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Abstract 

 

Regulatory T cells (Tregs) are crucial controllers of inflammation. Patients with 

a genetic defect in the lineage defining transcription factor Foxp3 suffer from a 

broad spectrum of autoimmune diseases, including early manifestation of 

various types of skin inflammation. However, our knowledge about the 

properties of skin resident regulatory T cells under homeostatic and pathologic 

conditions and in particular in inflammatory diseases of the skin such as 

psoriasis is limited. 

In order to address this open question, phenotypic characterization and 

transcriptomic analyses of murine skin Tregs were performed. The majority of 

CD4+ T cells in homeostatic skin express the transcription factor Foxp3. These 

Tregs show a unique profile, are mainly thymic derived nTregs and are 

enriched in markers associated with a highly suppressive phenotype such as 

CD25, CD103, IL-10, ST2, and GATA-3. To delineate the role of Tregs in 

psoriasis-like inflammation, the imiquimod model of psoriasiform inflammation 

was used. Tregs are significantly increased during skin inflammation and retain 

their suppressive phenotype and trancriptome. Treg depletion before and 

during imiquimod treatment led to exacerbated inflammation and dense 

leukocytic infiltrate in the dermis and epidermis. Furthermore, the exacerbated 

inflammation was characterized by a significant increase in IL-12 and 

infiltration of IFN-γ and TNF-α producing, T-bet+ CD8+ and CD4+ T cells. IL-23 

and IL-17 secreting dermal γδ T cells are pathogenic in the imiquimod model, 

but their cell numbers decreased in the absence of Tregs. Functional 

experiments demonstrated that myeloid-derived type I Interferon drove the 

exacerbated inflammation, which was dependent on CD4+ and CD8+ T cells. 

In conclusion, skin Tregs have a protective role in psoriasis-like inflammation 

and depletion of Tregs causes disease exacerbation and triggers an altered 

cytokine profile and cellular infiltrate. These findings assist in our 

understanding of tissue resident Tregs and how they maintain homeostasis 

and prevent inflammation in the skin. 
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Chapter 1. Introduction 

 

The skin is the body’s largest organ. It forms the interface between our body 

and its environment and fulfils several vital roles. As a barrier surface the skin 

prevents entry of noxious organisms and chemicals while also allowing 

perspiration and preventing excessive water loss. It is an important sensory 

organ and plays a central role in controlling our body temperature but also 

provides us with vital vitamin D. The skin is fundamental for the protection of 

our internal organs and is often faced with external insults. However, the skin 

has great adaptive capacity and usually returns to a homeostatic state after 

facing physical or biological challenges such as injury or infection. 

Nonetheless, when it is unable to do so, skin diseases can arise. (Goldsmith et 

al., 2012) 

Skin diseases are multi-factorial and can involve external factors such as UV-

radiation, infections and trauma as well as internal factors such as genetic 

predisposition, internal diseases and psychological factors (Figure 1.1) (Weller 

et al., 2015). 

The immune system of the skin is vital for maintaining its physiological function 

and contributes to the restoration of homeostasis after injury and inflammation. 

The skin contains many immune cells of different ontogeny and distinct 

function that together comprise the skin-associated lymphoid tissue (SALT). 

Impairment of components of our skin’s immune system can contribute to 

prolonged inflammation and chronic diseases of the skin (Pasparakis et al., 

2014). 
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Figure 1.1. Internal and external factors underlying skin disease 
 
External noxious influences and internal factors can lead to the development of skin diseases 
Adapted from Weller et al, 2015. 
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1.1. The Immune System of the Skin 

1.1.1. The anatomic distribution of the skin immune system 

 

The epithelium and connective tissue make up the majority of the cellular mass 

in the skin. Although most cell types are shared between mouse and human 

skin, there are considerable differences that should be considered when 

research findings are translated between the two species (Pasparakis et al., 

2014) (Figure 1.2).  

