IL-17 [22]. Human 

and murine γδT cells are discussed later in this thesis in more detail.  

 

Beneath cells of the innate immune system, the skin is also populated by cells of the 

adaptive immune system, which is characterized by its flexibility and immunological 

memory and mediated by B cells and αβT cells. Whereas B cells mature in the bone 

marrow, precursors of T cells migrate into the thymus, where their maturation takes 

place in a series of positive and negative selections under the guidance of the local 

stroma. Each clone of these cell types carries a highly specific receptor, generated 

by somatic recombination, which enables it to proliferate and differentiate once it 

encounters its specific antigen. B cells differentiate into plasma cells providing 

humoral immunity via production of antigen-specific antibodies. T cells are classified 

into CD8+ and CD4+ T cells. CD8+ cytotoxic T cells kill virus-infected cells as well as 

tumor cells directly and recognize antigens presented on major histocompatibility 

complex (MHC) class I molecules. Naive CD4+ T cells can be polarized into various 

T helper (TH) effector subsets dependending on the local cytokine milieu and 

recognize antigens presented on MHC class II molecules [1, 2]. Both CD4+ and 

CD8+ T cells can become long-lived tissue-resident memory cells after they have 

been recruited to the site of skin infection or inflammation, providing a fast and 

efficient immune response against local re-infection [23, 24]  

3.1.3 Conventional T cells in the skin  

During inflammation, naïve CD4+ T cells are polarized into different effector types 

mediating an immune response. TH1 cells, which differentiate in the presence of 

interleukin (IL)-12, are defined by their primarily production of interferon gamma 

(IFNγ) and expression of the transcription factor (TF) T-bet [25, 26]. They participate 

in the generation of cytotoxic T cells and strongly activate MФ, promoting the 
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elimination of intracellular bacteria and viruses via a cell-mediated immune 

response. Otherwise, TH2 cells develop in the presence of IL-4 with GATA-3 being 

their master TF and produce IL-4, IL-5 and IL-13 [27]. They mainly mediate humoral 

immunity against extracellular parasites and are linked with allergic diseases and 

atopic eczema [1, 2, 28].   

A distinct lineage from TH1 and TH2 cells is represented by TH17 cells [29, 30]. They 

are characterized by their expression of the retinoid-related orphan receptor isoform 

γt (RORγt) [31] and production of their signature cytokines IL-17A, IL-17F and IL-22. 

Additionally, they are also a source of tumor necrosis factor alpha (TNFα) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) [32]. Further lineage 

markers of mature TH17 cells are IL-23R and IL-1R1 as well as the chemokine 

receptors (CCR) 6 and 4, which enable their migration to the site of acute 

inflammation [33]. They are induced by TGF-β, IL-1β and IL-6 [34]. Although, IL-23 

is not required for their initial differentiation, as IL-23R is not expressed on naive T 

cells, it is essential for their expansion and maintenance of IL-17A production [35]. 

With at least six IL-17 family members (IL-17A to IL17F), TH17 cells mediate their 

effects through interaction with IL-17 receptor family proteins (IL-17RA to IL-17RE) 

[36]. Their main function lies in host defense against extracellular bacteria and fungi 

by means of activating the infected stroma and recruitment of neutrophils to the 

tissue [37]. Beneath their function in host defence, TH17 cells as well as TH1 are 

associated with the development of autoimmune diseases, like psoriasis [36, 38, 

39]. 

Characterized by their production of IL-22 but not IL-17, TH22 cells contribute to 

local skin inflammation by mediating proliferation of keratinocytes and their release 

of AMPs and are found to accumulate in lesions of psoriasis patients [40].  

Regulatory T cells (Tregs), on the other hand, suppress excessive activity of 

effector cells to control the immune response and maintain self-tolerance and thus 

prevent autoimmune reactions [41].  

 

In healthy skin, tissue-resident as well as -infiltrating cells of the innate and adaptive 

immune system perform their specialized function and provide all factors that are 

necessary for an effective cutaneous immune response. Moreover, they maintain 

skin tissue homeostasis and repair. Any dysregulation in these mechanisms can 

cause an imbalance leading to inflammatory skin diseases, like psoriasis [42].  
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3.2 Psoriasis vulgaris - chronic inflammation of the 
skin 

 
Psoriasis is a chronic, relapsing inflammatory skin disease which approximately 

affects 125 million people globally with plaque psoriasis (psoriasis vulgaris) being 

the most prominent form. The disease develops after an unknown initial pathogenic, 

environmental or internal trigger or stress mostly in individuals that are genetically 

predisposed to the disease. Depending on age, ethnic differences, and geographic 

location the prevalence of psoriasis can vary. Due to its high degree of complexity, 

which counts for most inflammatory diseases, and the occurrence of several 

comorbidities, psoriasis is more and more recognized as a systemic disease (global 

report on psoriasis, WHO 2016 [43]). 

3.2.1 Immunogenetics of psoriasis 

The use of genomewide association studies (GWAS) resulted in the identification of 

several loci and genes that are linked to a higher susceptibility for developing 

psoriasis. They further led to a deeper biological understanding of the disease and 

confirmed the complex and multifactorial immunogenetic component in psoriasis. 

Besides the susceptibility locus PSORS1, which can be found in up to 60% of all 

psoriatic patients [44, 45], single nucleotide polymorphisms (SNPs) in genes 

involved in inflammatory pathways as well as in tissue homeostasis have been 

identified.  

Most important and relevant for this study, was the identification of SNPs in genes of 

the IL-23 pathway and TH17 cell immune responses, including the interleukin-23 

receptor (IL23R), the interleukin-12B (IL12B; p40) [46, 47] as well as variants of the 

IL23A gene, encoding for the IL-23p19 subunit [48]. All are associated with an 

increased psoriasis risk highlighting the pivotal role of the IL-23/IL-17 axis in 

psoriasis [39].  

Moreover, it could be shown that different gene variants of the inducible transcription 

factor NF-κB pathway have a direct connection to the development of psoriasis. 

These include two gene variants (TNFAIP3, TNIP1), which encode for proteins 

downstream of TNF signaling [48] as well as gene variants of inhibitory proteins of 

NF-κB, including IκBα (NFKBIA) [49] and the signalling adaptor molecule ACT1 

(TRAF3IP2), which is involved in IL-17-mediated NF-κB activation [50].  

Furthermore, the absence of intact genes of the late cornified envelope (LCE) family 

is associated with psoriasis susceptibility as they are expressed during epithelial 

differentiation, and are therefore critical in skin barrier repair [51, 52].  
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3.2.2 Clinical manifestation of Psoriasis 

Patients suffering from plaque psoriasis show the characteristic demarcated red 

colored skin lesions with silvery-white, scaly plaques and a thickened epidermis 

mainly located on elbows, knees, scalp and the lumbosacral area. The 

histopathologic features more clearly define the clinical picture, including diffuse 

epidermal hyperplasia (acanthosis) with elongated rete ridges, a thickened stratum 

corneum (hyperkeratosis) and a less discrete epidermal granular layer due to a 

hyperproliferation of KCs. Thus, the squamous KCs aberrantly retain intact nuclei in 

the upper layers and stratum corneum (parakeratosis). Their release of extracellular 

lipids leads to a poorly adherent stratum corneum that becomes visible as scales. 

Another hallmark in psoriasis is the extensive accumulation of inflammatory 

infiltrates in the skin, consisting mainly of T cells, neutrophils and DCs. Neutrophils 

that are present in the stratum corneum represent the early manifestation of Munro’s 

microabscesses. Finally, the observed erythema is the result of an impressive 

growth and an increased vascularity of dermal blood vessels [42].  

Patients suffering from psoriasis show an increased risk of numerous disease-

related comorbidities that correlate with psoriasis severity including cardiovascular 

diseases [53, 54], type II diabetes [55], metabolic syndrome [56] and inflammatory 

bowel disease [57]. Additionally, severe psoriasis is associated with an increased 

mortality and a decreased life expectancy [58, 59]. Due to this extensive impact on 

virtually all aspects of life, the necessity for an effective disease control of psoriasis 

and a better understanding of its pathogenesis become indispensable. 

3.2.3 Mouse models of psoriasis  

Much of what has been learned about the pathogenesis of psoriasis was obtained 

from preclinical mouse models that serve as an important tool to elucidate the 

complex cellular interactions and underlying molecular pathways of the disease. The 

current revolution in effective immunotherapy of psoriatic plaque formation serves as 

a good example for the role and impact of conceptional mouse research in effective 

drug discovery. To mimic a complex and multigenic inflammatory disease like 

psoriasis in a murine model is challenging as it should ideally reproduce the major 

clinical symptoms and involve the same cellular and molecular pathways as found in 

the human disease. Therefore, numerous spontaneous (e.g. asebia mouse), 

genetically engineered (e.g. K5.Stat3C mouse), xenotranplantation (e.g. psoriatic 

SCID mouse model) and inducible mouse models (e.g IL-23-injected model, 

imiquimod-induced model) have been established. Today, the IMQ-Model is 
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commonly used in preclinical psoriasis studies as a suitable model for psoriasiform 

skin inflammation, due to its ease of use, mode of action, short treatment duration 

and low costs. But also the limitations have to be taken into consideration as it is 

only an acute model of skin inflammation, which does not mimic the chronic state of 

the human disease and does not picture the comorbidities of psoriasis [60, 61]. 

3.2.3.1 The imiquimod-induced model of psoriatic plaque 
formation 

 
The TLR 7 agonist imiquimod (IMQ) acts as a potent immune response modifier for 

MФ, monocytes, and DCs, thus contributing to a strong activation of the immune 

system [62]. Aldara®cream containing 5% IMQ was initially developed for topical 

treatment of genital and perianal warts caused by human papillomavirus [63] and 

was also found to be effective in treating (pre)cancerous skin lesions [64, 65]. 

Unexpectedly, in some patients, continuous topical application of IMQ induced or 

exacerbated psoriatic lesions not only in the area of use but also at distant, 

unaffected sites [66, 67]. Based on the clinical observations van der Fits and 

colleagues developed a novel targeted, induced mouse model of psoriasis, the IMQ-

model [61]. Daily topical application of IMQ onto mouse skin causes the formation of 

psoriatic skin lesions with a similar pathophysiology of acute plaque formation in 

human patients. Changes in the mouse skin are accompanied by erythema, skin 

thickening, scaling, acanthosis, an impaired KC differentiation, angiogenesis and 

infiltration of various immune cells into the skin. Moreover, the IMQ model has 

proven itself a valuable experimental system as it mirrors the early cellular and 

molecular events during psoriatic plaque formation with abundant dermal expression 

of IL-17A, IL-17F, and IL-23 and responsiveness to conventional anti-psoriatic 

therapies [61, 68]. The usage of this model in combination with genetically modified 

mouse strains demonstrated the involvement of type I interferons [69], IFN-γ and the 

IL-23/IL-17 axis [61] in disease pathology, presenting these molecules as potential 

therapeutic targets. Furthermore, the effector capacity and potential relevance of 

innate lymphoid cells in psoriatic plaque formation was demonstrated as IL-17 is 

primary produced by dermal γδT cells and ILCs and mice deficient for these cell 

populations develop a drastically reduced psoriasiform inflammation [68, 70].  
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3.2.4 Pathophysiology of psoriasis vulgaris 

In the last three decades, the immunopathogenesis of psoriasis was revised as in 

vitro experiments, functional studies in animal models as well as clinical experiences 

in treating psoriasis, provided a deeper understanding of the involved immune 

mechanisms. Originally psoriasis was explained by dysfunctional keratinocytes, 

which trigger an immune response. This changed with the successful application of 

agents (cyclosporine, DAB389IL-2), which selectively block the proliferation of T 

cells but not keratinocytes, thus providing the first clinical evidence that T cells are 

critical in psoriasis pathogenesis [71, 72]. 

3.2.4.1 Psoriasis – a TH1 or TH17-mediated diesease? 
 
The presence of large numbers of TH1 cells as well as an elevated expression of 

both mRNA and protein levels of IFN-γ and IL-12 (p40 subunit detection) in plaques 

and blood of psoriatic patients [73-76] suggested the involvement of a type 1 

immune response in disease pathology. Moreover, intradermal injection of IFN-γ into 

non-lesional skin of psoriasis patients was able to induce an infiltration of multiple 

dermal cell populations (e.g. T cells, DCs) accompanied with chemokine and 

cytokine production [77].  

The prevailed role of TH1/IL-12-IFNγ functions in psoriasis pathology was 

questioned with the discovery of the new distinct lineage of TH17 cells. The APC-

derived signal that triggers IL-17 production by T cells was identified in 2000 with the 

discovery of a novel cytokine chain p19, which associates with the already existing 

p40 chain of IL-12, forming a heterodimeric cytokine termed IL-23 [78]. Whereas IL-

23 signals through a receptor complex consisting of IL-23 receptor (IL-23R) and IL-

12R1 [79], IL-12 uses IL-12R1 in combination with IL-12R2 [80]. Despite the 

structural bond of sharing a subunit both cytokines mediate functionally distinct 

signaling pathways. While IL-12 is involved in the induction of TH1 cells [25], IL-23 is 

an important survival factor for TH17 cells and promotes their production of IL-17 

[32].  

Support for the notion of a dominant role of IL-23 in psoriasis came from transcript 

analysis of psoriatic lesions, which revealed an increase of the IL-23 subunits 

IL-23p19 and IL-23p40, but not of IL-12p35 [81]. Furthermore, induction of 

psoriasiform inflammation in mice deficient for either IL-23p19, IL-17 or its receptor 

led to a delayed onset and reduced disease severity accompanied by the absence 

of TH17 cells [61, 68]. Besides increased mRNA of IFN-γ in human psoriatic lesions, 

high mRNA and protein levels of IL-23 as well as type 17 cytokines (e.g. IL-17A, 

IL-17F, IL-22, TNF-α) were detected correlating positively with disease activity [42]. 
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The results of GWAS studies further supported the role of the IL-23/TH17 axis as the 

main driver in the pathogenesis of psoriasis and other inflammatory diseases [46-

48].  

3.2.4.2 Immunomechanisms of Psoriasis 
 
Currently, the exact initiation of the immune response observed in psoriasis is still 

enigmatic, but environmental and genetic factors, injury or trauma (Koebner effect), 

tissue stress, infections as well as medications are possible triggers of the disease 

[42].  

The early steps of the pathogenic cascade are mainly characterized by the 

activation of immune cells, in particular dermal dendritic cells, but how exactly the 

cascade initially starts is still unlear [82]. Pathogens can disrupt or stress KCs in the 

epidermis leading to the release of self-deoxyribonucleic acid (DNA) and AMPs (e.g. 

cathelicidins (LL-37), β-defensins). Those can form complexes and bind to TLRs on 

plasmacytoid dendritic cells (pDCs) [83] or keratinocytes [84], which activates them 

to produce type 1 interferons (IFNα and –β) and thus promote psoriasis 

pathogenesis. Hence, myeloid dendritic cells (mDCs) and MФ are also activated 

[85]. Once activated they begin to produce pro-inflammatory cytokines, including IL-

6, IL-23, TNFα as well as IL-12, leading to the differentiation and expansion of T cell 

effector subtypes that bear skin-homing receptors (CCR4, CCR6, CCR10, CXCR3) 

to infiltrate the dermis and epidermis of the skin. Based on their release of signature 

cytokines, TH1, TH17, and TH22 cells can be idenitified within the cellular infiltrates 

as well as their CD8+ T cell counterparts (Tc1, Tc17, and Tc22) [82]. More recently, 

tissue-resident innate immune cells, including γδT cells and ILC3s have been 

identified as high producers of IL-17 in psoriatic lesions [68, 70, 86]. Therefore, the 

production of IL-23 in psoriatic skin by DCs and MФ does not only support the 

development and proliferation of TH17 cells, but also and initially most directly 

augmented the production of IL-17A, IL-17F, and IL-22 by IL-23R+ CCR6+ dermal 

γδ17 T cells, which are highly increased in skin lesions [68, 70].  

The “key responding” tissue cells in the inflammatory skin microenvironment are 

represented by KCs as they express receptors for the majority of psoriatic signature 

cytokines including high amounts of IL-17 and IL-22 receptors [87]. In response to 

IL-17, KCs proliferate and amplify skin inflammation by the production of even more 

pro-inflammatory cytokines (e.g. IL-1β, TNFα, IL-6), chemokines (e.g. CXCL1, 

CXCL8, CXCL10, CCL20), and AMPs (e.g. LL37, β-defensins, LCN2, S100A 

proteins), which led to further recruitment of inflammatory cells from the circulation 

[87, 88]. Additionally, IL-22 contributes to epidermal hyperproliferation by impairing 
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KC terminal differentiation [89]. The infiltration of even more IL-17 producing T cell 

subtypes (TH17, Tc17, γδT cells), TH1 as well as TH22 cells, inflammatory DCs as 

well as neutrophils in combination with an abnormal activation of KCs lead to the 

formation of a self-amplifying pathological loop, which maintains a cutaneous 

inflammatory response [42].  

 

 
    
Figure 2: Summary of current concepts of psoriasis pathogenesis. (adapted from 

Nestle FO., Kaplan DH. and Barker J., 2009 [90]).  
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3.3 γδT cells – Innate immune players in psoriasis  
 

In the mid 1980s γδT cells were discovered based on structural similarities to the 

αβTCR [91]. They share the same common progenitor cells with αβT cells, but are 

innate MHC-unrestricted lymphocytes with more unique antigen receptors [2]. In 

mice, five functional subsets of γδT cells develop in the thymus and migrate into the 

periphery in successive waves at defined periods of fetal, neonatal, and adult 

development (Figure 3). Depending on the tissue, antigen-receptor structure and 

local microenvironment they perform different functions [92, 93]. Throughout the 

thesis, the Tonegawa nomenclature is used for mouse Vγ chains [94]. 

 

 
 
Figure 3: Functional development and intrinsic peripheral migration pattern of γδT 

cells. (adapted from Carding SR. and Egan PJ., 2002 [92]) 

 

Unlike, CD4+ αβT cells that mostly leave the thymus in a ‘naive’ state and 

differentiate in the periphery upon activation, murine γδT cells are developmentally 

imprinted to produce IFN-γ or IL-17 during thymic development. Thymic γδT cells 

that are antigen-naive or bind antigen with low affinity mainly become IL-17 

producers [95]. They share many features with TH17 cells including the expression 

of the transcription factor RORγt, the signature cytokine receptor IL-23R, the 

chemokine receptor CCR6 [96, 97], and they also lack the tumor necrosis factor 

receptor family member CD27 [98]. In the periphery, they are able to directly 
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produce IL-17 induced by IL-1β and IL-23 without further TCR stimulation [97]. In 

contrast, antigen-experienced γδT cells that bind antigen with high affinity produce 

IFN-γ and require CD27 for their development [95, 98].  

Although, γδT cells only constitute a small fraction (about 1-5%) of circulating 

lymphocytes in adult mice, the specific subsets of γδT cells are present in much 

higher numbers e.g in epithelial tissues of the skin, the gastrointestinal tract and the 

reproductive tract, expressing their TCR with little to no diversity [93]. The TCR of 

γδT cells can directly recognize conserved phosphoantigens of bacterial metabolic 

pathways and products of cell damage. They can also be rapidly activated by 

inflammatory cytokines, produced by MФ or DCs in response to PAMPs [2, 96]. Due 

to their early immune response in case of pathogen infection, γδT cells are the first 

line of defense prior to activation of the adaptive immune system [92]. Especially, 

with their rapid production of high amounts of IL-17 they are protective during 

bacterial and fungal infections as they recruite neutrophils as well as MФ and natural 

killer cells to the site of infection, activate other effector T cells and induce AMPs 

[92, 99, 100].  

3.3.1 Pathogenic role of murine γδT17 cells in psoriasis 

Besides the role of γδT cells in tissue surveillance, they exert considerable impact 

in the pathogenesis of various inflammatory and autoimmune disease models, 

including IMQ-induced skin inflammation [68, 70] and experimental autoimmune 

encephalomyelitis (EAE) [97] as they are major providers of IL-17A. Using the IMQ-

model of psoriatic plaque formation in mice their pathogenic role has been well 

described as disease induction in TCRδ−/−, but not in TCRβ–/– mice, led to a much 

milder phenotype with significantly decreased epidermal hyperplasia and 

inflammation compared to WT mice, indicating that γδT cells are necessary and 

sufficient to drive psoriasiform plaque formation in these animals [68].  

Mouse skin harbors distinct subsets of γδT cells. Exclusively generated during 

thymic development, DETCs migrate to the epidermis where they persist throughout 

life by limited peripheral expansion remaining in close contact with surrounding KCs. 

They produce IFN-γ and keratinocyte growth factors, participate in tissue 

surveillance and wound healing [20] and have been ruled out to be responsible for 

plaque formation [101].  

Apart from that, two subsets have been described among murine dermal γδT17 

cells: Vγ4+ and Vγ6+ [22, 102, 103]. They differ from DETCs in the amount of TCR 

expressed on their surface (DETC are TCR-bright, dermal γδT cells are TCR-

intermediate), expression of CCR6, which is abundant on dermal γδT cells but 



 
18 Introduction 

absent on DETCs [22], and they predominantly secrete IL-17A in response to IL-1β 

and IL-23 [97]. Whereas Vγ4+ cells are heterogeneous and highly motile [102], Vγ6+ 

cells carry a canonical TCR, are bona fide resident in dermis and non-migratory 

[103].  

As IMQ-treated Sox4-/- or B6.SJL mice, in which Vγ4+ cells are nearly absent, 

developed only mild skin inflammation [104, 105], it was suggested that Vγ4+ T cells 

are the prominent dermal γδT17 cell subset that promotes psoriatic plaque 

formation. The pathogenic potential of Vγ6+ cells was later demonstrated by Cai and 

colleagues as TCRδ−/− mice reconstituted with Vγ6+ developed noticeable psoriasis-

like skin inflammation after administration with IMQ [103].  

Therefore, both murine dermal γδT cell subsets are functional competent in driving 

psoriatic skin inflammation by production of IL-17A, IL-17F, and IL-22 [68, 103].  

3.3.2 Human γδT cells and their role in psoriasis 

Compared to their murine counterparts, human γδT cells can be distinguished by 

their different Vδ usage instead of Vγ usage. Therefore, two major subsets of γδT 

cells, expressing either a Vδ1 or a Vδ2 chain have been identified in humans [106]. 

Human γδT cells mediate their effector functions early in infection and are potent 

cytolytic effector cells for killing a variety of tumor cells [107, 108].  

In the skin, the composition of γδT cell subsets highly differs between mice and 

humans. In healthy human dermis, Vδ1+ cells, expressing skin-homing receptors like 

cutaneous lymphocyte-associated antigen (CLA) and producing TNFα and IFN-γ 

upon stimulation, predominate with an oligoclonal repertoire distinct from that of 

circulating Vδ2+ γδT cells, which are normally rare in the skin [109, 110]. As the 

number of naive Vδ1+ γδT cells in peripheral blood remains relatively constant into 

adulthood they may continuously be regenerated in the thymus [111]. With their 

varying γ chain pairing, these Vδ1+ γδT cells form an oligoclonal repertoire and are 

able to recognize a variety of stress-induced self-antigens or conserved foreign 

antigens [112]. One part of this heterogenic population shares certain characteristics 

with murine intraepithelial γδT cells (IELs), as they exert a cytotoxic, TH1-like 

phenotype with frequent expression of CD8 [113]. By responding to various invading 

pathogens during lifetime, every individual carries a very diverse and unique TCR 

repertoire [114]. Furthermore, as well as DETCs, human Vδ1+ cells were shown to 

play a role in tissue homeostastis and repair [115].  

Analyses of skin lesions of human psoriasis patients revealed elevated numbers of 

dermal γδT cells compared to normal control samples, which may suggest their 

potential involvement in pathogenesis [70]. Responsible for this increase is a skin 
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homing Vγ9+Vδ2+ T cell subset, which expresses RORγt, CLA, and other skin 

homing chemokine receptors (e.g. CCR6) and is able to produce an array of pro-

inflammatory cytokines, including IL-17 and TNF-α [116]. Vγ9+Vδ2+ γδT cells 

constitute the majority of human peripheral blood γδT cells, which can present >50% 

of blood leucocytes during severe bacterial infections [117]. In skin lesions of 

psoriasis the elevation of Vγ9+Vδ2+ T cells is accompanied by a substantial 

reduction of circulating Vγ9+Vδ2+ cells in the blood of these patients that correlates 

well with disease severity. Thus, these cells might exit the blood to enter the skin 

where they selectively localize to areas of psoriasis development. During psoriasis-

targeted therapy, the decreased number of circulating Vγ9+Vδ2+ T cells normalises, 

presenting them as a potential biomarker [116].  

 

3.4 Current treatment options for psoriasis  
 

At current state, there is no treatment available to cure psoriasis, but a variety of 

treatment options exists that ameliorate the disease by controlling the symptoms 

and reducing inflammation.  

The treatment of psoriasis rapidly changed with the clarification of the pathogenesis 

and discovery of major molecular targets leading to the development of cytokine-

targeted therapies (biologics). As opposed to traditional systemic drugs that impact 

the entire immune system (e.g. cyclosporine, methotrexate), biologics specifically 

target different pathways in the inflammatory cascades of psoriasis. One of the first 

biologics in psoriasis treatment approved by the Food and Drug Administration 

(FDA) was Alefacept, which targets T cells [118], but was withdrawn in 2011 due to 

availability of better tolerated and more effective biologics for psoriasis treatment. 

Another group of biologicals, showing significant therapeutic efficacy in psoriasis, 

are TNFα inhibitors (Etanercept, Adalimumab and Infliximab) which neutralize the 

biological activity of TNFα by binding its soluble and membrane-bound form. 

Reported side effects are an increased risk for serious infections and development 

of cancer [119-121]. Surprisingly, in some cases TNFα inhibitors induced or 

exacerbated psoriatic skin lesions, caused by a dysbalance between TNFα and type 

1 interferons [122]. 

As the former concept of psoriasis pathogenesis pointed towards an involvement of 

the IL-12/TH1 axis, targeting IFN-γ or IL-12p40 became a possible treatment option. 

Whereas two small pilot studies were conducted with a neutralizing humanized anti–

IFN-γ antibody (Fontolizumab), which was discontinued due to minimal clinical 

efficiancy [123], targeting IL-12p40 successfully prevented murine psoriasis-like skin 
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disorder [124]. With the discovery of IL-23 sharing its p40 subunit with IL-12 [78], it 

became apparent that the therapeutic approach also inhibits the IL-23/IL-17 immune 

axis. With the increasing recognition of its relevance in psoriasis pathogenesis, it 

was hypothesized that targeting both IL-12 and IL-23 concomitantly would extend 

the drug’s anti-inflammatory properties. This led to the development of new 

monoclonal antibodies (mAbs) against the p40 subunit, Ustekinumab and 

Briakinumab, for the treatment of psoriasis vulgaris. Whereas Briakinumab was 

withdrawn in 2011 [125] due to reports of a higher rate of adverse cardiovascular 

events [126], Ustekinumab was finally approved by the FDA in 2009. Due to its 

superior efficacy and safer profile compared to TNFα-inhibitors it is now applied as a 

standard therapy in psoriasis vulgaris [127, 128]. Studies in mice further confirmed 

the clinical data, as treatment with neutralizing p40 antibodies reduced disease 

development in IMQ-treated mice [68]. The most frequent reported adverse 

reactions to Ustekinumab treatment are infections (e.g. TB) and malignancies 

(mainly non-melanoma skin cancers) [127].  

With the increasing importance of the IL-23/IL-17 axis in disease pathogenesis [39] 

the focus of psoriasis treatment is currently on targeting solely the IL-23/IL-17 axis 

by blockade of either IL-17, the IL-17 receptor or the IL-23p19 subunit. Therefore, 

three antibodies acting on IL-17 (Secukinumab, Ixekizumab and Brodalumab) were 

approved by the FDA. Whereas Secukinumab and Ixekizumab selectively bind and 

neutralize IL-17A and IL-17A/F directly [129, 130], Brodalumab blocks the action of 

IL-17RA, thus targeting all IL-17 cytokines that act via this receptor, including IL-

17A, IL-17A/F, IL-17F, IL17-C and IL-17E (IL-25) [131]. All three exhibit superior 

efficacy to Ustekinumab [132-134]. Concerning their safety profile they are 

associated with an increased risk of mild infections (e.g. candida infections) and 

neutropenia. In the case of Brodalumab, patients have to undergo a Risk Evaluation 

and Mitigation Strategy (REMS) Program as events of suicidal ideation and behavior 

were registered in its clinical trials (FDA, 2016 [135]). Worth mentioning, as the TH17 

cytokine IL-22 was shown to be a critical cytokine for psoriatic plaque formation in 

mice [68, 136] its therapeutic potential was investigated in a clinical phase I study. 

Not meeting the primary endpoints, its development was discontinued 

(clinicaltrial.gov; Identifier: NCT01010542). 

Moreover, several IL23p19 inhibitors are in development for psoriasis treatment, 

including Tildrakizumab [137], Guselkumab [138] and Risankizumab [139], with the 

last two showing striking efficacy over Ustekinumab [140, 141]. 
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Figure 4: Discovery of the immune pathway in psoriasis and development of 

therapeutic approaches. (adapted and modified from Gaffen SL. et al., 2014 [142]) 

 

3.5 Excess dietary salt intake – A risk factor for 
psoriasis? 
 

Over the last decades, epidemiological data revealed a worldwide increase in the 

incidence of autoimmune diseases, including multiple sclerosis (MS), inflammatory 

bowel diseases (IBD), type 1 diabetes and psoriasis. Currently, an interplay of genetic, 

hormonal and environmental factors are discussed to contribute to the development of 

autoimmune diseases [143]. As the rising incidence can be observed in westernized 

societies, which underwent similar changes in lifestyle and food consumption, such 

dynamics in dietary patterns have received considerable attention with respect to their 

potential link to autoimmunity [144]. Particularly in IBD, dietary elements are already 

postulated as factors influencing the disease development, as fruit and vegetables 

seem to be protective, while red meat and saturated fatty acids have a negative effect 

[145]. Of note, fast and processed foods, which are characteristic for the “western diet” 

and which are frequently consumed, contain not only saturated fatty acids and refined 

sugar but also high amounts of salt [146]. The World Health Organization (WHO) 

recommends adults to consume not more than 5 g of salt per day (WHO, 2016 [147]). 

In fact, in some countries the daily consumption of salt is usually much higher as 

processed foods contain about 100 times more salt than comparable homemade meals 

[146].  
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The dynamic sodium homeostasis is critical for many biological processes in the body.  

It is involved in the maintenance of osmotic pressure and a normal pH, required for 

optimal nerve and muscle functioning. Furthermore, it is important for the distribution of 

body fluids and metabolic processes and plays a role in anti-microbial defence [148].  

Under normal conditions, the extracellular fluid volume and Na+ homeostasis are 

constantly regulated by the circulating volume and by osmotical active Na+ excretion 

through the kidneys. This traditional view has been challenged as studies in healthy 

humans consuming larger amounts of salt for a period of time revealed that large 

amounts of Na+ are able to accumulate in parts of the body without significant changes 

in body water content, [149, 150] presenting the interstitium as a third compartment, 

which is vital for electrolyte homeostasis and body fluid dynamics as well as blood 

pressure regulation [151]. These extra-renal regulatory mechanisms allow the 

presence of different osmolarities in different compartments of the body which are 

dynamic and can be actively induced [152]. Subsequent animal experiments in rats on 

high-salt diet supported this finding as Na+ was not only present in the extracellular 

fluid where it exerts osmotic effects, but was highly accumulating in the skin without 

being osmotical active [153].  

At present, two different ways are reported, how osmotical inactive Na+ can be stored 

in the interstitium. One mechanism postulates an extracellular storage in the interstitial 

space, composed of a collagen-rich extracellular matrix and a gel phase of 

glycosaminoglycans (GAGs) with strong negative charge surrounded by a salt solution 

consisting of plasma proteins and electrolytes. Work of the Titze group showed that a 

high salt diet in rats increased the content and charge density of GAGs in the 

interstitium of the skin and cartilage [154]. Based on this dynamically regulated shift in 

the composition of GAGs, Na+ can be released or captured and stored in an osmotic 

inactive form [155]. Another possibility is an intracellular storage of Na+ (e.g. cell-rich 

muscle tissue) in exchange for another positive charged intracellular osmolyte (e.g. K+) 

in occurrence of excess Na+ [156]. Concerning the situation in the skin, keratinocytes 

may especially contribute to the generation of an osmotic gradient due to their ability to 

actively transport sodium via epithelial sodium channels (e.g. ENaCs) [157]. 

 

Under physiological conditions an immediate remarkable increase of the local sodium 

concentration can be observed in the skin of patients and mice with bacterial skin 

infection creating a hypertonic microenvironment. MФ residing in this environment 

become activated and support immune-mediated host defence to ward off the infection 

[148]. Moreover, Na+ accumulation in the skin is associated with increased release of 

nitric oxide (NO) and vascular endothelial growth factor C (VEGF-C) by activated MФ 
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that, together with lymphatics, act as systemic regulators of body fluid volume and 

blood pressure [158, 159]. Oppositely, constant intake of excess dietary salt (>5g/day), 

associated with increased storage of osmotical inactive Na+, can be a potential risk 

factor for the development of salt-sensitive hypertension and cardiovascular diseases 

[151, 160]. 

Murine bone-marrow-derived macrophages (BMDM) as well as human monocyte-

derived macrophages cultured in vitro under high salt conditions showed a shift in their 

polarization pattern, promoting a pro-inflammatory M1-type (e.g. iNOS, IL-6, IL-8, 

TNF-α) while suppressing an anti-inflammatory M2-type (e.g. CD206, Fizz-1, Ym-1, 

Arg-1) [161, 162].  

Recently, different groups revealed that naive αβT cells exposed to high-salt conditions 

polarize into a pro-inflammatory type 17 phenotype, characterized by enhanced 

production of IL-17, TNFα, GM-CSF and expression of the IL-23R [163, 164]. The 

same conditions promote the differentiation of follicular helper T cells (Tfh), which play 

a critical role in promoting autoimmunity by helping B cells [165]. Independently, 

FoxP3+ regulatory T cells seem to be affected as well, as increased salt concentrations 

reduce their suppressive capacity both in mice and humans [166].  

The local inflammatory type 17 effector response is usually limited in time and space in 

its function as part of the bodies’ barrier protection. However, in case of regular high 

salt diet consumption, the system is flooded with sodium from the outside, which can 

lead to a permanent dysregulation of sodium concentrations in sodium reservoir tissues 

and thus cause ongoing type 17 over-responsiveness. This altered immune response, 

especially in combination with an impaired Treg function, leads to more severe 

phenotypes in many experimental models of autoimmune diseases, like EAE [163], 

lupus nephritis [167], and colitis [168]. There are some slight hints from human patient 

studies indicating that a high salt intake might be associated with the development of 

immune-mediated diseases, such as MS [169] and rheumatoid arthritis [170]. 
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4. Aims of the study  
 
 
As all available data to date point towards the IL-23/17A effector axis to be the 

dominant pathway in psoriasis pathogenesis, it was hypothesized that the curative 

effect of anti-p40 therapy is due to the inhibition of the IL-23 and not IL-12 signaling 

pathway. Thus, one objective of this thesis was to analyze the impact of parallel 

inhibition of type 1 and type 17 immunity by anti-p40 blocking antibodies in a murine 

model of psoriatic plaque formation.  

The intake of high amounts of salt in the “western diet” is currently discussed as a 

potential lifestyle factor for the development of autoimmune diseases. Thus, in the 

second part of this thesis, the impact of excessive salt intake on the skin-resident 

immune system and development of skin inflammation in IMQ-treated wildtype mice 

was analysed. Special focus was put on γδT cells, as they act as sentinels of 

external triggers and tissue stress and might be the most affected cell population 

during local changes in sodium concentration. 



 
25 Materials 

5. Materials 
 
 

5.1 Chemicals and enzymes 
 
Chemicals/enzymes manufacturer 

PBS, sterile Invitrogen, Carlsbad, USA  

RPMI-1640  Invitrogen 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid  (HEPES)  

Invitrogen 

Non-essential amino acids (NEAA) Invitrogen 

Pen/Strep Invitrogen 

Glutamine Invitrogen 

sodium pyruvate Invitrogen 

β-mercaptoethanol (β –ME) Sigma Aldrich, St. Louis, USA  

Penicillin Invitrogen 

Streptomycin Invitrogen 

Ethylenediamine tetraacetic acid (EDTA)  Sigma-Aldrich  

Phorbol 12-myristate 13-acetate (PMA) AppliChem, Darmstadt, Germany 

Ionomycin Thermo Scientific, Carlsbad, USA 

GolgiPlug  BD, Franklin Lakes, USA 

Fetal calf serum (FCS)  PAA Laboratories, Pasching, 

Austria 

Collagenase Type IV  Sigma-Aldrich 

DNAse I Sigma-Aldrich 

Tris AppliChem  

Potassium chloride (KCl) Merck Millipore, Darmstadt, 

Germany 

Ammonium chloride (NH4Cl)  Sigma-Aldrich 

Potasium hydrogen carbonate (KHCO3) Merck 

NonidetTM P 40 Substitute (NP-40) Sigma-Aldrich 

TWEEN® 20 Sigma-Aldrich 

RNase Zap® Decontamination solution Sigma-Aldrich 

 
Table 1: Chemicals, substances and solutions 
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5.2 Buffers and cell culture media composition  
 
RPMI 1640 Complete  

RPMI1640, 10% FCS, 1% glutamine, 1% PenStrep, 0.1 mM NEAA, 1 mM sodium 

pyruvate, 50 µM β-ME 

 

Cell culture medium for 17D1 hybridoma cell line 

RPMI 1640, 10% FCS, 10 mM HEPES, 1% penicillin, 1% streptomycin, 1% 

glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids 

 

Stimulation medium 

RPMI 1640, 500 ng/ml ionomycin, 50 ng/ml PMA, 1 µl/ml GolgiPlug 
 

Digestion medium for murine skin 

RPMI 1640, 1 mg/ml collagenase type IV, 25 mM HEPES, 0.1 mg/ml DNase I. 