The epithelium of the skin can be divided into the follicular and interfollicular 

epidermis and is largely composed of keratinocytes (KC). While these two 

components constitute similar fractions of the skin in rodents, due to the 

drastically reduced body hair of humans, the interfollicular epidermis makes up 

the majority of the outer layer of human skin. The functional differences 

between these two areas are the subject of ongoing investigations and will 

help us interpret species-specific disparities that are observed. In the mouse 

the epidermis consists of only 3-4 layers of KC that sit on a basement 

membrane, whereas it is made up of 6-10 layers in humans. The main 

component of the outermost layer of the epidermis is keratin. Together with 

antimicrobial peptides and lipids it forms an efficient physical barrier to the 

environment. The differentiation process of KC is accompanied by structural 

and functional changes that give the epidermis a stratified appearance, which 

is more prominent in humans than mice (Wikramanayake et al., 2014). At hair 

follicles, the epidermis protrudes deeply into the dermis.  
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At steady state, immune cells in the epidermis are present in slightly different 

proportions in humans vs. mice. The most prevalent immune cells in humans 

are Langerhans cells (LC) and CD8+ T cells. In mice however, a distinct 

population of γδ T cells with a Vγ5 chain and a dendritic appearance that gives 

them the name dendritic epidermal T cells (DETC) is abundant (Pasparakis et 

al., 2014). 

The dermis is largely composed of extracellular matrix. Fibroblasts, fibrocytes 

and immune cells make up the majority of cells in the dermis with blood and 

lymphatic vessels connecting it to the circulation. Both, lymphatic and blood 

vessels are absent in the epithelium at steady state. In humans and mice a 

variety of myeloid cells are present in the dermis at steady state and disease. 

Dendritic cells (DC) can be largely divided into two groups: CD103+ DC in 

mouse, the equivalent of human CD8+ migratory DC in lymph nodes, and 

CD11b+ DC (Merad et al., 2013). The macrophage population at steady state 

has recently been described as more diverse than previously recognized, with 

a pool of macrophages established independent of blood precursors and a 

short-lived blood derived population (Tamoutounour et al., 2013). 

T cells in the dermis are mainly CD4+ T cells with a memory phenotype (Clark, 

2015). In the mouse about half of this population are Foxp3+ regulatory T cells 

(Tregs). In humans, Tregs make up about 15-25% of CD4+ T cells, reaching a 

very high proportion compared to other organs. Mast cells are found in the 

dermis in steady state conditions and contain granules with preformed immune 

mediators such as histamine that allows immediate reaction to insults and 

infection (Harvima & Nilsson, 2011). More recently, a small proportion of innate 
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lymphoid cells (ILC)s, mainly ILC2 and ILC3 have been described at steady 

state in human and mouse dermis (Kim, 2014; Salimi et al., 2013). 
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Figure 1.2. The immune system of the skin 
 
Schematic overview of the key components of the skin immune system in mouse and human 
skin 
 
Image reprinted with permission from Pasparakis et al, 2014; Nature Reviews Immunology 
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1.2. Innate immune system 

1.2.1. Cellular components 

 
Epithelium 

The epidermis is a stratified squamous epithelium and forms the outermost 

layer of the human body. It consists predominantly of epidermal keratinocytes 

that form several distinct layers. The stratum basale contains proliferating KC, 

which undergo constant low-level cell division and differentiation as they 

migrate upwards through the stratum spinosum and stratum granulosum 

towards the stratum corneum (Figure 1.2). The cells of the basal layer are 

linked to the underlying basement membrane that forms the dermo-epidermal 

junction separating the two sheets of the skin. KC are tightly connected to each 

other facilitating the formation of a physical barrier. The pH of the outermost 

epidermal layer, the stratum corneum is acidic (pH ca. 5) and contains little 

water. This composition makes it a hostile environment for many pathogens. 

However, the skin is colonized by commensal microbiota that prevents 

infections by competition with pathogens and can contribute to epithelial and 

immune-cell homeostasis (Grice & Segre, 2011) (Belkaid & Segre, 2014).  

Three distinct additional cell types are also present in the epidermis. 