 

Red blood lysis buffer 

1.5 M NH4Cl, 10 mM KHCO3, 10 mM Na2EDTA, ddH2O, pH 7,4 

 

Tail lysis buffer 

10 mM Tris/HCl (pH 8.0), 50 mM KCl, 0.5 % NP40, 0.5% Tween, deionized water 

 

TAE buffer (50x) 

2 M Tris, 50 mM EDTA, ddH2O, pH 8.5 

 

FACS buffer 

PBS (sterile), 2 % FCS 
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5.3 Material for animal experiments 
 
material type manufacturer 

Isoflurane  Baxter, Unterschleißheim, 

Germany 

Aldara cream  5% Imiquimod 3M Pharmaceuticals, 

Maplewood, USA 

Depilation cream Veet Hair Removal 

Cream 

Reckitt Benckiser, Heidelberg, 

Germany 

TEWL meter Aquaflux AF200 Biox System Ltd., London, UK 

Razor Contura Wella, Darmstadt, Germany 

Caliper C1X078 Kroeplin, Schluechtern, 

Germany 

Sodium chloride  NaCl Sigma-Aldrich 

High salt diet 4% NaCl SSNIFF, Soest, Germany 

minimal salt diet 0.03% NaCl SSNIFF 

hematology analyzer scil Vet abc  scil animal care company, 

Viernheim, Germany  

 
Table 2: Material and equipment for animal experiments  

 

specifity clone concentration manufacturer 

IL-12Fc  200 ng Vom Berg J. et al. 2013 [171] 

anti-IL12p75 R2-9A5 200 µg BioXcell, West Lebanon, 

USA 

isotype control LTF-2 200 µg BioXcell 

anti-IL-17A 17F3 200 µg BioXcell 

isotype control MOPC-21 200 µg BioXcell 

 
Table 3: Blocking antibodies and cytokines for in vivo experiments  
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5.4 Antibodies for flow cytometry  
 
Marker clone dilution manufacturer 

CD45 30-F11 1:800 BD  

Ly6G 1A8 1:300 BD  

CD3 17A2 1:100 eBioscience, San Diego, USA 

γδTCR GL3 1:400 eBioscience  

CD11b M1/70 1:400 BioLegend, San Diego, USA 

Vγ4 TCR UC3-10A6 1:400 BioLegend  

Vγ5 TCR 536 1:400 BioLegend  

CD27 LG.3A10 1:300 BioLegend  

CD44 IM7 1:100 BioLegend  

IL-17A TC11-18H10 1:200 BioLegend  

anti-rat IgM  1:200 Jackson ImmunoResearch, West 

Grove, USA 

aCD16/CD32 2.4G2  eBioscience  

17D1    Robert R. Tigelaar 

 
Table 4: Antibodies for FACS analysis and sorting of γδT cells subsets 

 

5.5 Material for histology of murine skin and 
histochemistry of human skin biopsies 

 
Material manufacturer 

Ethanol absolute Merck 

Paraformaldehyde (PFA) Merck  

Paraffin  Thermo Scientific 

Hematoxylin  Labor+Technik, Salzburg, Austria 

Eosin Y, alcoholic Labor+Technik 

Xylene AppliChem  

Entellan® Merck 

5 mM Citrate buffer (pH 6) Dako, Hamburg, Germany 

Dako Envision+Dual Link System-HRP (DAB+) Dako  

 
Table 5: Buffers and solutions for histology/histochemistry 

 

specifity concentration manufacturer 

Polyclonal rabbit anti-human IL-12Rb2 antibody 0.7µg ml-1 Novus Biological, 

Littleton, USA 

Total rabbit IgG 0.7µg ml-1 Sigma Aldrich 

 
Table 6: Antibodies for histochemistry of human skin biopsies 
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5.6 General Material and equipment 
 
Kit manufacturer 

Zombie NIR™ Fixable Viability Kit BioLegend  

Cytofix/CytopermTM Plus Kit BD  

RNeasy Mini Kit Qiagen, Valencia, USA 

RNeasy Plus Micro Kit Qiagen 

RNase-Free DNase Set Qiagen 

Pure Link RNA Micro Kit Thermo Scientific 

RevertAid H Minus First strand cDNA Synthesis Kit Fermentas, Waltham, USA 

LightCycler® FastStart DNA MasterPLUS SYBR Green I Roche, Basel, Switzerland 

Mouse Lipocalin-2/NGAL-DuoSet ELISA  R&D Systems, Wiesbaden, 

Germany  

 
Table 7: Commercial kits 

 

consumable type manufacturer 

6-well dish cell culture Greiner bio-one, 

Kremsmuenster, Austria 

96 well plate  NuncTM delta surface round-

bottom 

Thermo Scientific 

96 well plate  NuncTM delta surface MaxiSorp Thermo Scientific 

384 multiwell plates  LightCycler®480 Roche 

Sealing foil LightCycler®480 Roche 

Cell strainer  70 µm Greiner bio-one 

Serological pipette 5 ml, 10 ml, 25 ml Sarstedt, Nuembrecht, 

Germany 

Syringes  Omnifix®(1, 5, 10, 20 ml) Braun, Melsungen,  

Germany 

Canula  Sterican 18-26G Braun  

Pipette tips 10 µl, 200 µl, 300 µl, 1000 µl Sarstedt 

Slides SuperFrost Plus Thermo Scientific 

Coverslip 24x60 mm Thermo Scientific 

Reaction tubes 1,5 ml, 2 ml Sarstedt 

Tubes 15 ml, 50 ml Sarstedt 

PCR tubes  Eppendorf,  Hamburg, 

Germany 

FACS tube  with cell strainer snap cap Thermo Scientific 

FACS tube Microtube Greiner bio-one 

Microvette  500 Z-Gel Sarstedt 

Surgical scalpel disposable Braun 

 
Table 8: Consumables
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Equipment type manufacturer 

Agarose gel chamber PerfectBlue Peqlab, Erlangen, 

Germany 

Power supply Peqpower Peqlab 

PCR cycler Nexus Gradient Eppendorf 

UV light image system  Intas, Goettingem, 

Germany 

Homogenizer TissueLyser LT Qiagen 

Microvolume spectral photometer NanoDrop™ 1000 Peqlab  

Real-Time PCR System LightCycler® 480 System  Roche 

Flow Cytometer FACS Aria III BD   

Flow Cytometer FACS LSR II Fortessa  BD   

Flow cytometer for cell counting Accuri™ C6  BD   

Microplate washer Hydrospeed  Tecan, Maennedorf, 

Switzerland 

Photometer  ELISA Reader BioTek, Winooski, USA  

Pipettes  pePETTE Peqlab 

Pipettor accu-jet pro Brand GMBH + CO KG, 

Wertheim, Germany 

Embedding machine EG 1150C Leica, Wetzlar, 

Germany 

Microm HM340 E Thermo Scientific 

Light microscope Olympus BX41  Olympus, Hamburg, 

Germany 

Camera Olympus Color View III  Olympus  

CO2 incubator Galaxy 170 S Eppendorf 

Shaking incubator Innova® 42 New Brunswick, 

Edison, USA 

Centrifuge 5427R Eppendorf 

Centrifuge 5810R Eppendorf 

Fridge (4 °C) MediLine Liebherr, Bulle, 

Switzerland 

Freezer (-20 °C) Premium Nofrost Liebherr 

Freezer (-80 °C) V570 HEF New Brunswick 

microwave M935 Samsung, Seoul, 

Südkorea 

Vortex Vortex genie Scientific industries, 

Bohemia, USA  

Scale PB303-S Delta range Mettler ToleDo, 

Columbus, USA 

Scale Scaltec SBC 31 Mettler Toledo 

Water purification system MilliQ1, EASYpure UV Merck 

 
Table 9: Laboratory equipment 



 
31 Materials 

software  software publisher 

BD FACS Diva  BD  

FlowJo V10  Tree Star, Ashland, USA  

Olympus Cell B image acquisition software Olympus  

Gen5 2.00  BioTek 

GraphPad Prism 7 GraphPad software Inc., La Jolla, USA 

Nanodrop® 100 V 3.7.0 Peqlab  

EndNote X8.2 Clarivate Analytics, Philadelphia, USA 

 
Table 10: Software 

 

5.7 Material and primers for genotyping of mice 
 

Chemical/substance manufacturer 

EconoTaq® Plus Green  Lucigen, Middleton, USA 

Proteinase K Thermo Scientific 

Agarose, wide range SERVA Heidelberg, Germany 

DNA Stain Clear G SERVA  

DNA ladder gene ruler mix Thermo Scientific 

 
Table 11: Material for genotyping of mice 

 

Primer Sequence 5`-3` 

Vd1-/- – P1 Vd1-del CTA CTG TGG GTC AGA TA TCC AC 

Vd1-/- – P2 Vd1-1520 AGA CAA CAT CTC TGC TCA GTC 

Vd1-/- – P3 Vd1-10 AAG AGC TAG CTG GCA CTC AC 

IL12rb2-/- wt – P1 oIMR0799 GTG TG CAA GCT TGG CAC TGT GAC CGT CCA G 

IL12rb2-/- wt – P2 oIMR0800 GTT TAG CTT GCA GAC AAA CAA GGT CAT ACC 

IL12rb2-/- mut – P3 oIMR0204 CAC GGG TAG CCA ACG CTA TGT C 

IL12rb2-/- mut – P4 oIMR0221 GCC CTG AAT GAA CTG CAG GAC G 

12b-/- wt – P1 oIMR0457 AGT GAA CCT CAC CTG TGA CAC G 

12b-/- wt – P2 oIMR0458 TCT  TTG CAC CAG CCA TGA GC 

12b-/- mut – P3 oIMR6916 CTT GGG TGG AGA GGC TAT TC 

12b-/- mut – P4 oIMR6917 AGG TGA GAT GAC AGG AGA TC 

IL23p19 -/- – P1 BBO 0230 GGA CTA CAG AGT TAG ACT CAG 

IL23p19 -/- – P2 BBO 0231 GTC ACA ACC ATC TTC ACA CTG 

IL23p19 -/- – P3 BBO 0232 GAA ACG CCG AGT TAA CGC CAT 

TCRd mut – P1 oIMR6916 CTT GGG TGG AGA GGC TAT TC 

TCRd mut – P2 oIMR6917 AGG TGA GAT GAC AGG AGA TC 

TCRd wt – P3 oIMR8744 CAA ATG TTG CTT GTC TGG TG 

TCRd wt – P4 oIMR8745 GTC AGT CGA GTG CAC AGT TT 

 
Table 12: Primers for genotyping of transgenic mice  
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5.8 Primers for qPCR 

 
Primer Sequence 5`-3` manufacturer 

Il12rb2 Forward: TGT GGG GTG GAG ATC TCA GT 

Reverse:  TCT CCT TCC TGG ACA CAT GA 

Metabion 

Vg6 Forward: GAT CCA AGA GGA AAG GAA AGA CGG C 

Reverse:  AAG GAG ACA AAG GTA GGT CCC AGC 

Metabion 

Cxcl9 Forward: ATT TCA TCA CGC CCT TGA GCC T 

Reverse: AGC CAG ACA GCT GTT GTG CAT T 

Metabion 

Ccl20 Forward: AAC TGGGTG AAA AGG GCT GT 

Reverse: GTC CAA TTC CAT CCC AAA AA 

Metabion 

Tnfa Forward: CTG TAG CCC ACG TCG TAG C 

Reverse: TTG AGA TCC ATG CCG TTG 

Metabion 

Il17a Forward: ATC AGG ACG CGC AAA CAT GA 

Reverse: TTG GAC ACG CTG AGC TTT GA 

Metabion 

Il17f Forward: TGC TAC TGT TGA TGT TGG GAC  

Reverse: AAT GCC CTG GTT TTG GTT GAA 

Metabion 

cfs3 Forward: CAG GCT CTA TCG GGT ATT T 

Reverse: GGA AGG CAG AAG TGA AGG 

Metabion 

Il22 Forward: ATG AGT TTT TCC CTT ATG GGG AC  

Reverse: GCT GGA AGT TGG ACA CCT CAA 

Metabion 

Il1b Forward: GAA ATG CCA CCT TTT GAC AGT G  

Reverse: TGG ATG CTC TCA TCA GGA CAG 

Metabion 

Ifng  Forward: GCA TTC ATG AGT ATT GCC AAG  

Reverse: GGT GGA CCA CTC GGA TGA 

Metabion 

Defb1  Forward: AGG TGT TGG CAT TCT CAC AAG  

Reverse: GCT TAT CTG GTT TAC AGG TTC CC 

Metabion 

Defb2  Forward: TAT GCT GCC TCC TTT TCT CA  

Reverse: GAC TTC CAT GTG CTT CCT TC 

Metabion 

Defb3  Forward: GTC TCC ACC TGC AGC TTT TAG 

Reverse: AGG AAA GGA ACT CCA CAA CTG C 

Metabion 

Defb4  Forward: ACA ATT GCC AAT CTG TCG AA 

Reverse: GCA GCC TTT ACC CAA ATT ATC 

Metabion 

S100a8  Forward: TCA AGA CAT CGT TTG AAA GGA AAT C 

Reverse: GGT AGA CAT CAA TGA GGT TGC TC 

Metabion 

S100a9  Forward: AAA GGC TGT GGG AAG TAA TTA AGA G 

Reverse: GCC ATT GAG TAA GCC ATT CCC 

Metabion 

Reg3b  Forward: CTC TCC TGC CTG ATG CTC TT 

Reverse: GTA GGA GCC ATA AGC CTG GG 

Metabion 

IL23a Forward: AGG CTC CCC TTT GAA GAT GT 

Reverse: TTG TGA CCC ACA AGG ACT CA 

Metabion 

IL-23r Forward: GCT CGG ATT TGG TAT AAA GG 

Reverse: ACT TGG TAT CTA TGT AGG TAG G 

Metabion 

Sgk1 Forward: GGC TAT CTG CAC TCC CTA AAC A 

Reverse: CCA AAG TCA GTG AGG ACG ATG T 

Metabion 

Foxo1 Forward: ACA TTT CGT CCT CGA ACC AGC TCA 

Reverse: ATT TCA GAC AGA CTG GGC AGC GTA 

Metabion 
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Nfat5 Forward: TCA GAC TAC CTC AAC CGT TC 

Reverse: TTC AGG ACC AGG ATC TCT TG 

Metabion 

Slc5a3 Forward: ATG GTT GTC ATC AGC ATA GCA TGG 

Reverse: GGT GGT GTG AGA AGA CTA ACA ATC 

Metabion 

Akr1b1 Forward: TGA GCT GTG CCA AAC ACA AG 

Reverse: GGA AGA AAC ACC TTG GCT AC 

Metabion 

Hspa1b Forward: CTT CTA CAC ATC CAT CAC GC 

Reverse: TTG AAG AAG TCC TGC AGC AG 

Metabion 

Ptgs2 Forward: TCT CCA ACC TCT CCT ACT AC 

Reverse: ACT CTC TCC GTA GAA GAA CC 

Metabion 

Bgt1 Forward: CTG GGA GAG ACG GGT TTT GGG TAT TAC 

ATC 

Reverse: GGA CCC CAG GTC GTG GAT 

Metabion 

Smit Forward: GGA GAG ATG GCT CAT TGG TT 

Reverse: TTA TCA ACT GCC ATG TGG GT 

Metabion 

Prss8  Forward: TGC TCC TTC TCG GAT TGC TC 

Reverse: AAA CAT GGT TGC CAT CGT AGG 

Metabion 

Scnn1a  Forward: GCT CAA CCT TGA CCT AGA CCT 

Reverse: GGT GGA ACT CGA TCA GTG CC 

Metabion 

Scn7a  Forward: AAG GGC CTT GTC CCA TTT ACA 

Reverse: GGG AGG GTT CCA TAG GGA ATT G 

Metabion 

Arg1 Forward: CTC CAA GCC AAA GTC CTT AGA G 

Reverse: AGG AGC TGT CAT TAG GGA CAT C 

Metabion 

Nos2 Forward: TCA TGA CAT CGA CCA GAA GC 

Reverse: GGA CAT CAA AGG TCT CAC AG 

Metabion 

Vegf-c Forward: GCA ATG CAT GAA CAC CAG CA 

Reverse: AGT TTA GAC ATG CAC CGG CA 

Metabion 

Gapdh  Forward: CGT CCC GTA GAC AAA ATG GT 

Reverse: TTG ATG GCA ACA ATC TCC AC 

Metabion 

Polr2a  Forward: CTG GTC CTT CGA ATC CGC ATC 

Reverse: GCT CGA TAC CCT GCA GGG TCA 

Metabion 

Lcn2  Primer Set VMPS-3457 Biomol 
 
Table 13: Primers for qPCR 
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6. Methods 
 
 

6.1 Animal procedures 
 

6.1.1 Laboratory animals 

The following mouse strains were used for in vivo experiments and/or cell isolations. 

C57BL/6 mice were purchased from Charles River laboratories (Sulzfeld, Germany). 

The knock-out mice Il12rb2−/−, Il12a−/−, Ifng−/− and Il23a−/− were purchased from 

Jackson Laboratory (Bar Harbor, ME, USA) and Regeneron (Tarrytown, NY, USA), 

respectively. Il12b−/− mice were either purchased from Jackson Laboratory or 

provided by E. von Stebut and K. Schwonberg (Mainz, Germany). Vd1−/− animals 

were provided by K. Kishihara (Nagasaki, Japan).  Vd1−/− Il12rb2−/− were generated 

by crossing Il12rb2−/− and Vd1−/− mice. For all experiments female mice were used. 

After purchasing the animals they were bred in-house at the animal facility of the 

Universtiy of Zurich or at the institute of comparative medicine of the Helmholtz 

Centre Munich, under specific pathogen-free (SPF) conditions in individual 

ventilated cages (VentiRack; Biozone, Margate/UK). Mice were kept in a controlled 

environment under 12/12 hour light/dark cycles and provided with food and water ad 

libitum.  

For the high salt diet experiments mice were kept under alternative housing 

conditions affecting food and drinking water. Salt diet conditioned mice received a 

sodium-rich diet containing 4% NaCl (SSNIFF, Soest, Germany) and tap water 

containing 0.75% NaCl ad libitum (high-salt group, HSD). In some experiments mice 

received a minimal salt diet containing 0.03% NaCl (SSNIFF, Soest, Germany) with 

tap water ad libitum (low-salt group, LSD). The control group received normal chow 

and tap water ad libitum. The salt diet feeding occured for 4 weeks post weaning. All 

animal experiments were conducted under federal guidelines for the use and care of 

laboratory animals and were approved by the responsible veterinary agencies in 

Switzerland (33/2010 and 68/2013) and Germany (G-13-1-096). 
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6.1.2 Genotyping of genetically modified mice  

Mice were ear-punched at 3 weeks of age for identification and biopsies were taken 

for genotyping. To extract genomic DNA, biopsies were digested overnight (55 °C) 

in a mixture of tail lysis buffer and Proteinase K (20 µg/µl). Samples were then 

inactivated for 15 min at 96 °C and centrifuged (10 min, 13200 rpm). For each PCR-

reaction 1 µl of DNA-template (supernatant) was used. The composition of the PCR 

reactions for genotyping of each knock-out mouse is described in Table 14. The 

used primers are purchased from Metabion (Martinsried, Germany) and are listed in 

Table 12. PCR reactions were run in a thermocycler under the specific cycling 

conditions (Table 15). The PCR products were stained with DNA Stain Clear G and 

separated by gelelectrophoresis on an agarose gel (2 % (m/v) in TRIS-Acetat-EDTA 

(TAE) buffer) by electrophoresis at 120 V for 60-90 min. Bands of interest were 

visualised under UV light image system (Intas, Göttingen, Germany) and evaluated 

using a DNA ladder gene ruler mix. 

 

PCR reaction components  Gene 

 Vd1 Il12rb2 Il12b  Il23a 

H2O, bidistilled 7 µl 7 µl 4,26 µl 5 µl 

Go Taq® DNA polymerase 10 µl 10 µl 13,34 µl 17 µl 

Primer 1 (P1) 1 µl 1 µl 1,2 µl 1 µl 

Primer 2 (P2) 1 µl 1 µl 1,2 µl 1 µl 

Primer 3 (P3) 1 µl  1 µl 1 µl 

Primer 4 (P4)   1 µl  

DNA 1 µl 1 µl 1 µl 1 µl 
 
Table 14: Composition of PCR reactions for genotyping of transgenic mice 

 

Gene  
 

Step 1 
(°C/sec) 

Step 2 
(°C/sec)  

Step 3 
(°C/sec)  

Step 4 
(°C/sec)  

Step 5 
(°C/sec)  

Step 6 
(°C/sec)  

Product 
size 
(bp) 

Vd1 95/300 94/30 55/40 72/30 72/300 6/∞ wt 490 
ko 430 

Il12rb2 95/600 94/30 60/40 72/30 72/600 6/∞ wt 265 
ko 500 

Il12b 94/90 94/30 67/45 72/60 72/120 6/∞ wt 681    
ko 280 

Il23a 95/240 95/30 56/45 72/60 72/600 6/∞ wt 500    
ko 500 

 
Table 15: Conditions of PCR reactions and product lengths. Abbreviations: wt: wildtype; 

ko: knockout; ∞: infinite. Note: Step 1: pre-denaturation; Step 2: denaturation; Step 3: 

annealing; Step 4: elongation; Step 5: final elongation; Step 6: Hold. Steps 2-4 are repeated 

for 30-35 cycles 
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6.1.3 Induction of psoriatic plaque formation in mice 

To mimic the aspects of human psoriatic plaque formation in an experimental mouse 

model, Aldara cream containing 5 % Imiquimod (IMQ) (3M Pharmaceuticals, 

Maplewood, MN, USA) was topically applied to the shaved/depilated back skin 

and/or the upper side of the ear.  

For all experiments 7- to 11-week-old female mice of similar body weight and 

synchronized hair cycle were used. The back skin of mice was shaved and depilated 

two days before disease induction according to manufacturer’s instructions (Veet; 

Reckitt Benckiser). Psoriatic plaque formation was induced by a daily dose of 55 mg 

of Aldara cream on the mouse back for 2 or 5–6 constitutive days translating in a 

daily dose of 2.75 mg of the active compound. In experiments in which ear skin was 

used, mice were treated with 7 mg of Aldara cream on each ear for 6–7 constitutive 

days (daily dose of 0.35 mg) if not otherwise indicated. The used dosis were 

empirically determined to cause most optimal and reproducible skin inflammation in 

C57Bl/6 mice. During the treatment period (d-2 - d5) short term anesthesia with 

isoflorane was used. To avoid cage effects mice of different experimental groups 

were housed in the same cage. The order in which individual mice was processed 

for daily IMQ treatment as well as any other measurements varied each day. 

 

 

 
Figure 5: Protocol for the induction of psoriatic plaque formation in mice 
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6.1.3.1 Scoring severity of skin inflammation 
 
To evaluate the severity of psoratic plaque formation, mice were scored for clinical 

parameters of psoriatic disease on the basis of the clinical Psoriasis Area and 

Severity Index (PASI). Independent scoring on the degree of erythema, scaling, and 

thickening was performed daily starting on day 0 (baseline; prior to the first IMQ 

application) on a scale from 0 to 4 (Table 16). The resulting cumulative score 

(erythema plus scaling plus thickening) served as one measure of disease severity. 

Additionally, thickness of back or ear skin was measured daily with a digital caliper. 

Hence, the percent change in skin thickness compared to untreated skin on day 0 

was calculated as an indicator for skin inflammation. 

 

Score Scale of severity 

0 healthy, no clinical signs 

1 slight 

2 moderate 

3 marked 

4 extreme 
 
Table 16: Psoriasis Area and Severity Index in mice 

 

6.1.3.2 TEWL measurement 
 
Additionally, the mouse skin was examined for transepidermal water loss (TEWL), 

an important non-invasive, physical parameter in dermatology to assess epithelial 

integrity and barrier function. Under pathological conditions, the rate of water loss 

from the skin’s surface increases directly in proportion to the level of disease 

pathology. During the course of IMQ-induced plaque formation the TEWL (g/m2*h) of 

dorsal or ear skin was monitored by use of an evaporimeter equipped with a closed 

chamber probe (Aquaflux AF200, Biox System Ltd, London, UK).  
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6.1.3.3 Histology  
 

For histological analysis, a previously defined part of the murine skin was removed 

and fixed in 4% paraformaldehyde in PBS for a minimum of 48 hours at room 

temperature. After 48 hours of fixation, the tissue was moved into 70% ethanol for 

long term storage. Next, tissue samples were dehydrated through a series of graded 

ethanol baths to displace the water, and permeated with paraffin. The samples were 

embedded into paraffin blocks and cut into 4 µm sections using a sliding microtome. 

Slides were deparaffinized and rehydrated. Subsequently, paraffin slides were put in 

an oven for at least 1 h at 56 °C and gradually deparaffinized by subsequent 

immersion in xylene followed by immersion in aqueous alcoholic solutions.  

To determine the infiltration of inflammatory cells, mouse skin sections were stained 

with hematoxylin and eosin according to standard protocols and fixed with Entellan® 

(Merck, Darmstadt, Germany). To evaluate the grade of inflammation, total counts of 

abscesses per skin section of 2–3 independent experiments as well as the number 

of epidermal layers in these sections were independently quantified by two 

researchers.  

6.1.4 Antibody treatment and application of IL-12Fc  

For gain-of-function experiments local s.c.-injection of 200 ng of IL-12Fc/PBS (Vom 

Berg J. et al. 2013) or PBS was performed per each ear in  Il12a−/− and Il12rb2−/− 

mice. Subcutaneous administration was carried out into the loose skin over the neck 

between the shoulders every second day starting on day -1. C57Bl/6 mice were i.p. 

injected with 200 µg of anti-IL12p75 (R2-9A5) or isotype control (LTF-2) antibodies 

every second day starting on day -1 to mimic the situation in Il12rb2−/− mice in loss-

of-function experiments. Intraperitoneal injection was performed in the lower right 

quadrant of the abdomen with a maximum volume of 200 µl per treatment. 

The effect of IL-17A neutralization on the development of psoriatic plaque formation 

in Il12rb2−/− mice was determined by i.p.-injection of 200 µg of anti-IL-17A (17F3) or 

isotype control (MOPC-21) antibodies every second day starting on day -1. 



 
39 Methods 

6.1.5 Measurement of dehydration status in mice 

To evaluate possible differences in the dehydration status of mice receiving either 

chow or a high salt diet (HSD), hematocrit was measured using the scil Vet abc 

hematology analyzer (scil animal care company GmbH, Viernheim, Germany). 

Subsequently, blood from mice was collected at the end of the experiment via 

puncture of the orbital sinus or plexus from isoflurane anesthetized mice into 

Microvette® serum tubes (Sarstedt) containing EDTA. 12ul of the collected EDTA 

blood sample were used for calculating the hematocrit. As reference value, the 

hematocrit of a 7 week old female C57Bl/6 was taken which is 46.2 % ± 1.79 

(Mouse phenome database at the Jackson laboratory).  

 

6.2 Cell biology methods 

 

6.2.1 Leukocyte isolation from mice  

To isolate leukocytes from various organs, mice were euthanized with CO2. 

According to the organ and the cell population of interest, different isolation 

procedures were used. 

6.2.1.1 Isolation of leukocytes from lymph nodes  
 
The inguinal lymph nodes were removed from mice and mashed with a syringe 

piston through a 70 µm nylon cell strainer. Thereafter, cell strainer was washed with 

PBS to recieve a single cell suspension that could readily be used for further 

analysis.  

6.2.1.2 Isolation of leukocytes from murine skin  
 
Back and ear skin were removed from mice and placed in a six-well plate containing 

RPMI until further preparation was done.  

Ears were splitted into halves along the cartilage and the subcutaneous fat was 

removed from back skin carefully by scraping it off with a scalpel. Skin was 

transferred into a new six-well plate with a few drops of digestion medium consisting 

of RPMI 1640 medium supplemented with 1 mg/ml collagenase type IV, 25 mM 

HEPES and 0.1 mg/ml DNase. The used collagenase was stored at 4 °C as powder 

and was dissolved freshly each time. The skin was cut into approximately 1 mm x 1 

mm sized pieces and 5 mL digestion medium was added. Back and ear skin were 
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incubated for 50 min (back skin) or 20 min (ear skin) at 37°C slightly shaking. Skin 

samples were homogenized by pipetting up and down using a syringe with a 

20G-needle and were filtered through a 70 µm cell strainer into a 50 ml tube to 

obtain a single-cell suspension. Cells were centrifuged at 400 g for 5 min at 4 °C. 

Supernatant was discarded and the pellet was resuspended in FACS buffer for 

further analysis.   

 

6.3 Molecular biology methods 

 

6.3.1 Flow cytometry 

For flow cytometry analyses, single cell suspensions of lymph nodes and skin were 

collected in FACS buffer. Staining procedures were performed in 96-well round 

bottom plates. Centrifugation steps were performed at 300 x g for 5 min at 4 °C. For 

each washing step 200 µl FACS buffer was used. Prior to analysis, the samples 

were diluted in an appropriate volume of FACS buffer. All flow cytometry data was 

acquired on a FACS LSRII Fortessa (BD, Franklin Lakes, New Jersey, USA) using 

the BD FACS Diva Software and were processed with the FlowJo Software. The 

antibodies used for surface and intracellular staining are listed in Materials Table 4.  

6.3.1.1 Cell surface staining for Flow Cytometry 
 

To block non-specific binding of immunoglobulins to Fc receptors, cells were 

incubated for 10 min at 4°C with 1 µg of rat anti-mouse CD16/CD32 blocking-

antibody (eBioscience). After one washing step, 50 µl of mastermix containing 

fluorochrome-labeled antibodies was added and incubated in the dark for 25 min at 

4 °C. Viability of the cells was checked by staining with NIR viability dye. 
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6.3.1.2 Staining procedure for Vγ5/Vδ1+ and Vγ6/Vδ1+ cells 
 
To stain Vγ5/Vδ1+ and Vγ6/Vδ1+ cells supernatant of cultured 17D1 hybridoma cell 

line (anti-mouse Vγ5/Vδ1, Vγ6/Vδ1 and Vγ1/Vδ1; rat IgM) was used, kindly provided 

by Robert R Tigelaar. 17D1 hybridoma cells were cultured in RPMI 1640 medium 

supplemented with 10% fetal bovine serum, 10 mM HEPES, penicillin, streptomycin, 

glutamine, sodium pyruvate and non-essential amino acids. After 3 and 6 days of 

culture the supernatant was collected, centrifuged, filtered and used for staining.  

During the surface staining, cells were pre-stained with rat anti-mouse δTCR 

antibody, which is a requirement to subsequent staining of Vδ1. After a washing 

step cells were incubated with 100 µl of 17D1 hybridoma supernatant for 20 min. 

Next, cells were washed again and stained with a fluorochrome-conjugated 

secondary antibody against anti-rat IgM for 20 min.  

6.3.1.3 Intracellular Staining for Flow Cytometry 
 

For the detection of cytokines an intracellular staining was performed. Briefly, freshly 

isolated single cell suspensions were stimulated for 2h at 37°C in complete RPMI 

medium supplemented with 500 ng/ml ionomycin, 50 ng/ml PMA and GolgiPlug (1 

µg/ml, BD). After stimulation the cells were harvested and a surface staining was 

performed as described above. Cells were fixed and permeabilized for 20 min by 

using the BD Cytofix/CytopermTM Plus Kit. Aftre fixation the cells were washed twice 

with BD Perm/WashTM buffer (10X concentrate diluted 1:10 in bidistilled water) and 

intracellular staining was performed for 1h at RT in the dark by adding 50 µl of 

antibody mix in permeabilization buffer. Cells were washed once with BD 

Perm/WashTM buffer and once with FACS buffer. 

6.3.2 Cell sorting 

Single cell suspensions from back skin of Aldara-treated WT or Il12rb2−/− mice were 

prepared on day 6 post treatment as described in 6.2.1.2. The whole-cell 

suspension was stained with a mix of fluorescence-labeled antibodies depicted in 

Materials Table 4. Skin-associated Vy4+, Vy6+ and Vy5+ cells were sorted to at least 

96% purity with a BD FACS Aria III (BD, Franklin Lakes, New Jersey, USA) using a 

70 μm nozzle.  
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6.3.3 Enzyme-linked immunosorbent assay (ELISA) 

For the measurement of Lipocalin 2 (Lcn2) in mouse serum a solid phase sandwich 

ELISA was used (mouse Lipocalin-2/NGAL-DuoSet ELISA, R&D Systems). Blood 

was collected from mice and centrifuged for 7 min at 5000 rpm. The assay was 

carried out in NUNC-Maxisorp 96-well plates, according to the manufactures 

instructions. Washing steps were performed three times after every incubation step 

with washing buffer in an automatic microplate washing system. All standards, 

samples as well as a positive and a negative control were assayed in duplicate. 

During incubation, plates were sealed to avoid evaporation.  

Plates were coated with 50 µl/well of capture antibody diluted in coating-buffer as 

recommended by the manufacturer and incubated at 4°C over night. 300 µl blocking 

buffer was added for 2h at RT. 50 µl of standards, an appropriate dilution of serum 

samples and controls were added and incubated for 2 hours at RT. Subsequently, 

50 µl of appropriate biotinylated detection antibody was added for 2 hours at RT, 

followed by incubation with 50 µl streptavidin-conjugated horse radish peroxidase 

for 30 min at RT in the dark. For detection, 50 µl TMB containing substrate buffer 

was added and incubated in the dark at RT until color development was visible. This 

process was stopped by adding 25 µl 2 M sulfuric acid.  

The quantity of the resulting coloured product was measured by its optical density 

using a microplate ELISA reader (BioTek, Winooski, Vermont, USA) set to the 

appropriate wavelength (450 nm) using Gen5 2.00 Software. For the analysis the 

average of the duplicate readings for each standard, control, and sample were 

subtracted with the average zero standard optical density (O.D.). A standard curve 

was created by plotting the mean absorbance for each standard against the 

concentration drawing a curve (polynomial) through the points on the graph. The 

best fit line could be determined by regression analysis.  
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6.3.4 Gene expression analysis  

6.3.4.1 RNA extraction 
 
Isolation of total RNA from the back skin of animals was performed with the RNeasy 

Mini Kit (Quiagen, Valencia, CA, USA), while total RNA from mouse skin-sorted 

leukocytes was isolated with the Pure Link RNA Micro Kit (Invitrogen, Carlsbad, CA, 

USA), both according to manufactures instructions. To directly quantify total RNA 

concentration, 1 µl of isolated RNA was measured using a NanoDropTM 1000 

spectrophotometer (Peqlab, Erlangen, Germany). The samples were stored at -80°C 

prior to analyses. 

6.3.4.2 cDNA-synthesis 
 
In accordance to manufactures instructions, first strand complementary DNA 

(cDNA) was prepared by reverse transcription using the RevertAid H Minus First 

Strand cDNA synthesis Kit (Fermentas). A negative control containing every reagent 

for the reaction except the enzyme was used to assess for genomic DNA 

contamination of the RNA sample. A no template negative control was performed to 

assess for reagent contamination.   

6.3.4.3 Quantitative real-time PCR (qRT-PCR) 
 
Expression of murine genes was measured by quantitative real-time PCR analysis 

using the LightCycler® 480 System (Roche) and the LightCycler® FastStart DNA 

MasterPLUS SYBR Green I kit (Roche) according to manufacturer’s instructions. Each 

reaction was performed in duplicate or triplicate in 284-well plates. Sequences for 

PCR primers are depicted in Table 13. The expression levels were normalized to the 

Polr2a or GAPDH house-keeping gene and represented as either 2−ΔCT
, (ΔCT = CT 

gene of interest – CT house-keeping gene) in the case of Il12rb2 expression or 

2−ΔΔCT (ΔΔCT = ΔCT − ΔCControl), for all other transcripts.  
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6.4 Histochemistry of human skin biopsies 
 

In accordance with the Code of Ethics of the World Medical Association (Declaration 

of Helsinki) for experiments involving humans (ethical approval number EK647) all 

donors signed written informed consent forms before punch biopsies from skin were 

taken. All samples were obtained from the University Hospital Zurich.  

Human skin was immersed in 4% formaldehyde, embedded in paraffin, and sliced at 

a thickness of 5 µm. Deparaffinized human skin sections underwent heat-induced 

antigen retrieval with 5 mM citrate buffer pH 6. Sections were heated in a microwave 

(800 watt) 5 times for 3 min each, refilling the cuvettes between each cycle 

alternatively with bidistilled water or citrate buffer. After blocking and staining with 

polyclonal rabbit anti-human IL-12Rb2 antibody (0.7 µg/ml) or total rabbit IgG (0.7 

µg/ml) staining was performed following the manufacturer’s procedure (Dako 

Envision+Dual Link System-HRP (DAB+)). Digital images of tissue sections were 

recorded using an Olympus BX41 light microscope with an Olympus ColorView III 

camera and Olympus Cell B image acquisition software. 

 

6.5 Data Analysis and Statistics 
 

Analysis of data was performed using GraphPad Prism 7 or Microsoft Excel. Data 

are presented as mean ± SEM, if not otherwise indicated. Significance of results 

were analyzed as outlined in the respective figures by unpaired two-tailed t test, 

one- or two-way ANOVA with Bonferroni post-test. Statistically significant 

differences are depicted as *p<0.05, **p<0.01, ***p<0.001; ns (not significant). Data 

presented as boxplots visualizes the distribution by minimum and maximum 

(whiskers), the 25th-75th percentile (box) and median (band).   
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7. Results 
 
 
The results are divided into two parts. The first part focuses on the dissection of the 

distinct contribution of IL-12 and IL-23 to psoriatic plaque formation in mice. The 

second part deals with the impact of high dietary salt intake on the skin resident 

immune system and its potential as a lifestyle risk factor for the development of 

psoriatic plaque formation. 