Melanocytes synthesize melanin that is crucial for protection against damaging 

UV radiation. Merkel cells are highly adapted sensory cells and are 

transducers for fine touch. Langerhans cells (LC) are antigen presenting 

mononuclear phagocytic cells that originate from embryonic macrophages and 

are key contributors to many immune responses.  
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Mononuclear phagocytes: macrophages / monocytes and dendritic cells 

Macrophages, monocytes and DC are members of the mononuclear 

phagocyte (MNP) system. However, the origin and development of these cells 

and their distribution in the tissues is complex and has not been fully 

elucidated to date. Based on recent studies of the ontogeny of MNP three 

groups have been proposed: embryonically-derived macrophages, common 

DC precursor-derived classical DC (cDC) and monocyte-derived cells that 

include monocytes, tissue macrophages, and a population of monocyte-

derived DC (Guilliams et al., 2014).  

 

Macrophages 

Macrophages are professional phagocytes that scavenge the tissues for 

intruding microbes and take up any encountered invading pathogens or 

damaged cells. This process involves acidification of the phagocytosed 

compounds and production of antimicrobial peptides such as defensins and 

enzymes such as lysozymes and hydrolases (Murray, 1979). 

Traditionally, blood monocytes were thought to be precursors of all tissue 

macrophages at steady state (van Furth & Cohn, 1968). However, specific 

subsets of tissue resident macrophages such as microglia of the brain and 

Kupfer cells in the liver have been described as self-sufficient populations 

derived from the yolk sac before birth and are independent of haematopoiesis 

in later life (Ginhoux & Jung, 2014; Merad et al., 2013). Similarly, the 

macrophage pool in the skin has been shown to be in part established 

prenatally and in part replenished continuously throughout life by blood-derived 

monocytes that express the CC-chemokine receptor 2 (CCR2) and Ly6C 
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(Geissmann et al., 2010; Jakubzick et al., 2013; Tamoutounour et al., 2013). 

Once extravasated CCR2+Ly6Chigh monocytes enter the dermis, CCR2 

signaling is dispensable for their maintenance in the tissue (Tamoutounour et 

al., 2013). It appears that a subset of these cells matures into monocyte 

derived DC. Even though the progeny of these cells are CCR2+ blood derived 

monocytes, phenotypically and transcriptionally they more closely resemble 

cDC in the skin than the related dermal macrophage population and are 

termed monocyte derived DC (moDC) (Tamoutounour et al., 2013). In healthy 

murine skin, macrophages are replaced at a much slower rate than the short-

lived cDC or monocyte derived DC (Malissen et al., 2014). A recent study 

identified MNP as being positioned near dermal capillaries where they actively 

recruit neutrophils from the blood to the infected tissue (Abtin et al., 2013). 

Further research suggests that the relative percentage of dermal MNP derived 

from extravasated Ly6Chigh monocytes increases with repeated infections of 

the skin (Abtin et al., 2013). 

 

Dendritic cells 

DC are professional antigen presenting cells (APC) that arise from common 

DC precursors in an Flt3L-dependent manner (Liu et al., 2009). They bridge 

the gap between the innate and adaptive immune system by migrating to the 

lymph node where they present captured and processed antigens to T cells via 

major histocompatibility complex (MHC) class I and II molecules. DC comprise 

diverse subtypes including cDC, plasmacytoid DC (pDC) and moDC.  

cDC in the skin can undergo ‘homeostatic maturation’, a process that is 

independent of microbial signaling and in which morphological and phenotypic 
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changes prompt cell migration to the draining lymph nodes. Here they present 

self-antigens of the skin which may trigger abortive programs in autoreactive T 

cells or keep naïve T cells alert for antigen encounter (Wilson et al., 2008). 

Upon activation by foreign antigen, cDC are subject to terminal differentiation. 

Under these circumstances they upregulate co-stimulatory molecules and 

transport antigens to the lymph node where they activate naïve T cells and 

promote their clonal expansion. However, this interaction is reciprocal and T 

cells can instruct cDC by altering their cytokine profile or level of co-stimulatory 

molecules expression (Chorro et al., 2009; Muth et al., 2012).  

CD11b+ and CD11b- DC in the skin originate from blood derived pre-cDC 

progenitors. CD11b- DC express langerin (CD207), and have similar ontogeny 

to the CD8α+ DC in lymph nodes (Crozat et al., 2011; Poulin et al., 2007). 

CD11b+ dermal DC are the most abundant DC population in the dermis.  

Langerhans cells were traditionally regarded as classical tissue DC. However, 

it has become evident that LCs are seeded during embryonic development and 

are self-replenishing without the input of blood precursors. These cells are 

radio-resistant and depend on CSF1R signaling and express MHC II, langerin 

and CD11c. They are confined to the epidermis where they are capable of 

extending their dendrites through the stratum corneum and thus probe the 

environment for antigens (Ouchi et al., 2011). They are in constant contact with 

KC through E-cadherin but upon maturation, LCs are capable of migrating to 

the dermis and subsequently to lymph nodes in a similar manner to cDC 

(Kissenpfennig et al., 2005). Several distinct and sometimes contrasting 

functions have been reported for LC ranging from immunosuppressive 

functions in contact hypersensitivity (CHS) models and induction of Tregs in 
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allergic contact dermatitis to promoting T helper 17 (Th17) cells in response to 

cutaneous Candida albicans infection (Bobr et al., 2010; Gomez de Agüero et 

al., 2012; Igyártó et al., 2011). Langerhans cells sit at the very forefront of our 

body’s barrier and are equipped with various capabilities to react to external 

and internal signals. It therefore seems plausible that they retain a certain 

degree of functional plasticity to react to and integrate the diverse signals to 

which they are continuously exposed. 

pDC are a rare and unique subset of DC that are mainly found in the blood and 

lymphoid tissues. They are capable sensing foreign nucleic acids through 

endoplasmatic Toll-like receptors (TLR) and produce large amounts of type I 

interferon (IFN-I) upon activation (Merad et al., 2013). pDC are absent from the 

skin at steady state conditions. 
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Innate lymphoid cells 

Innate lymphoid cells (ILC) are more recently discovered members of the 

innate immune cell family and are increasingly recognized as important players 

of innate immunity at tissue sites. They have a lymphoid appearance, express 

CD45, and function independent of rearranged antigen specific surface 

receptors. They are mostly dependent on the common cytokine receptor γ-

chain (IL-2RG) for development as well as maintenance (Spits et al., 2013). On 

the basis of their transcription factor profile, developmental pathways, and 

cytokine profile, they are divided into three distinct groups termed Group 1, 

Group 2, and Group 3 ILC (Spits et al., 2013). 

Similar to T helper 1 (Th1) cells, Group 1 ILCs produce the hallmark cytokine 

IFN-γ and express the transcription factors T-bet, NFil3 and Eomes (Gordon et 

al., 2012). They comprise natural killer (NK) cells and the distinct non-cytotoxic 

ILC1s. There is some degree of plasticity between ILC1 and Group 3 ILC, the 

later giving rise to the former in certain conditions under the influence of IL-15 

and IL-12 (Bernink et al., 2013). ILC1 contribute to intestinal inflammation in 

patients suffering with Crohn’s disease and in mouse models of colitis (Bernink 

et al., 2013). These cells have also been identified in the skin, however their 

function in skin disease and homeostasis remains to be elucidated (Kim, 

2014). 

Group 2 ILC express the transcription factor GATA-3 and secrete the Th2-

associated cytokines IL-5 and IL-13 when stimulated with PGD2, IL-25, IL-33 

and/or TSLP (Fort et al., 2001; Hurst et al., 2002; Xue et al., 2014). They have 

been well characterized in the gut and the lung and contribute to parasite 



 13 

expulsion (Fallon et al., 2006), epithelial regeneration (Monticelli et al., 2011) 

and airway hyper reactivity (Chang et al., 2011). 