 

7.1 Divergent roles of IL-12 and IL-23 in psoriatic 
inflammation 

 
The consequences of targeting IL-12 by anti-p40 therapy in psoriasis were analyzed 

in mice with genetic deficiency in IL-12 signaling after induction of psoriatic plaque 

formation by application of IMQ. 

 

7.1.1 Reduced skin inflammation in IL-12/23p40-deficient 
mice  

To confirm the finding of reduced skin inflammation after application of neutralizing 

anti-IL-12/23p40 monoclonal antibody (mAb) in IMQ-treated WT mice [68], psoriatic 

plaque formation was induced in Il12b−/− mice with genetic deficiency in the p40 

subunit shared by IL-12 and IL-23. Il12b−/− mice showed a strongly reduced 

development of psoriatic lesions compared to WT mice. Correspondingly, FACS 

analysis of the skin revealed a significant reduction of critical markers of 

psoriasiform inflammation, including neutrophil invasion (Figure 6A) and 

accumulation of IL-17A-secreting Vγ4+ γδT cells in lesional skin (Figure 6B). 
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Figure 6: Analysis of inflamed skin of WT and IL-12/23p40 deficient mice. Flow 

cytometry analysis of inflamed skin; cells were gated on CD45+ leukocytes and analyzed for 

the presence of (A) neutrophils and (B) skin infiltrating Vγ4+ γδT cells. Data are given as 

mean ± SEM (n=12 WT, n=7 Il12b-/-); analysis was done by unpaired two tailed t-test. 

 

7.1.2 Exacerbated clinical phenotype on IL-12-signaling 
deficiency  

Based on the fact that Ifnγ expression levels in psoriatic lesions correlate with 

disease severity, the clinical course of mice deficient in the IL-12 driven type 1 

effector cytokine IFN-γ was evaluated. Confirmative to the notion that type 1 

inflammation contributes to lesion formation, deficiency in IFN-γ resulted in a milder 

disease phenotype, reaching statistical significance to WT mice on day 4 (Figure 7).  
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Figure 7: Disease development in WT and Ifnγ-/- mice. Back skin inflammation during the 

whole disease course represented as a percent change in skin thickness compared to 

untreated skin on day 0. Data are given as mean ± SEM (n=5-6 mice per group); analysis 

was done by two-way ANOVA with Bonferroni post-test. 

 

To clarify the impact of IL-12 signaling on plaque formation signaling on plaque 

formation the clinical disease course was monitored in mice deficient in IL-12p35 

(Il12a−/−), in the beta subunit of the IL-12 receptor (Il12rb2−/−), as well as in mice 

deficient in IL-23 (p19, Il23a−/−) and compared to WT mice. The percental change of 

skin thickness during IMQ treatment served as a parameter of skin inflammation.  

In WT mice, IMQ treatment of the skin led to an increase in skin thickness typically 

around day 2 of treatment (disease onset). The inflammation continually increased 

in severity with peak disease reached at day 4 and 5 of treatment (Figure 8A). 

Il12a−/− mice with unaltered IL-23 signaling developed significantly more severe 

inflammation of the skin compared to WT mice as illustrated by a more pronounced 

skin thickening during peak disease on day 4 (Figure 8B, top). Likewise, mice 

lacking the IL-12-specific receptor subunit (Il12rb2−/−) showed the same disease 

phenotype with an increased change in skin thickness from day 2 onwards and a 

significantly more pronounced skin thickening during peak disease on day 4 

compared to WT mice (Figure 8A and B, bottom). Further evaluation of disease 

severity was performed on the basis of the clinical Psoriasis Area and Severity Index 

(PASI), including daily independent scoring of the degree of erythema, scaling and 

thickening of back skin. Il12rb2−/− mice showed significantly higher disease scores 

ranging from 8 to 9 during disease development compared to WT mice with 6 as a 

maximum score (Figure 8C). Of note, when skin thickness of mice only deficient in 
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IL-23 signaling (Il23a-/-) was compared to Il12b-/- mice (lacking IL-12 and IL-23), a 

trend towards a reduced skin inflammation could be observed (Figure 8A). 

 

 

 
Figure 8: Skin inflammation in IMQ-treated WT, Il12a-/-, Il12b-/-, Il23a-/- and Il12rb2-/- mice. 

Back skin inflammation represented as a percent change in skin thickness compared to 

untreated skin on day 0 (A) during the whole disease course (n=21 WT, n=15 Il12rb2-/-, n=16 

Il12b-/-, n=9 Il23a-/-) and (B) during peak disease on day 4 (top: n=7-13; bottom: n=26-27 

mice per group). (C) Disease score of WT and Il12rb2-/- mice starting on day 0 (n=15 mice 

per group). Data are given as means ± SEM. Analyses were done by (A, C) two-way, (B) 

one-way ANOVA with Bonferroni post-test. 

 
The phenotype of aggravated skin inflammation in IL-12 signaling-deficient mice 

already became visible on day 3 of IMQ treatment as signs of erythema and scaling 

were more pronounced compared to WT mice (Figure 9A). Quantification of the 

barrier integrity by measuring transepithelial water loss (TEWL) indicated that in 

absence of IL-12 signaling treatment with IMQ resulted in a more pronounced 

breach of the epithelial barrier as the water loss through the epidermis significantly 

increased from day 2 onwards compared to WT mice (Figure 9B). 
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Figure 9: Appearance of skin lesions and TEWL in WT and IL-12-signaling deficient 

mice. (A) Representative photos taken on day 3 post IMQ treatment. (B) TEWL in IMQ-

treated back skin. Data are given as mean + SEM (n=9 WT, n=10 Il12rb2-/-); analysis was 

done by two-way ANOVA with Bonferroni post-test. 

 

Going more into detail, histopathologic features of psoriatic plaque formation were 

also more pronounced when IL-12 was absent. They were represented by a 

significant increase of the epidermal layers (acanthosis) (Figure 10A and B, top), 

caused by hyperproliferation of keratinocytes and an altered differentiation of 

keratinocytes (parakeratosis), indicated by the retention of nuclei in the stratum 

corneum (Figure 10A). To complete the picture of disease aggravation in IL-12-

deficient mice, significantly increased frequencies of neutrophilic micro-abscesses 

per mm in the stratum corneum were measured compared to WT mice (Figure 10B, 

bottom).  
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Figure 10: Histopathology of skin lesions of WT and IL-12-signaling deficient mice.  

(A) Back skin sections on day 4 post treatment were stained with H&E; scale bar 200 µm. 

(B) quantification of total counts of epidermal layers and skin abscesses (n=7–9 WT, n=4 

Il12a−/−, n=7–11 Il12rb2−/−). Data are given as means ± SEM; results were analyzed by 

unpaired two tailed t-test. 

 

In order to find the mechanism behind the aggravated psoriatic response in IL-12 

signaling-deficient mice, transcript analyses of lesional skin were performed 

focussing on hallmark pathogenic pathways in psoriasis.  

Looking into the effector cytokine profile in the skin lesions of Il12rb2−/− mice, it was 

striking that particularly IL-17A and IL-17F as well as other effector molecules of the 

type 17 immune response were drastically increased, pointing towards an increased 

type 17 bias in the absence of IL-12 (Figure 11A). At the same time, the inflamed 

skin of Il12rb2−/− mice showed a marked decrease of typical type 1 inflammation 

markers including IFN-γ- and IFN-γ-dependent CXCL9 due to the lack of upstream 

induction by IL-12 (Figure 11A and C). The increased type 17 response in IL-12-

deficient mice strenghtened as analyzed effector pathways downstream of IL-17 
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identified a range of antimicrobial peptides, including β-defensins, S100 proteins 

and Reg3b to be significantly upregulated (Figure 11B). Noteworthy, lipocalin 2 

(Lcn2) was significantly enhanced, which corresponded to local neutrophil and 

epithelial activation in Il12rb2−/− lesions and was therefore also an indicator of a type 

17 bias (Figure 11B). Furthermore, the ligand of CCR6, CCL20, was found to be 

significantly increased in lesions of Il12rb2−/− mice indicating the involvement of 

dermato-tropic type 17 effector T cells, like γδT17 and TH17 cells in the exaggerated 

disease phenotype of IL-12 signaling deficient mice (Figure 11C).  

 

 
 

Figure 11: Transcript analysis of lesional skin of WT and Il12rb2-/- mice. RT-qPCR 

analyses of the whole skin on day 5 post treatment represented as fold changes relative to 

the average WT expression levels (n=10–18 WT and n=10–15 Il12rb2-/-). Results were 

analyzed by unpaired two-tailed t-test.  

 
It has to be noted that IL-12 (p35/p40) shares its p35 subunit with another member 

of the IL-12 superfamily, IL-35 (p35/EBI3). Although IL-35 has been demonstrated to 

have predominantly regulatory functions [172], it is possible that this cytokine could 

play a role in the phenotype observed. Therefore, our collaborators induced psoriatic 

plaque formation in Ebi3−/− mice to clarify the impact of IL-35 in disease 

development. Deficiency in IL-35 did not phenocopy the exacerbated pathology of 

IL-12 deficient mice, as they showed unaltered disease development (published in 

[173]).  
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7.2 IL-12 controls accumulation and effector 
functions of γδT17 cells in the skin 

 

7.2.1 Characterization of accumulating Vγ6Vδ1+ γδT17 cells 
in psoriatic skin 

Building up on the characterization of the disease phenotype observed in IL-12 

signaling-deficient mice, the next step was to identify the cellular immune 

mechanism behind this phenotype. In a recent study, Pantelyushin and colleagues 

showed that IL-17A-producing Vγ4+ γδT cells are the essential drivers of 

psoriasiform inflammatory processes in the skin and are therefore a marker for 

disease severity in the IMQ-model [68]. Since Il12rb2−/− mice showed an enhanced 

disease severity, it was hypothesized that IL-17A-producing Vγ4+ γδT cells are 

increased in the lesions of these mice.  

Although flow cytometric analysis (gating strategy, Figure 12A) revealed an increase 

in total γδT cell infiltration in the lesional skin of Il12rb2−/− mice, the frequency of the 

Vγ4+ γδT cell subset was decreased (Figure 12B and C). Hence, the observed 

increase in total γδT cell numbers could only be explained by the appearance of 

another γδT cell subpopulation typically unaccounted for the disease context. The 

emergence of a third distinct γδT cell subset even became apparent by looking at 

the CD3 vs. δTCR FACS plot. Here, three populations of γδT cells could clearly be 

distinguished in Il12rb2−/− mice with one being very low in frequency in WT but 

drastically elevated in Il12rb2−/− mice (Figure 12B). At the time of observation, no 

third γδT cell subset had been reported to populate the skin. The specific staining for 

the γ-chains revealed that this γδT cell subpopulation neither expressed the Vγ4 

chain, which is characteristic for the highly mobile IL-17A-secreting, skin-invading 

γδT cell subset, nor the Vγ5 chain, invariantly expressed by dendritic epidermal γδT 

cells (Figure 12C).  
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Figure 12: Analysis of γδT cell distribution in lesional skin of WT and Il12rb2-/- mice. 

(A) Representative flow cytometry gating strategy for mouse skin. Cells were gated on 

CD45+/singlets+/live+/CD11b- leukocytes and analyzed for γδT cell subsets. (B) 

Representative plots and (C) flow cytometry analysis of inflamed skin for presence of skin-

resident and skin-infiltrating γδT cells. Data are given as means ± SEM (n=10-11 mice per 

group); results were analyzed by unpaired two-tailed t-test.  

 

To identify the novel γδT cell subset, real-time quantitative PCR was performed on 

Vγ4+, Vγ5+ and Vγ4-Vγ5- γδT cells isolated from lesional skin of Il12rb2−/− mice (data 

not shown). The result provided evidence that the Vγ4−Vγ5− γδT cell population 

could be invariant Vγ6+ γδT cells. This was verified on the single cell level by FACS 

analysis taking advantage of the 17D1 antibody, which stains the typical invariant 

TCR composition found on Vγ6+ γδT cells, Vγ6/Vδ1. Additionally, the antibody stains 

Vγ5/Vδ1+, which can be differentiated by co-staining with a Vγ5-specific antibody 

and subsequent gating for Vγ5-17D1+ γδT cells. The FACS analysis clearly identified 

the Vγ4-Vγ5- γδT cell subset as the invariant γδT cell subpopulation expressing 

Vγ6+Vδ1+ TCR chains. Figure 13 depicts the three subpopulations of γδT cells, 

which were identified in the skin of C57/BL6 mice.  
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Figure 13: Identification of three subpopulations of γδT cells in the murine skin. 

Representative FACS plot showing the distribution of γδT cell subsets in the murine skin 

after treatment with IMQ.  

 

Next, the question was addressed whether the accumulation of Vγ6+ γδT cells in the 

skin is directly linked to deficiency of IL-12 or a consequence of elevated IL-23 

levels during increased inflammation in the mutant mice (Il12rb2−/− and Il12a−/−). To 

this end, IMQ-treated Il12b-/- and Il23a-/- mice, which both lack IL-23 and only differ in 

their deficiency (Il12b-/-) or sufficiency (Il23a-/-) of IL-12, were analyzed for the 

appearance of Vγ6+ γδT cells in the skin and the ratio of Vγ6+/Vγ4+ γδT cells was 

calculated.  

As expected, mice deficient only in IL-12 signaling showed a high ratio of Vγ6+/Vγ4+ 

γδT cells due to the massive accumulation of Vγ6+ γδT cells in these mice. 

Interestingly, depending on the absence or presence of IL-12 in mice lacking IL-23 

(Il23a-/- vs Il12b-/-) and thus full-blown inflammation, significant differences in Vγ6+ 

γδT cell accumulation were still visible (Figure 14). 

 

 

 
Figure 14: Ratio of skin effector γδT cells in IMQ-treated Il23a-/-, Il12b-/- and Il12rb2-/- 

mice. Mice were treated with IMQ for 6 days followed by flow cytometry analysis of treated 

skin. Calculated ratio of Vγ6+/Vγ4+ γδT cells (n=4 Il12rb2-/-, n=9 Il12b-/-, n=3 Il23a-/-). Data are 

given as mean + SEM; analysis was done by unpaired two tailed t-test. 
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The increased type 17 response in IL-12-deficient mice was further analyzed by 

intracellular FACS staining revealing that the overall levels of IL-17A in Il12rb2−/− 

mice were increased compared to WT mice. As reported before, typically Vγ4+ γδT 

cells are the main IL-17A-secreting cells in the lesional skin during psoriatic plaque 

formation. However, in the case of IL-12 deficiency, the main producers of IL-17A 

were found to be Vγ6+ γδT cells aberrantly accumulating in the skin (Figure 15).  

 

 
 
Figure 15: IL-17A production in IMQ-treated WT and Il12rb2-/- mice. Flow cytometry 

analysis of inflamed skin; cells were gated on CD45+CD11b- leukocytes and analyzed for the 

expression of IL-17A in CD45+ T cells, Vγ4+ and Vγ4-Vγ5- γδT cells. Data are given as 

means ± SEM (n=6-7 mice per group); results were analyzed by unpaired two-tailed t-test. 
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7.2.2 Effect of IL-17A neutralization in IMQ-treated Il12rb2−/− 

mice  

The current data showed that Vγ6+ γδT cells accumulate in the absence of IL-12 

and that these cells are able to produce high amounts of the effector cytokine IL-

17A. To determine whether the elevated IL-17A levels are responsible for the 

increased inflammatory response in Il12rb2−/− mice, IL-17A was blocked during 

disease induction by application of an IL-17A neutralizing antibody (Figure 16).  

 

 

 
Figure 16: Treatment protocol of IL-17A neutralization in IMQ-treated Il12rb2−/− mice. 

Mice were treated with IMQ for 5 days. Intraperitoneal injection of 200 μg of anti-IL-17A 

antibody or isotype control was performed every second day starting on day -1. 

 

Neutralization of IL-17A led to a significant reduction in skin thickness and an 

improved epidermal integrity determined by TEWL measurement (Figure 17A and 

B). Furthermore, a significant reduction of neutrophil invasion into the lesions was 

observed after treatment with anti-IL-17A antibody (Figure 17C). The dissection of 

overall cell numbers of effector Vγ4+ and Vγ6+ γδT cells showed that they were not 

altered by anti-IL-17A antibody application (Figure 17D). Although not statistical 

significant, there was the trend that anti-IL-17A mAb treated Il12rb2−/− mice had an 

even lower disease outcome than WT mice (Figure 17A and B).  
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Figure 17: Analysis of inflamed skin in WT and anti-IL-17A-treated Il12rb2-/- mice.      

(A) Back skin inflammation during the whole disease course represented as a percent 

change in skin thickness compared to untreated skin on day 0 (B) TEWL in IMQ-treated 

back skin (C, D) Flow cytometry analysis of inflamed skin; cells were gated on CD45+ 

leukocytes and analyzed for (C) neutrophils and (D) skin infiltrating Vγ4+ (left) and Vγ6+ 

(right) γδT cells (n=8 mice per group). Data are given as means ± SEM. Analyses were done 

by (A, B) two-way ANOVA with Bonferroni post-test, (C, D) unpaired two tailed t-test.  

 

7.2.3 Reduced skin inflammation in mice functionally lacking 
Vγ6+ γδT cells 

To test if the specific accumulation of Vγ6+ γδT17 cells is causative in the 

aggravation of disease symptoms when IL-12 is missing, Vd1−/− mice, which 

selectively lack functional Vγ6+Vδ1+ γδT cells [174], were bred on to the Il12rb2−/− 

background and psoriatic plaque formation was induced.   
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Mice lacking functional Vγ6+Vδ1+ γδT cells developed a significantly reduced skin 

inflammation compared to the exaggerated disease phenotype seen in IL-12R 

mutants. Moreover, the observed inflammation was reduced to the levels of WT 

mice (Figure 18).  

 
 

Figure 18: Analysis of skin inflammation in mice functionally lacking Vγ6+Vδ1+ T cells.  

Back skin inflammation represented as percent change in skin thickness compared with 

untreated skin on day 0. Data are given as mean + SEM (n=17 WT, n=15 Il12rb2-/-, n=12 

Il12rb2-/-Vd1-/-); analysis was done by two-way ANOVA with Bonferroni post-test. 

 

To analyze whether Vγ6+ effector γδT17 cells are in general involved in the 

modulation of disease severity also in non-mutant mice, the varying frequencies of 

Vγ6+ γδT cells in the dermis of WT mice were correlated with their individual disease 

severities during peak disease (skin thickness). The data revealed a positive 

correlation between the frequencies of Vγ6+ effectors and skin thickness in WT mice 

(Figure 19). 

 

 
Figure 19: Correlation analysis of Vγ6+Vδ1+ γδT cells with skin thickness in WT mice.  

Pearson’s correlation analysis of Vγ6+ γδT cells in inflamed back skin calculated as percent 

of all dermal γδT cells and percent change in epidermal thickening in WT mice (n=17). Each 

data point represents an individual mouse (Pearson's r=0.615, p=0.0086). 
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7.2.4 IL-12 limits psoriasiform skin inflammation 

To further highlight the decisive role of IL-12 in psoriatic plaque formation, gain- and 

loss-of-function experiments were performed either by means of local administration 

of IL-12Fc into the skin of Il12a−/− and Il12rb2−/− mice or by injection of an anti-IL-

12p70 antibody into WT mice (Figure 20).  

 

 
 

Figure 20: Treatment protocol of loss- and gain-of-function experiments. Mice were 

treated with IMQ for 5 days. For gain-of-function experiments ears of mice deficient in IL-12 

signaling were s.c.-injected with IL-12Fc/PBS or PBS. For loss-of-function experiments WT 

mice were i.p.-injected with anti-IL-12p70 antibody or isotype control. Injection was 

performed every second day starting on day -1. 

 

Administration of IL-12 directly into the ears of Il12a−/− mice led to significantly 

reduced skin inflammation (Figure 21A) whereas this did not occur if the receptor of 

IL-12 was deleted (Figure 21B). Correspondingly, the presence of IL-12 with 

unhindered IL-12 signaling significantly diminished the overall production of IL-17A 

and prevented the accumulation of Vγ6+ γδT17 cells independent of Vγ4+ γδT17 cell 

numbers, which were not altered (Figure 21C).  
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Figure 21: Skin inflammation in IL-12Fc-treated mice deficient in IL-12-signaling.       

(A, B) Ear skin inflammation represented as percent change in ear thickness on day 5 

compared with untreated skin on day -1 (n=20 Il12a-/- and n=8 Il12rb2−/−) (C) Flow cytometry 

analysis of inflamed back skin; absolute numbers of skin-infiltrating CD45+IL-17A+ 

leukocytes, Vγ4+ and Vγ4-Vγ5- γδT cells (n=4 WT, n=6 Il12a-/-). Data are given as means ± 

SEM; results were analyzed by unpaired two-tailed t-test. 

 

Injection of anti-IL-12p70 heterodimer-specific neutralizing antibody into WT mice 

was performed to control potential aberrancies in the genetically targeted mouse 

lines. The phenotype observed in Il12rb2−/− mice could be recapitulated as blocking 

of IL-12 signaling in WT mice led to a more pronounced skin thickness and reduced 

skin integrity comparable with that found in Il12rb2-/- mice (Figure 22A and B). 

Furthermore, FACS analysis revealed an increase of the absolute numbers of 

inflammatory infiltrates compared to isotype-treated WT mice, which are mostly 

represented by neutrophils, effector γδT cell subsets and other IL-17A-producing 

cells (Figure 22C).  

 



 
61 Results 

 
 

Figure 22: Skin inflammation in WT mice after neutralization of IL-12. (A) Back skin 

inflammation represented as percent change in skin thickness compared with untreated skin 

on day 0 and (B) TEWL in IMQ-treated back skin (n=8 WT isotype, n=13 WT anti-IL12p70, 

n=10 Il12rb2-/-). (C) Flow cytometry analysis of inflamed back skin; absolute numbers of skin 

infiltrating neutrophils, Vγ4+ γδT cells, Vγ6+ γδT cells and CD45+IL-17A+ leukocytes (n=13 

WT isotype, n=12 WT anti-IL12p70, n=4 Il12rb2-/-). Data are given as means ± SEM. 

Analyses were done by (A, B) two-way ANOVA with Bonferroni post-test (C) unpaired two-

tailed t-test. 

 

7.3 Screening for IL-12 responders in the skin  
 

The IL-12R complex is expressed on certain subsets of natural killer cells, NKT 

cells, γδT cells and activated αβT cells [175]. As γδT17 cells accumulate in psoriatic 

skin in absence of IL-12 signaling, a direct response of γδT17 cells to IL-12 was 

hypothesized. Therefore, our collaborators determined the expression of Il12rb2 by 

RT-qPCR analysis directly on skin-associated γδT cells (Vγ4+, Vγ6+ and Vγ5+ 

subset) sorted from psoriatic WT and Il12rb2−/− skin.  

As expected, high levels of Il12rb2 RNA were detected in Vγ5+ DETCs (positive 

control), as they are known respond to IL-12 by inducing a type 1 response 

dominated by IFNγ [176]. Importantly, no Il12rb2 transcripts were measured in the 

Vγ4+ and Vγ6+ γδT cell subsets (Figure 23). 



 
62 Results 

 

 
Figure 23: Expression of Il12rb2 on murine γδT cell subsets. Vγ4+, Vγ5+ and Vγ6+ γδT 

cells were sorted by flow cytometry from WT and Il12rb2-/- mice treated with IMQ for 6 days. 

The sort of pooled material of two mice was analyzed by RT-qPCR for Il12rb2 expression 

with Polr2a as a house-keeping gene. Data are given as mean + SEM. 

 

Since no direct link between IL-12 and γδT cells was found, our collaborators further 

screened for alternative IL-12 responders and pin-pointed mouse keratinocytes as 

potential responders with very high Il12rb2 transcript expression (published in [173]). 

To this effect they generated bone marrow chimeras showing an increased 

inflammation when IL-12R was missing from the radio-resistant compartment, 

pointing to non-immune cells like keratinocytes as critical IL-12 responders in this 

disease model (published in [173]).  

To translate the murine findings to the human situation, clinical biopsies of psoriatic 

lesions and healthy controls were examined by immunohistochemistry for IL-12 

receptor expression. Using a specific antibody against human IL-12Rβ2, high 

expression of IL-12Rβ2 protein in healthy human epidermis (Figure 24A) as well as 

in the epidermis of psoriatic lesions was detected (Figure 24B).  
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Figure 24: IL-12Rβ2 expression in healthy and psoriatic human skin. Skin sections from 

(A) a healthy human donor and (B) a psoriatic patient were stained with antibodies against 

human IL-12Rβ2 or isotype control for immunohistochemistry; scale bar: 200 µm. 

 

For deeper and unbiased insights into the molecular processes induced by IL-12 

signaling in keratinocytes, our collaborators sorted keratinocytes from IMQ-treated 

WT and Il12rb2−/− mice and performed transcriptomic analysis by next-generation 

sequencing (published in [173]). Comparing genes on high variance between IMQ-

treated Il12rb2−/− versus IMQ-treated WT mice, they highlighted IL-12 to specifically 

modify transcriptional programmes, which affect tissue structure remodelling, 

keratinocyte differentiation and basement membrane integrity. Importantly, they also 

observed a high increase of inflammatory elements related to type 17 immune 

responses as well as factors enhancing neutrophil engagement in Il12rb2−/− lesions 

(published in [173]). These findings fit to the increased disease severity observed in 

Il12a−/− and Il12rb2−/− mice (Figures 8-11).  
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7.4 Effect of nutritional salt on psoriatic plaque 
formation in mice  

 
It was previously described that long-term intake of excess dietary salt with 

increased storage of osmotically inactive Na+ in extra-renal organs is a potential 

lifestyle risk factor for the development of autoimmune diseases by affecting 

immune cell function [163, 164]. Therefore, the consequence of an excessive intake 

of salt on the tissue-resident immune system in the skin was investigated in WT 

mice receiving either chow (0.5% NaCl) or high salt diet (HSD; 4% NaCl; 0.75% in 

H2O) for four weeks directly after weaning. Subsequently, to study the impact of 

increased sodium concentrations in the skin tissue on the development of 

inflammatory skin diseases psoriatic plaque formation was induced by application of 

IMQ (Figure 25). By use of the IMQ model of psoriasiform inflammation the focus 

was set on tissue-resident innate lymphocytes represented mostly by γδT cells as 

potential responders to changes in local sodium concentrations.  

 

 
 
Figure 25: Treatment protocol for HSD-experiments in WT mice. Mice received HSD 

containing 4% NaCl and tap water added with 0.75% NaCl, while the control group was fed 

with chow. After 3 weeks, psoriatic plaque formation was induced by treatment with IMQ for 

5 days.  
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7.4.1 High salt diet exacerbates psoriatic plaque formation in 
mice 

First, to evaluate possible differences in the dehydration status of mice receiving 

either chow or HSD and to rule out that HSD resulted in a status of pathological 

dehydration, the hematocrit was measured. As depicted in Figure 26, there were no 

relevant differences in the hydration status between the two diets irrespective of 

disease induction.  

 
 
Figure 26: Measurement of the hematocrit in WT mice fed with chow or HSD. Data are 

given as mean ± SEM (n=5 mice per group); analysis was done by unpaired two tailed t-test.  

 

Next, the clinical disease course in mice was monitored. Independent of diet, both 

treatment groups showed the same reduction in body weight (Figure 27A). 

Interestingly, mice that received HSD showed an exacerbated disease course 

compared to chow-fed mice. This was illustrated by an increased change in skin 

thickness during disease development and a significantly more pronounced skin 

thickening during peak disease on day 4 (Figure 27B). Correspondingly, these mice 

suffered from an exaggerated physical barrier disruption, indicated by a significant 

increase in TEWL from day 3 onwards (Figure 27C). Feeding of HSD in untreated 

WT mice per se had no measurable effect on skin thickness or TEWL.  
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Figure 27: Analysis of skin inflammation in IMQ-treated WT mice fed with chow or 

HSD. (A) Percent change in body weight and (B) back skin inflammation during the whole 

disease course (left) or peak disease on day 4 (right) represented as a percent change in 

skin thickness compared to untreated skin on day 0. (C) TEWL in back skin during disease 

course (left) and peak disease on day 4 (right). Data are given as means ± SEM (n=19 

Chow, n=24 Chow +IMQ, n=23 HSD, n=29 HSD +IMQ). Analyses were done by (B, C) two-

way ANOVA with Bonferroni post-test, (day 4) unpaired two tailed t-test. 

 

The more severe clinical outcome in IMQ-treated mice on HSD was also visible by 

means of histopathologic scoring. Correcting the initial finding that HSD alone had 

no effect on skin thickness when measured with caliper, histology revealed that in 

fact a slight increase in epidermal layers could be observed in untreated WT mice 

on HSD compared to control mice on chow. The increased acanthosis became even 

more prominent after disease induction and was further accompanied with clear 

elongated rete ridges and an extensive infiltration of leukocytes into the dermis 

(Figure 28A). Quantification of epidermal layers confirmed a significant increase in 

the treated HSD group compared to IMQ-treated mice fed with chow (Figure 28 B). 

During inflammation, the levels of the acute phase protein lipocalin 2 (Lcn2) in the 

serum became significantly upregulated after induction of psoriatic plaques in both 

diet groups. Although no differences in the levels of Lcn2 were observable between 

mice without disease induction, a slight trend to higher Lcn2 levels in treated HSD-

fed mice compared to their control group was detectable (Figure 28C). 
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Figure 28: Histopathology and Lcn2-levels of IMQ-treated WT mice fed with chow or 

HSD. Representative sections of back skin on day 5 post treatment were (A) stained with 

H&E; scale bar, 50 µm and (B) total counts of epidermal layers were quantified (n=8-13 mice 

per group). (C) ELISA of Lcn2 in the serum (n=13-17 mice per group). Data are given as 

means ± SEM; results were analyzed by unpaired two-tailed t-test. 

 

To further investigate the contribution of HSD on the inflammatory response, 

hallmark pathways of psoriasis were analyzed by transcript analyses in the skin of 

treated and untreated mice in the presence or absence of HSD (Figure 29). Skin 

lesions of mice under high-salt condition displayed a stronger type 17 phenotype 

compared to treated mice on chow, as most key signature cytokines of TH17 cells 

including Il17A, Il17F, as well as expression of IL23a were significantly upregulated. 

The increase also included levels of Gcsf transcript, a stromal factor directly 

downstream of IL-17A and an important marker for neutrophil activity, as it 

stimulates survival, proliferation, differentiation, and function of neutrophils (Figure 

29A). This further strengthened an enhanced involvement of an IL-17 response in 

this model. High salt conditions further amplified the up-regulation of the pro-

inflammatory cytokines Tnfα and Il1β during psoriatic plaque formation. No 

differences were observed in the cytokines Il22 and Ifnγ (Figure 29A), as well as in 

the chemokine Cxcl9, which is dominantly controlled by IFN-γ (Figure 29B). In 

contrast, a slight increase of Ccl20 was detectable in the lesions of HSD-fed mice 

(Figure 29B). Looking at downstream transcripts induced by type 17 cytokines and  

Lcn2 levels revealed a range of antimicrobial peptides, including β-defensins (defb1-

4) and S100 proteins (S100a8 and 9), whose induction during disease is mostly 

upregulated by HSD (Figure 29C). Strikingly, some of the pro-psoriatic markers 

increased only in response to HSD alone without any further disease induction. 

Such an increase was most prominent in the case of Il17A and parts of its 

downstream signature (defb4, s100a8, s100a9, lcn2; Figure 29C). 
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Figure 29: Transcript analysis of lesional skin of WT mice fed with chow or HSD. RT-

qPCR analyses of the whole skin on day 5 post treatment represented as fold change 

relative to the average WT expression levels of (A) inflammatory cytokines (B) chemokines 

(C) antimicrobial peptides (n=4–14 Chow, n=5-21 Chow +IMQ, n=5-19 HSD, n=6–24 HSD 

+IMQ); results were analyzed by unpaired two-tailed t-test. 
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7.5 γδT17 cells drive disease aggravation after high 
salt diet feeding 

 

7.5.1 Effect of HSD on effector γδT17 cells in skin and skin-
dLNs 

To follow-up on the lead that there is an exaggerated IL-17A footprint in the psoriatic 

tissue of mice fed with HSD, the skin was analyzed for Rorγt-dependent γδT17 cells 

as they are the main drivers of psoriasiform inflammation in mice by production of 

IL-17A, IL-17F, and IL-22. As already mentioned, there are two independent γδT cell 

effector subsets located in the dermis that are able to induce an IL-17 response, 

Vγ4+ and Vγ6+ γδT cells. Both are resident in the dermis at steady state but take up 

different functional roles during inflammation. To analyse if both subsets respond to 

the high sodium environment, their distribution in the skin (Figure 30) as well as their 

surface expression of CD27 and CD44 (Figure 31), an indicative marker for IL-17 

producing effector T cells, in skin-dLNs were analysed via flow cytometry.   

The generated FACS plots indicated that HSD changes the cellular composition of 

the dermal immune network as Vγ6+ γδT cells strongly accumulated in the high 

sodium environment whereas Vγ4+ γδT cells seemed to be unaffected or even 

reduced (Figure 30).  

 

 
 
Figure 30: γδT17 cell contribution in skin of IMQ-treated WT mice fed with chow or 

HSD. Representative FACS plots of CD3+γδTCR+ cells showing the distribution of γδT cell 

subsets in the skin of IMQ-treated mice 5 days post treatment. Cells were pre-gated on 

CD45+CD11b- leukocytes. 

 

Going more into detail, the surface expression of CD44 and CD27 on γδT cells was 

analysed in the skin-draining lymph nodes (skin-dLN; Figure 31). The expression of 

CD44 on total γδT cells already revealed that under high salt condition mice expand 

γδT cells of a type 17 polarity (CD44hiCD27-). This effect already occurs on HSD 
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alone (49%) reaching comparable expression levels to IMQ-treated mice on chow 

(46%). In the context of disease this effect indeed became even more pronounced 

under high salt condition (79%; Figure 31A).  

 

A closer look into the two γδT17 subsets confirmed the dominance of CD44hiVγ4+ 

γδT cells in chow +IMQ mice (~66%; Figure 31B), while CD44hiVγ6+ γδT cells only 

represent a small population in these mice (~27%; Figure 31C). Interestingly, type 

17 polarized Vγ4+ γδT cell numbers seem to be not affected by the diet alone (~35% 

chow vs. ~41% HSD), but disease induction in a high salt environment increased 

their numbers compared to normal salt condition (~66% chow vs ~80% HSD; Figure 

31B). Surprisingly, a different response pattern was observed for Vγ6+ γδT cells, 

which in contrast to Vγ4+ γδT cells, were measurably affected due to higher salt 

concentrations. Here, feeding untreated mice with HSD resulted in nearly twice of 

the expression levels of CD44 (~44%) compared to IMQ-treated WT mice fed with 

chow (~27%). Induction of disease under high salt diet further potentiated this effect 

as a clear and dominant type 17 polarity of Vγ6+ γδT cells occurred (~81%; Figure 

31C).  

 

 

 
Figure 31: Expression levels of CD44 in γδT cells in skin-dLN in mice on chow or HSD. 

Representative FACS plots of CD44hiCD27- γδT cells from skin-dLNs 5 days post IMQ 

treatment. (A) total γδT cells, (B) Vγ4+ and (C) Vγ6+. Cells were gated on CD45+CD11b-

CD3+γδTCR+ leukocytes. 
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7.5.2 Vγ6+ γδT cells highly respond to high salt conditions  

These results so far indicated that Vγ6+ γδT cells are most affected by local sodium 

changes in the skin as well as in the skin-dLN. To further strengthen these 

observations, skin inflammation was monitored in chow versus HSD fed Vδ1-/- mice, 

functionally lacking Vγ6+ γδT cells [174], to analyze if they contribute to the 

exacerbated disease phenotype observed in mice after HSD feeding (Figure 32).  

Under high salt conditions IMQ treatement in Vδ1-/- mice did not recapitulate the salt 

induced increase in skin thickness and breach of skin barrier but remained unaltered 

to the level of chow fed littermates (Figure 32B and C). Whereas skin inflammation 

in Vδ1-/- chow +IMQ mice was not significantly reduced compared to WT chow +IMQ 

mice, a significant reduction was visible in Vδ1-/- HSD +IMQ mice compared to WT 

HSD +IMQ mice. 

 
 
Figure 32: Skin inflammation in HSD-fed mice functionally lacking Vγ6+Vδ1+ T cells. 

WT and Vd1-/- mice receiving either chow or HSD were treated with IMQ for 5 days. (A) 

Percent change of body weight. (B) Back skin inflammation during the whole disease course 

(left) or peak disease on day 4 (right) represented as a percent change in skin thickness 

compared to untreated skin on day 0. (C) TEWL of back skin during disease course (left) and 

peak disease on day 4 (right). Data are given as means ± SEM (n=8-13 mice per group). 

Analyses were done by (B, C) two-way ANOVA with Bonferroni post-test, (day 4) unpaired 

two tailed t-test.  
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7.6 Effect of a minimal salt diet on psoriatic plaque 
formation  

 
So far, it could be shown that HSD leads to a more pronounced disease 

development. In all previous experiments chow was used as a control for HSD. 

Since the composition of chow and HSD do not only differ in their content of salt 

(NaCl) but also slightly in other basic food components (e.g. fibre content), the 

experiments were repeated using the best technical control available. This control 

diet, the minimal salt diet (LSD; 0.03%), comprised the identical composition to HSD 

but contained the lowest salt concentration available, even below that of chow 

(0.43%). To test if LSD would have a comparable effect to chow and result in a 

lesser disease severity compared to HSD, WT mice were fed either HSD or LSD 

before and during IMQ treatment.  