ILC2 have been identified in mouse and human skin biopsies and are present 

in altered numbers in patients with atopic dermatitis (AD) and animal models of 

the disease, supporting a contribution of ILC2 towards the pathogenesis of AD 

(Roediger et al. 2013; Kim et al. 2013; Salimi et al. 2013). Interestingly, recent 

findings in human skin have highlighted that resident ILC2 can respond rapidly 

to cytokines such as IL-33, IL-25 and TSLP as well as lipid mediators such as 

PGD2; these agents also contribute to ILC2 recruitment. Activated ILC2 

amplify adaptive T cell responses by presentation of antigens via MHCII 

(Oliphant et al. 2014 and unpublished observations Salimi et al.) These data 

suggest a complex and context dependent function of ILC2 in orchestrating a 

response to infection and regulating tissue homeostasis. 

Group 3 ILC comprise the distinct lymphoid tissue inducer cells, NCR+ ILC3 

and NCR- ILC3. These are similar to Th17 cells as they depend on the 

transcription factor RORγt and are capable of producing IL-17A as well as IL-

22 either singly or in combination, depending on the cell subset and model 

studied (Spits et al., 2013). ILC3 mediate pathology in murine colitis models 

and accumulate in human IBD (Buonocore et al., 2010; Geremia et al., 2011). 

ILC3 have been described to promote pathology in a mouse model of 

psoriasiform skin inflammation, where they contribute to disease by producing 

IL-17 and IL-22 (Pantelyushin et al., 2012). Further research undertaken in 

ILC-deficient mice lacking RAG and IL-2RG, showed marked reduction in 

symptom severity (Pantelyushin et al., 2012). Subsequently, it has been 

revealed that they are enriched in blood and skin biopsies taken from psoriasis 
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patients, suggesting a potential direct contribution to disease pathogenesis 

(Teunissen et al., 2014; Villanova et al., 2014). 
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1.2.2. Immune sensing in the skin 

 

The innate immune system of the skin provides an effective first line of defence 

against invading pathogens. The expression of germ-line encoded pattern 

recognition receptors (PRRs) allows pathogen detection and subsequent 

initiation of an inflammatory response. Epithelial cells, fibroblasts and resident 

innate and adaptive immune cells in the skin express PRRs (Demaria et al., 

2014; Lai & Gallo, 2008). The expression of PPRs varies among immune cells 

and reflects their specialized responses. PRRs recognize pathogen-associated 

molecular patterns (PAMPS) that can be of lipid, protein or nucleic acid origin. 

Engagement of PRRs leads to cell activation, maturation and cytokine 

secretion.  

Toll-like receptors (TLRs) are a well-described family of PRRs and are 

expressed in many cell types found in the skin where they respond to distinct 

fungal, bacterial, protozoan and viral ligands (Janeway & Medzhitov, 2002; 

Miller, 2008). TLRs can be categorized by their cellular location. TLR1, TLR2, 

TLR4, TLR5 and TLR6 are located on the cell surface whereas TLR3, TLR7, 

TLR8 and TLR9 are located in the cytosol or intracellular compartments (Lai & 

Gallo, 2008). All TLRs initiate a signalling cascade via myeloid differentiation 

primary response protein 88 (MyD88) or TIR-containing-domain adaptor-

inducing interferon-β (Trif, only TLR3) that ultimately leads to secretion of 

cytokines, chemokines, AMPs and co-stimulatory molecules (Gay et al., 2014). 

MyD88 or Trif activation leads to proinflammatory responses via IκB kinase 

(IKK) complex/nuclear factor-κB (NF- κB) activation and induction of mitogen-

activated kinases (MAPKs)/activator protein 1 (AP1) pathways. It further 
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induces interferon regulatory factor (IRF) 7 and IRF3 that promote IFN-I 

production (Gay et al., 2014) (Figure 1.3). 

 

TLR2 can form homodimers with TLR1 or TLR6 and recognizes bacterial 

lipopeptides. Engagement of TLR2/1 in skin resident MNP triggers events that 

lead to production of AMPs by increase of vitamin D synthesis and 

upregulation of the vitamin D receptor (Liu et al., 2006). Similarly skin injury 

leads to TLR2 activation in KC that triggers production of AMPs via a vitamin D 

dependent pathway (Schauber et al., 2007). TLR2 as well as TLR4 

upregulation in wounds has been associated with impaired healing in diabetic 

skin and burn injury (Breslin et al., 2008; Dasu et al., 2010). Genes involved in 

the TLR4 pathway are upregulated in skin of patients with systemic sclerosis 

(SSc), an autoimmune disease with progressive fibrosis of several organs 

including the skin (Stifano et al., 2014). Chronic skin exposure to the TLR4 

ligand LPS mediates early as well as late inflammatory responses that lead to 

prolonged inflammation and induce pro-fibrotic pathways via TGF-β (Stifano et 

al., 2014). These results suggest a potential connection of microbe sensing 

and fibrosis in the skin. TLR2/6 ligands from S. aureus as well as the synthetic 

ligand Pam2Cys initiated an IL-6 mediated immunosuppression through 

induction of myeloid-derived suppressor cells. This interaction prevented 

elicitation of cutaneous hypersensitivity, revealing a microbe driven TLR 

dependent protective effect (Skabytska et al., 2014). However, a previous 

study using a different hypersensitivity model revealed conflicting results as 

TLR2 ligation by S. aureus products exacerbated skin inflammation by 

suppression of IL-10 (Kaesler et al., 2014).  
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This suggests a highly selective and dynamic regulation of inflammation and 

immunosuppression mediated by bacterial sensing. This could be a 

mechanism by which the immune system discriminates between pathogenic 

and non-pathogenic organisms at barrier surfaces such as the skin. The TLR 

pathway might also present an opportunity for potential therapeutic intervention 

at early stages of diseases that involve skin fibrosis and scar formation.  

 

Most intracellular sensors are nucleic acid (NA) receptors that sense 

intracellular single- (ss) or double-stranded (ds) viral DNA and RNA and are 

divided by their cytosolic and endosomal distribution. TLR3, TLR7, TLR8 and 

TLR9 are located in endosomes and sense viral nucleic acids after uptake 

through scavenger receptors or Fc receptors (Demaria et al., 2014). The 

endosome is further connected to the cytoplasm via autophagy, which 

facilitates a crosstalk between the compartments. TLR9 senses microbial DNA 

via CpG-containing DNA motifs whereas single stranded RNA is sensed by 

TLR7 and TLR8 (Gay et al., 2014). TLR3 recognizes viral dsRNA and leads to 

secretion of IFN-I via TIR-domain containing adaptor protein inducing IFN-β 

(TRIF) and activation of the tank binding kinase 1 (TBK1)-IRF3 pathway 

(Tanaka et al. 2012). 

Cytosolic NA sensors include several distinct proteins including IFI16, DAI, 

cGAS and RNA polymerase III. They all signal via the endoplasmatic reticulum 

transmembrane protein stimulator of interferon gene (STING) and TBK-IRF3 to 

activate IFN-I production (Ishikawa et al., 2009). STING itself is capable of 

interacting with nucleic acids without upstream activation and absence of 

STING leads to altered IFN-I production after challenge with bacterial, viral and 
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mammalian nucleic acids (Burdette et al., 2011). A further group of cytosolic 

NA sensors are retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) that 

are involved in inflammasome formation (Yoneyama et al., 2004). RLRs, 

including RIG-I and melanoma differentiation-associated gene 5 (MDA5) signal 

through caspase activation and recruitment domain (CARD) and bind to the 

IFN-β promoter stimulator 1 (IPS1) that can activate IRFs and NF-κB and 

subsequently lead to IFN-I and proinflammatory cytokine production (Demaria 

et al., 2014). 