 

Independent of the diet, all IMQ-treated mice showed a comparable loss of weight 

(Figure 33A). The aggravated phenotype under high salt conditions disappeared 

when mice were fed a minimal salt diet. This was illustrated, as mice receiving LSD 

showed a significant reduction in change of skin thickness during the whole disease 

course as well as on peak disease on day 4 compared to HSD-fed mice (Figure 

33B). The same tendency was apparent concerning skin barrier integrity, as mice on 

LSD showed slightly reduced levels of TEWL (Figure 33C). Importantly, the clinical 

disease parameters in LSD fed mice were comparable to the disease progression in 

mice receiving chow (Figure 27).  
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Figure 33: Analysis of skin inflammation in IMQ-treated WT mice fed with HSD or LSD. 

(A) Percent change of body weight. (B) Back skin inflammation during the whole disease 

course (left) or peak disease on day 4 (right) represented as a percent change in skin 

thickness compared to untreated skin on day 0. (C) TEWL in back skin during disease 

course (left) and peak disease on day 4 (right). Data are given as means ± SEM (n=8 HSD 

+IMQ, n=16 LSD +IMQ). Analyses were done by (B, C) two-way ANOVA with Bonferroni 

post-test, (day 4) unpaired two tailed t-test.  

 

7.7 Molecular pathways induced by HSD  
 

To determine the molecular mechanisms by which salt mediates the induction of 

effector γδT17 cells and, therefore consequently has an impact on the inflammatory 

phenotype, analyses of the transcriptional response in back skin was performed, 

focusing particularly on regulatory pathways induced by hypertonicity. 

Accumulation of sodium in the tissue was accompanied with the induction of the 

osmosensitive transcription factor Nfat5 as its expression was significantly increased 

under high salt conditions only and was further potentiated by the combination of 

HSD and psoriatic plaque formation (Figure 34A). NFAT5 elicits a genetic program 

of osmoadaptive responses to restore cellular homeostasis. One important target of 

NFAT5 is the serum- and glucocorticoid-inducible kinase 1 (SGK1), which enhances 

Il23r expression due to deactivation of its direct repressor, the Forkhead box protein 

O1 (FOXO1) [164]. No differences were observed in response to HSD concerning 
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either Skg1 or Foxo1 expression (Figure 34A). However, a significant increase in 

Il23r expression could be detected in treated HSD-fed mice in comparison to treated 

WT mice fed with chow.  

Further, it was investigated whether a signature of increased NFAT5 activity was 

detectable. Therefore, downstream targets of NFAT5 were analyzed, which are 

involved in restoring biochemical homeostasis under hypertonic stress, collectively 

known as osmoprotective genes. Except for prostaglandin Ptgs2 and Smit, which 

were significantly increased in treated mice under high salt conditions, the 

transporters Slc5a3 and Bgt1 as well as the enzymes Akr1b1 and Hspa1b showed 

unaltered gene expression (Figure 34B).  

 

 
 
Figure 34: Transcript analysis of the NFAT5-induced osmoadaptive response. RT-

qPCR analyses of the whole skin on day 5 post treatment represented as fold changes 

relative to the average WT expression levels (n=4–12 chow, n=8-20 chow +IMQ, n=4-14 

HSD, n=11–18 HSD +IMQ); results were analyzed by unpaired two-tailed t-test.  
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Beneath the NFAT5-induced osmoadaptive pathway, hypertonicity in the skin can 

be sensed by the sodium channel Nax (Scn7a). This entails an upregulation of 

prostasin (Prss8), which results in an activation of the sodium channel ENaC 

(Scnn1a), leading to an increased sodium flux. This is further accompanied by 

downstream mRNA synthesis of inflammatory mediators [157]. The sodium channel 

Nax (SCN7a) was found to be affected by the high sodium concentrations in the diet 

only in combination with disease induction, where its expression was significantly 

increased (Figure 35). No effect was observable in the expression levels of Prss8 

and Scnn1a on the transcript level. 

 

 
 
Figure 35: Transcript analysis of sodium channels in the skin. RT-qPCR analyses of the 

whole skin on day 5 post treatment represented as fold changes relative to the average WT 

expression levels (n=10–13 chow, n=17-19 chow +IMQ, n=14-15 HSD, n=20–24 HSD 

+IMQ); results were analyzed by unpaired two-tailed t-test. 

 

A high salt environment in the skin was shown to have direct stimulatory effects on 

the migration and activation status of MФ [148]. HSD in IMQ-treated mice resulted in 

a significantly increased expression of the enzyme arginase-1 (Arg1), while no 

differences could be observed concerning nos2 expression. MФ can further release 

a variety of growth factors, including vascular endothelial growth factor-C (VEGF-C) 

and are therefore involved in salt-induced hypertension triggered by 

lymphoangiogenesís, which allows sodium clearance through cutaneous lymph 

vessels. While Vegfc expression increased due to IMQ treatment, no further 

upregulation was detected under high salt conditions (Figure 36).  
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Figure 36: Transcript analysis of selected expression markers of macrophages in the 

skin. RT-qPCR analyses of the whole skin on day 5 post treatment represented as fold 

changes relative to the average WT expression levels (n=6–7 chow, n=7-11 chow +IMQ, 

n=5-6 HSD, n=5–9 HSD +IMQ); results were analyzed by unpaired two-tailed t-test. 
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8. Discussion 
 

 
This study investigates the efficacy of current treatment options in psoriasis, 

focusing on the parallel targeting of IL-12 by anti-p40 therapy and also analyzes the 

impact of high dietary salt intake on the development of psoriasiform inflammation.  

 

8.1 Targeting IL-12 by anti-p40 therapy is 
counterproductive in psoriasis treatment 

 
Psoriasis is a chronic, immune-mediated disease with dramatic effects on life quality 

without a curative treatment available. Currently, ustekinumab is applied for 

moderate to severe psoriasis vulgaris providing good clinical efficacy in psoriasis 

patients [127]. But the parallel targeting of IL-12 and IL-23 questioned if the 

therapeutic activity of the p40-specific antibody Ustekinumab is possibly due to the 

inhibition of the IL-23 and not IL-12 signaling pathway. Furthermore, mechanistic 

data on the putative role of either IL-12 or IFN-γ in psoriatic lesions is still lacking. 

This study aimed to dissect the individual contribution of IL-12 and IL-23 to the 

formation of psoriatic lesions and to estimate the extent of their therapeutic co-

targeting by anti-p40 antibodies.  

In the first step treatment with IMQ in p40–/– mice resulted in a greatly decreased 

psoriatic plaque formation, which is in concordance to the injection of murine IL-

12/23p40 antibody into IMQ-treated WT mice [68]. Thus, both findings in mice 

confirm the reported clinical efficacy of Ustekinumab in psoriasis patients [127], thus 

presuming that parallel inhibition of IL-12 to IL-23 might amplify the drug’s anti-

inflammatory effect.  

At the time point of the development of IL-12p40 neutralizing antiodies, psoriasis 

vulgaris was considered a TH1 effector cell-driven disease with the IL-12/IFN-γ axis 

as the key mediator of pathogenesis [124]. Focusing on its potential role in plaque 

development, this study showed that IFN-γ exerts a pro-psoriatic function in the skin, 

as IMQ-treatment in IFNγ−/− mice resulted in a robust amelioration of the disease.  

This fits to the presence of increased levels of IFN-γ in peripheral blood as well as in 

skin lesions of patients [73, 74, 76]. These levels further showed a positive 

correlation with all indices of disease severity, thus serving as a severity and 

prognostic marker [177]. Moreover, two small pilot studies using a neutralizing 

humanized anti–IFN-γ antibody (Fontolizumab), demonstrated an improvement of 
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inflammatory parameters and disease-related gene expression. Although the 

therapy was well tolerated and safe in psoriasis patients, the clinical efficacy was 

only minimal, suggesting that it might not be the dominant pathway [123]. 

With the discovery of IL-23 [78], more and more data obtained from clinical studies 

as well as mouse models demonstrated the predominant role of IL-23 and its 

downstream effector cytokines IL-17A, IL-17F and IL-22 in psoriasis development 

[39]. This is also supported by increased IL-23p19 and IL-23p40 transcripts in 

psoriatic lesions but not of IL-12p35 [81].  

As IL-12 drives the differentiation of naive T cells into IFN-γ-producing TH1 cells [25], 

the next step was to investigate its causal relationship in the formation of psoriatic 

plaques. Therefore, mice with sole IL-12 deficiency were analysed for their response 

to IMQ treatment. The first key observation in this study was the development of 

significantly more severe skin inflammation in these mice compared to IMQ-treated 

WT mice, which was further accompanied with an increased type 17 immune 

response. This finding strongly contrasts the notion of a dominant pro-psoriatic role 

of IL-12 in the skin. In addition, these observations reveal that the protective function 

of IL-12 in skin inflammation is independent of IFN-γ, which itself was found to be 

pro-inflammatory and to promote plaque formation in this study. 

The finding of a protective function of IL-12 in the skin has been described before in 

the context of UVB-induced inflammation and photocarcinogenesis [178, 179]. Here 

IL-12 exerts its protective function by inducing DNA damage repair, while its 

deficiency is associated with a higher risk of UV radiation-induced skin tumors [180, 

181]. Furthermore, IL-12 reduces UV-specific DNA lesions in keratinocytes and 

supresses their UV-mediated apoptosis [179, 180]. There are also reports showing 

that IL-12 is able to restrain parts of the inflammatory response in organs other than 

the skin as mice deficient in IL-12 signaling were more susceptible to the induction 

of autoimmune inflammation of the central nervous system. In the latter case, 

however, IFN-γ also exerts a partially protective function [182].  

8.1.1 Long-term consequences of IL-12 neutralization in 
psoriasis treatment 

So far, the observations in this study indicate that IL-12, unlike IL-23, has a positive 

effect in the skin affected by psoriasis. This contrasts to the hypothesis of an 

enhanced anti-inflammatory effectiveness by additionally blocking IL-12 and points 

towards a possible counterproductive element in the anti-p40-therapy in psoriasis 

treatment. Concerning the long-term treatment perspective of psoriasis patients 
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receiving anti-p40 therapy it is of pivotal importance to clearly specify all aspects of 

the drugs biological effect.  

An important aspect is the antitumor and antimetastatic role of IL-12. Early studies in 

mice already demonstrated the anti-tumor activity of IL-12 in different murine tumor 

models [183], which are in part mediated by the induction of TH1 and cytotoxic T cell 

responses [184, 185]. The presence of IL-12 at the tumor site further highlights its 

critical role in tumor regression [186]. Although the therapeutic anti-p40 antibodies 

Briakinumab and Ustekinumab are very effective and positively evaluated, different 

clinical trials reported a conspicuously increased rate of cancer after their application 

[187, 188]. This suggests a potential risk of anti-p40 therapy in psoriasis and 

highlights once more the importance and necessity of a more specific targeting 

approach in therapeutic intervention.  

At present, clinical trials highlight the therapeutic efficacy of Ustekinumab in Crohn’s 

disease (CD) as both the IL-12/TH1 and the IL-23/TH17 axis seem to be relevant in 

its pathogenesis [189, 190]. In these studies, Ustekinumab showed similar 

therapeutic efficacy to TNF-α inhibitors [191], the current first line biologic for CD 

and could induce remission in patients who are resistant to TNF-α inhibitors or have 

lost responsiveness over time [192]. Due to its rapid onset of action with high 

response rates, long duration effect and mode of administration, Ustekinumab was 

approved for the treatment of moderate-to-severe CD by the FDA in 2016 and has 

the potential to become the first-line treatment option for CD.  

These data and own data highlight that depending on the organ and the 

inflammatory context, cytokines can mediate different effector functions. Therefore, 

each treatment should aim to target specifically the involved organ and the local 

cytokines involved in the pathogenesis of a disease.  

8.1.2 Future perspectives in psoriasis treatment 

As this study strongly points towards a positive role of IL-12 in the skin and 

discusses the possible consequences of its longterm targeting, the use of IL-12p40 

antibodies in psoriasis treatment has to be revised. The use of IL-17A blocking 

antibodies in this study demonstrates one effective approach to more selectively 

targeting the relevant pathogenic immune responses, as treatment with anti-IL-17A 

significantly reduced skin inflammation in mice. Moreover, mice deficient only in IL-

23p19 signaling (IL23a-/-) developed no visible signs of inflammation, thus targeting 

solely IL-23 might be another targeting approach, which minimizes the risk of 

interference with potential beneficial ones.  
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Currently, data from past and ongoing comparative clinical studies support a 

superior clinical efficacy of mAbs targeting solely the IL-23/IL-17 axis, including 

Secukinumab [132], Ixekizumab [134] and Brodalumab [133] and the IL23p19 

inhibitors, Risankizumab [140] and Guselkumab [141], compared to the former 

approach of targeting the shared subunit of IL-23 and IL-12 with Ustekinumab. At 

that time, no explanation was available for these observations. This thesis provides 

for the first time a novel protective role of IL-12 in the skin that may be of relevance 

for the therapeutic efficacy of selective inhibition of the IL-23/IL-17 axis. This new 

generation of drugs that target specifically the IL-23/IL-17 axis have the advantage 

of leaving the TH1 pathway untouched and thus, consequently sustain the pivotal 

role of IL-12/IFN-γ signaling in anti-cancer immune-surveillance as previously 

discussed. In agreement with the findings presented here, anti-IL-23p19 and anti-

IL17 therapies will replace Ustekinumab in future psoriasis treatment.  

 

Still open is the questions whether specific inhibition of IL-23p19 may offer 

comparable or even higher efficacy to IL-17 inhibitors in the treatment of psoriasis. 

Different outcomes of both inhibitor classes have already been demonstrated in the 

context of colonic inflammation. Here, deficiency of IL-17A aggravates disease 

pathology in murine colitis models [193, 194]. Furthermore, inhibition of IL-17 by 

Secukinumab or Brodalumab in human IBD is not only ineffective, but results in an 

exacerbated disease activity [195, 196], whereas anti-IL-23p19 mAb are highly 

efficient [197]. Plausible explanations for the contraindication of IL-17 inhibitors in 

IBD involve the homeostatic as well as non-immune functions of IL-17A at steady-

state, which are independent of IL-23 signaling. To this effect, IL-17A is deeply 

involved in regular physiological body processes in various tissues e.g. by 

maintaining epithelial cell barrier integrity in the gut [198]. Moreover, its local 

expression in adipose tissue was shown to inhibit adipogenesis and to critically 

regulate glucose metabolism as well as thermogenesis [199, 200]. In contrast, IL-23 

seems to be an essential cytokine, which drives maturation and maintenance of 

pathogenic TH17 cells, thus, contributing to certain autoimmune and chronic 

inflammatory diseases [38]. 

Although targeting IL-17A is efficacious in psoriasis, its contraindication in treatment 

of IBD demonstrates the dramatic consequences of the pleiotropic effects of 

cytokines used as therapeutics and emphasizes the context-dependent immunologic 

roles of IL-17A and IL-23. First results of the ongoing ECLIPSE Phase 3 head-to-

head study, which directly compares the anti-IL-23p19 mAb Guselkumab with the IL-

17A inhibitor Secukinumab, indicates that Guselkumab can be superior to 
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Secukinumab in treating moderate to severe plaque psoriasis in adults 

(clinicaltrial.gov; Identifier: NCT03090100).  

Thus, in psoriasis treatment targeting solely IL-23, leaving the homeostatic functions 

of IL-17 intact, might be a more effective therapeutic approach. Another therapeutic 

alternative would be the targeted delivery of these cytokine blocking drugs directly to 

psoriatic skin, thus, bypassing global cytokine inhibition by means of a tissue 

specific anchor or topical application of smaller therapeutic binders than mAbs. 

 

8.2 IL-12 limits skin inflammation in mice by 
regulating pathogenic Vγ6+ γδT17 cells 

 
In mice it is well described that the main drivers of IMQ-induced psoriasiform 

inflammation are γδT17 cells discriminated by their Vγ4+ TCR. These skin-invading 

dermal Vγ4+ cells were shown to be necessary and sufficient to drive psoriatic 

plaque formation by collective delivery of type 17 signature cytokines into the skin, 

thus, becoming an established marker for disease severity [68]. Although this study 

confirmed Vγ4+ γδT17 cells as main drivers of skin infalmmation in IMQ-treated WT 

mice, in mice with IL-12 deficiency another IL-17-producing γδT cell sub-population, 

identified as dermal Vγ6+ γδT17 cells, aberrantly accumulated in the skin and 

contributed to the aggravated disease phenotype. Their potential to take up a 

pathogenic phenotype corresponds well with a report, in which Vγ6+ γδT cells were 

characterized as an IL-17-producing effector subset with the capability to induce 

psoriatic skin inflammation [103]. This work further demonstrated the biological 

relevance of their pathogenic potential in IMQ-treated WT mice as their frequencies 

positively correlate with disease severity (skin thickness). By the use of loss- and 

gain-of-function experiments, this study generated a conclusive picture in which IL-

12, produced locally in the inflammatory lesion, exclusively protects the skin from 

psoriatic inflammation by restricting the numbers of pathogenic Vγ6+ γδT17 cells, 

independently of IL-23 and Vγ4+ γδT17 cells (illustrated in Figure 37).  

The reason why both γδT17 subsets perform similar effector functions within the 

same tissue, but are differently affected by IL-12 signaling, remains an open 

question. Although a differential regulation program of Vγ4+ and Vγ6+ γδT cells can 

be assumed, a molecular mechanism accounting for these differences is currently 

not known. To answer this question, it would be necessary to perform comparative 

transcriptomic analyses (e.g. next generation sequencing) to gain deeper insights 

into the molecular pathways driving both subsets. 
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8.2.1 Significance of the murine findings for humans  

Although the IMQ model has proven itself to be a valuable experimental system to 

understand cellular TLR-specific interactions, it still remains to be established to 

what extent these findings in mice can be translated into psoriasis of man. While in 

the murine IMQ model IL-12 restrains the invasion of pathogenic Vγ6+ γδT17 cells, 

this response is taken over by a different subset or cell population in man. In 

contrast to murine γδT cells, less is known about the precise nature and subsequent 

steps of functional differentiation of human γδT cells and what exact roles they play 

in host defense, homeostasis and inflammatory skin diseases, like psoriasis.  

So far, less is known about tissue resident subsets, preferentially residing at 

epithelial sites such as the skin [109]. The best characterized subset is represented 

by the one expressing a peculiar semi-invariant Vγ9+Vδ2+ TCR. This subset is 

generated during gestation with pre-programmed effector functions and a restricted 

TCR specificity [201], thus exhibiting some common features to murine γδT cell 

subsets. As their numbers rapidly increase with age by proliferation of already 

existing cells, they form the major blood borne γδT cell effector subset in healthy 

adult peripheral blood [202]. Clinical data from psoriasis patients implicated a 

pathogenic role of Vγ9+Vδ2+ cells as they can exit the blood and highly accumulate 

in the inflamed skin producing high amounts of pro-inflammatory mediators such as 

IL-17A [70, 116]. However, the question if this γδT cell subset represents the 

equivalent to mouse γδT17 cells remains presently unsolved and needs further 

investigation, again by performing comparative studies using next generation 

sequencing technology.  

Previously, another unconventional subset of human Vδ2+ T cells has been 

identified, which does not co-express Vγ9. This subset exhibits a naïve phenotype in 

peripheral blood and can be polarized into different functional effector subsets 

depending on the cytokine milieu and inflammatory signals [203].  

 

There is also the possibility that the equivalent population to murine γδT cells is not 

represented by human γδT cells, but by a cell population, which carries similiar 

functional properties, expressess the same specific molecules/markers or localizes 

in the same tissue [204]. Thus, a possible alternative innate cell population in man, 

which might take over the role of γδT17 cells in mice, is represented by ILC3s. Even 

in mice, ILC3s and γδT17 cells share substantial characteristics, as both specifically 

localize in certain tissues and are innate-like responders with pre-programmed 

effector functions [18].  
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Furthermore, the human skin and in particular the epidermis, is mainly populated by 

CD8+ TRM cells, which are rare in SPF-housed mice due to the lack of immune 

challenges of the skin immune system under this condition. Following infection or 

inflammation, memory CD8+ T cells populate the skin and become long-lived tissue-

resident memory T cells providing a first line of defense against reinfection [205]. 

These cells stay in close contact with the basement membrane displaying a 

dendritic morphology similar to that of DETCs [206]. Moreover, CD8+ TRM cells were 

shown to perform innate immune functions including cytokine secretion upon innate 

signals without any need of TCR engagement comparable to TLRs on innate 

immune cells [207]. Importantly, in mice their formation is accompanied with a 

reduction of DETCs suggesting a competition of both populations for local survival 

signals (e.g. IL-2 and -15) and space within an epidermal niche [208]. Thus, the 

emerging differences in cell populations might not originate between mouse and 

man, but develop between an experienced-mature and an unexperienced-immature 

immune system. Therefore, skin-resident memory T cells might replace innate T 

cells as they compete more effectively for an epidermal niche and take over some of 

their functions.  

 

8.3 IL-12 initiates a tissue-protective response in 
keratinocytes  

 
The accumulation of pathogenic Vγ6+ γδT17 cells in the skin of mice was shown to 

be limited by IL-12. Unexpectedly, γδT17 cells did not directly respond to IL-12 in 

this study, as Il12rb2 was only expressed by DETCs and keratinocytes (published in 

[173]). DETCs respond to IL-12 inducing a type 1 response dominated by IFN-γ 

[176], which did not mediate the observed, protective effect in psoriatic plaque 

formation. Generation of bone marrow/thymocyte chimeras suggested the stromal 

compartment of the skin to be the essential IL-12 signal recipient, as treatment with 

IMQ led to a more severe skin inflammation when IL-12R was absent on the skin 

stroma (published in [173]). Although stromal cells mainly provide an important 

structural component for tissues under physiological conditions, they are also 

involved in the regulation of immune responses by directing immune cell migration, 

activation and survival, as well as their organization within the tissue. Moreover, in 

situations of pathogen threat or during inflammation they can acquire novel features 

[209, 210]. In fibroblasts, signals derived from infiltrating cells such as IL-4, IFN-γ 

and TNF-α can influence the persistence of inflammatory processes by modification 

of their transcriptional profile [211]. Similarly, TNF-α has been shown to interact with 
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both haematopoietic and stromal cells, thus exacerbating epithelial inflammation 

[212]. The observed expression of high levels of Il12rb2 by murine and human 

keratinocytes in this study demonstrates that they are able to respond to IL-12, and 

thus to regulate subsiding immune responses in the psoriatic skin. Moreover, after 

pre-activation with TNF-α, the application of IL-12 to primary human keratinocytes 

resulted in an enhancement of biological processes (e.g. multicellular organismal 

and system development, cytoskeleton rearrangement, published in [173]), which 

are known to be downregulated in psoriatic compared to healthy skin [213]. 

Additionally, similar processes were observed in the comparison of IMQ-treated 

Il12rb2−/− versus WT mice, with the majority of transcriptional changes found in gene 

families involved in tissue structure, keratinocyte differentiation and basement 

membrane integrity (published in [173]). This data fits to the findings by Molenda 

and colleagues, in which they could show that pre-treatment of keratinocytes with 

IL-12 has a modulatory effect on the transcriptional profile, which was initiated by 

UV (e.g. cytoskeletal, junctional, extracellular matrix and signaling proteins, RNA 

processing enzymes), thereby enhancing protective and at the same time 

dampening deleterious processes [214]. Thus, in contrast to its function on 

lymphocytes, under inflammatory conditions the transcriptional profile of murine and 

human keratinocytes is visibly modulated by IL-12, including changes in trafficking, 

tissue structure and remodeling [published in [173]. Identification of common 

regulatory elements in the IL-12-dependent subset of inflammation-regulated genes 

may shed light on the underlying molecular mechanisms of how IL-12 counter-

regulates the transcriptional changes in keratinocytes caused by psoriasiform 

inflammation. 

 

8.4 Nutritional salt shapes the psoriatic skin 
microenvironment through induction of 
pathogenic γδT17 cells  

 
Psoriasis results from an interplay of genetic and environmental risk factors as well 

as involvement of a complex network of inflammatory cells and cytokines. As the 

incidence of psoriasis has increased during recent decades, especially in developed 

countries [215] where no fundamental changes in the genetic basis can be 

expected, lifestyle factors are in the focus to play a substantial part in it [144]. 

Currently, consumption of excess dietary salt (>5g/day) is under discussion to favor 

the development of autoimmunity by increasing the differentiation of naive αβT cells 

into pro-inflammatory TH17 cells [163, 164]. Thus, the second aim of this study was 
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to investigate the effect of high dietary salt intake on psoriasis development. 

Therefore, psoriatic plaque formation was induced in wildtype mice fed with high salt 

diet using the IMQ-model. Special focus was put on γδT cells as critical triggers in 

psoriasis development and important producers of IL-17.  

This study shows that excessive intake of dietary salt exacerbates skin inflammation 

by priming the skin-resident immune system towards a pro-inflammatory 

environment with a type 17 signature, thereby promoting immune-pathogenic 

processes. This is in concordance with the findings in other murine models of 

autoimmune diseases, where HSD also accelerated the onset and aggravated 

disease severity of e.g. EAE and IBD due to higher frequencies of IL-17-producing 

CD4+ T cells [163, 168]. Furthermore, supportive human data comes from studies 

on MS patients, showing that increased sodium concentrations found within 

inflammatory lesions are associated with greater disability and worse clinical 

progression [216, 217]. 

Studies in rats on HSD [153] as well as long-term observations in humans [149, 150] 

identified the skin as one major kidney-independent Na+ reservoir. As this storage is 

dynamic and can be actively induced, the skin is able to regulate its own electrolyte 

microenvironment by creating a local osmotic Na+-gradient from epidermis to 

dermis, which has functional implications [152, 153]. Thus, focusing on skin tissue-

resident γδT cells as local drivers of psoriasiform skin inflammation revealed that 

high salt intake had some remarkable effects on Vγ6+ γδT cells. These cells 

increased in number in the skin, even in absence of any inflammatory stimuli, 

whereas Vγ4+ γδT cell numbers did not change dramatically. The fact, that the 

inflammatory effects of HSD are not limited to αβT cells, was recently shown as 

induction of colitis in HSD-fed RAG-/- mice, which lack mature B and T cells, induced 

detectable signs of inflammation, suggesting an involvement of innate, tissue 

resident IL-17-producing cells, like ILC3s and γδT cells [218]. 

More importantly, the accumulation of Vγ6+ γδT cells under high salt conditions was 

causative for disease aggravation as HSD-fed Vδ1-/- mice did not show the high salt-

induced disease phenotype. These observations favor the notion that in a high salt 

environment, rather than Vγ4+ γδT cells, Vγ6+ γδT cells are the dominant and critical 

source of IL-17A, thus, contributing to the exacerbated formation of acute 

psoriasiform lesions (Figure 37).  

At present, it is unclear if skin-invading Vγ6+ γδT17 cells can directly sense and 

respond to elevated salt concentrations as opposed to Vγ4, which might not be able 

to. Preliminary in vitro data indicate that γδT cells are indeed directly affected by an 

increase of sodium concentration and respond with increased IL-17A production 
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(data not shown). The future steps for this work will be to confirm in vitro the high 

salt-induced expression of higher IL-17A levels by the Vγ6+ γδT cell subset. Besides 

performing these additional in vitro studies, it should be taken into account that also 

other cells could be involved as direct responders to high salt conditions. Potential 

responders in the skin could be ILCs [68] and stromal cells [157]. Thus, high salt 

intake in the skin may affect the cellular activity of stromal cells by e.g. inducing 

transcriptional modifications, which in turn could alter the local immune cell 

composition. Due to the cross-talk between lymphocytes and stromal cells, salt 

might therefore indirectly regulate Vγ6+ γδT cells by creating an environment that 

supports their accumulation and survival in the skin, making them competitive to 

other cell populations.  

8.4.1 Molecular mechanism of the high salt induced effect on 

γδT17 cells 

So far, the postulated underlying molecular mechanism how naive CD4+ T cells are 

polarized into TH17 cells under high salt conditions includes the involvement of 

p38/mitogen-activated protein kinase (p38/MAPK), nuclear factor of activated T 

cells-5 (NFAT5) as well as serum- and glucocorticoid-inducible kinase 1 (SGK1)-

dependent signaling [163, 164, 219]. A high sodium concentration increases the 

phosphorylation of p38/MAPK, which induces the expression of Nfat5 and thus 

activates SGK1. This further leads to enhanced Il23r expression by deactivation of 

its direct repressor, the Forkhead box protein O1 (FOXO1) and as a consequence to 

an enhanced TH17 cell differentiation [164]. 

In this thesis a significant induction of Nfat5 expression was detected in the skin of 

HSD-fed mice with further increase after disease induction, while Sgk1 and Foxo1 

were neither up- nor downregulated in response to HSD. For Il23r expression a 

significant increase was observed in mice on HSD, but only after IMQ treatment. 

This would fit to an increase of cells carrying the IL-23R, like γδT17 cells and to an 

increased amount of IL-23R on the surface of these cells, but it may also not 

necessarily be associated with an induction of this receptor by SGK-1. It should be 

noted that the time-point of transcriptional analysis may be critical, as SGK-1 is a 

kinase and might therefore rapidly change its expression in the inflammatory 

process. This has been demonstrated by a recent study, which analyzed the 

expression levels of Sgk1 in colon tissue after oral administration of a high 

concentrated salt solution. Here, an increase in Sgk1 was only measurable after 

90 min, whereas it decreased after 120 h or 3 weeks of HSD consumption [218]. 

Therefore, in the current work Sgk1 expression might increase within hours at the 
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beginning of HSD consumption and then further decreases to normal levels during 4 

weeks of HSD, due to compensatory mechanisms.  

Although an increase of Nfat5 expression was detected no osmoprotective response 

signature was observed in the skin (unaltered expression of NFAT5 downstream 

effector molecules e.g. Slc5a3, Smit, Ptgs2). This could mean that no osmotic stress 

is induced in the tissue by the diet or that NFAT5 exerts a more cell and context-

specific functional role through alternative pathways, as NFAT5 is able to induce 

cell-specific gene expression in e.g. MФ, T and B cells under hypertonic conditions 

[158, 220, 221]. The discovery of additional pathways of NFAT5, especially in T 

cells, and the conditions on which they become induced, may give a deeper insight 

into its functional role. 

Additionally, perturbations of epithelial sodium homeostasis are sensed by the 

sodium channel Nax (SCN7a). Its activation manipulates sodium flux through 

upregulation of prostasin (PRSS8) and activation of ENaC (Scnn1a) on 

keratinocytes and is also regulated, at least in part, by NFAT5 and SGK-1 [157, 

222]. As an induction was only observed for Nax by the combination of HSD and 

disease, further analyses of Nax, prostasin and ENaC expression levels, specifically 

in keratinocytes, are necessary. This will evaluate if they play a decisive role during 

HSD and are involved in the aggravated disease phenotype by increasing synthesis 

of inflammatory mediators (PTGS2, IL-1β, IL-8) [157].  

A hypertonic microenvironment due to increased Na+ concentrations in the skin was 

shown to act as a chemotactic stimulus for infiltrating MΦ, which become activated 

and support the antimicrobial host defense in the skin in situations of bacterial skin 

infections in mice and humans [148]. Moreover, HSD in EAE-diseased mice led to a 

polarization of MΦ into MΦ1 effector cells, which infiltrate the cetral nervous system 

and contribute to a more severe disease phenotype, while the development and 

functionality of alternative MΦ2 is impaired [161, 162]. However, the results 

presented in this thesis do not sustain a potential involvement of MΦ, as expression 

of Arg1 (MΦ2), nos2 (MΦ1) as well as Vegf-c remained unaltered.   

The lack of alteration in gene expression (sodium channels, NFAT5 and 

downstream molecules) could be attributed to the fact that whole tissue lysates were 

used for the analysis. These qPCR experiments are therefore limited in resolution 

and the measured effects are integrals of different independent effects in different 

cells of the tissue. Thus, it is of special interest to further analyze the relevance of 

the discussed pathways, specifically in γδT cells, and to uncover potential additional 

mechanisms, contributing to the inflammatory effects triggered by high salt. One 

difficulty concerning γδT cells, especially the individual subsets, will be their highly 
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limited number, which makes it often difficult to get enough material. Therefore, a 

small molecule screen of FACS sorted γδT cell subsets from either HSD-fed mice or 

from WT mice with subsequent in vitro expansion under high salt conditions is now 

investigated. A following gene expression analysis of these sorted/harvested cells is 

planned by either qPCR or, what might be an even better approach, with RNA 

sequencing. The advantage of RNA sequencing is provided by the sensitive 

analysis of the whole transcriptome, which includes mRNA as well as non-coding 

and small RNA, in a single cell assay without the limitation of prior knowledge. 

Moreover, to verify the involvement of NFAT5 or SGK-1, these molecules will be 

specifically inhibited by the use of small molecule inhibitors or silencing short hairpin 

RNA in in vitro cultured γδT cells with subsequent analysis of the cytokine profile. 

The use of knock-out mice lacking one of these factors in γδT cells will provide 

additional prove in vivo.  

8.4.2 Impact of high salt diet on the skin microbiome  

In addition to its direct immune effects, salt might also affect the composition of the 

skin microbiome leading to transient or persistent modifications in the resident 

bacteria [223]. So far, a first published study only focuses on the influence of HSD 

on the gut microbiome, demonstrating the suppression of several intestinal bacteria 

by HSD, with species of Lactobacillus spp. being nearly depleted in mice and 

reduced intestinal survival in humans. Supplementation of this species ameliorated 

the salt-induced aggravation in the EAE-model by reduction of TH17 cells [224].  

Preliminary collected data already identified changes in the skin microbiome when 

mice received HSD for one week without disease induction (data not shown). 

Striking in this context was the reduced alpha-diversity after HSD, which can be 

explained by the dominance of a fewer number of bacterial phyla, mainly Firmicutes, 

above all others. This can be due to their halophilic or halotolerant characteristics in 

addition to an inhibitory effect of salt on the other bacteria. A deeper look into the 

sub-species revealed an increase of the pathogens Aerococcus viridans and 

Staphylococcus lentus, which may display harmful effects under longer periods of 

HSD. These changes in the skin microbiome could further influence local T cell 

functions through their capacity in tuning the local innate immune milieu. Under 

inflammatory conditions these findings might have even more relevance as the skin 

microbiome of psoriasis patients already differs from healthy subjects by means of 

reduced community stability and decreased levels of immunoregulatory bacteria 

(e.g. Staphylococcus epidermidis, Propionibacterium acnes). A potential 

consequence is the colonization of lesional skin with pathogens (e.g. 
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Staphylococcus aureus), which might aggravate cutaneous inflammation via the 

type 17 axis [225]. To further analyze the possible impact of the HSD-induced 

bacteria on disease aggravation, they should be isolated and applied on mouse 

skin. This may unravel if the abundance of specific commensal bacteria that 

populate the skin under HSD affects Vγ6+ γδT17 cells by supporting their 

accumulation in specific skin niches.  

 

8.5 Conclusion  
 

In summary, this study indicates that targeting IL-12 by anti-p40 therapy is 

counterproductive in psoriasis treatment as it exerts a positive effect in the skin 

affected by psoriasis. Furthermore, this study identifies a direct communication of IL-

12 with the stromal microenvironment and presents a new concept of how the local 

stroma can be modified by a single cytokine. This modification of tissue structure by 

IL-12 might open or close a cellular niche, which in turn might allow specific immune 

cell subsets to populate and accumulate in the tissue. It has to be considered that 

IL-12 might not exclusively mediate its anti-psoriatic effect through the keratinocyte 

compartment. Therefore screening of additional IL-12-responsive cell types e.g. 

other tissue forming cells, like fibroblasts, mesenchymal cells or nerve cells will be 

necessary. Depending on the type of stromal cell involved and its cellular activity, 

the composition of adaptive and innate immune cells may differ, which could 

determine the outcome of immune responses in autoimmune and inflammatory 

diseases. Although this study demonstrated that, in absence of IL-12R on murine 

keratinocytes and under high salt condition, the affected immune cell population 

contributing to the aggravated disease phenotype is represented by pathogenic 

Vγ6+ γδT17 cells (illustrated in Figure 37), in humans this function might be carried 

out by other cell types.  

Furthermore, this thesis provides evidence that besides a single cytokine, also a 

single nutritional component has the ability to modulate not only adaptive, but also 

innate immune cells as well as their responses. Therefore, dietary salt represents 

one possible lifestyle factor that, in combination with others (e.g. infection, injury), 

can trigger psoriasis development (illustrated in Figure 37).  

Future studies on the compartmentalization and dynamic regulation of salt in distinct 

tissues will be necessary to discover the full repertoire of the immunomodulatory 

effects in health and disease. Currently, only few human studies are available, which 

suggests an association between high salt intake and development of immune-
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mediated diseases [169, 170]. Robustly powered prospective intervention studies of 

high salt-consuming individuals and their risk for developing autoimmune diseases 

with strong type 17 components (e.g. MS, psoriasis) as well as clinical trials studying 

the effect of salt restriction in patients already suffering from them are missing until 

now. Considering excessive salt intake as a potential risk factor for autoimmune 

diseases, including psoriasis, EAE or IBD, salt restriction and development of salt-

lowering treatments may have potential clinical relevance in alleviating the disease 

severity of affected patients.  

 

 

 
Figure 37: Protective function of IL-12 in the skin and the effect of high dietary salt 

intake on the development of psoriatic plaque formation. New concept of how the local 

stroma can be modified by IL-12, which counter-regulates changes in keratinocytes induced 

by inflammatory stimuli, while in absence of IL-12R on murine keratinocytes pathogenic Vγ6+ 

γδT17 cells accumulate in the skin contributing to psoriasis development. Dietary salt is one 

possible lifestyle factor with the ability to modulate innate immune cells as well as their 

responses, thus triggering psoriasis development. 
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