Host-derived RNA and –DNA are released during host cell necrosis and 

several important mechanisms exist to prevent activation of NA sensors in 

these situations. As mentioned above, these molecules are localized inside 

cells and thus prevent activation via extracellular NA. Forced surface 

expression of TLR9 leads to uncontrolled activation of NA sensing pathways 

and consequently autoinflammation (Barton et al., 2006). Extracellular NAs are 

rapidly degraded via tissue nucleases, preventing them from activating NA 

sensors. Deficiency of such exonucleases leads to uncontrolled STING 

activation and subsequently to autoinflammation (Ahn et al., 2012; Stetson et 

al., 2008). Despite these safety measures, self-NA are capable of triggering 

immune responses under certain conditions promoting inappropriate activation 

of innate immunity. This can contribute to skin inflammation and the 

development of autoimmune diseases of the skin such as systemic lupus 

erythematosus (SLE) and psoriasis (Ahn et al., 2012). UVB-radiation of the 

skin, for instance, triggers generation of altered noncoding self-RNA that 

triggers TNF-α and IL-6 production in a TLR3-dependent manner but also 

mediates immunosuppressive pathways associated with UVB exposure. This 
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highlights a complex role of TLR3 in UV-mediated photosensitivity as well as 

UV-induced immunosuppression, which is regularly utilized during 

phototherapy of inflammatory skin disorders (Bernard et al., 2012). 

Antimicrobial peptides (AMPs) are an important line of the skin’s defence 

against invading pathogens, but have been implicated in the pathogenesis of 

autoimmune disorders of the skin (Zasloff, 2002). AMPs bind to negatively 

charged phospholipids and disrupt pathogen membranes. However this 

generally protective feature also allows the formation of AMPs-self-NA 

complexes which consequently hinders NA degradation by exonucleases 

(Lande et al., 2007; Zasloff, 2002). Furthermore, these complexes can trigger 

endocytosis and thus can lead to activation of intracellular NA sensors. The 

intranuclear DNA binding protein HMGB1 (high mobility group box 1 protein) 

can be released into the extracellular space during necrosis and has been 

shown to trigger TLR9 mediated IFN-I production in pDC (Lande et al., 2007). 

Autoantibodies against DNA or RNA are present in certain autoimmune 

diseases (Lövgren et al., 2006; Means et al., 2005). These autoantibodies form 

complexes with self-NA, triggering endocytosis and thereby leading to IFN-I 

production via activation of endosomal TLR7/8 or TLR9 activation in pDC and 

moDC (Boulé et al., 2004; Lande et al., 2011). AMPs such as LL-37 can 

associate with such complexes and further enhance the immunogenicity of 

these self-NAs, as described by Lande et al in psoriatic skin (Lande et al., 

2014; Lande et al., 2007). 

As mentioned above, pDC are absent from steady state skin but are able to 

promote wound healing upon injury. pDC specifically express TLR7 and TLR9 

and produce large quantities of IFN-I upon activation. While the precise 
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mechanism remains elusive, pDC and IFN-I plays a crucial role in promoting 

re-epithelialization (Gregorio et al., 2010).  
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Figure 1.3. TLR signalling pathways 
 
Microbial components are recognized by extracellular and intracellular TLRs. TLR2 can form 
heterodimers with TLR1 and TLR6 and sense tri- or di-acylated lipopeptides, respectively. 
TLR4 recognizes LPS and TLR5 flagellin. The intracellular TLRs recognize viral NA. TLR3 
recognizes dsRNA, TLR7 and 8 recognize ssRNA and are activated by imiquimod. TLR 9 
binds to bacterial and viral CpG DNA motifs. 
TLRs activate a signaling cascade that involves IRAK and TRAF those in turn initiate TFs that 
promote the transcription of proinflammatory and anti-viral proteins. 
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1.3. Adaptive Immune System 

 

T cells 

T cells are lymphocytes that express a T-cell receptor (TCR) complex usually 

composed of an α and β chain or γ and δ chains in association with CD3 

molecules. T cells expressing the TCR α and β chain typically express the co-

receptor CD4 or CD8 and consequently are termed CD4+ and CD8+ T cells. 

Professional APC such as DC, macrophages and B cells are capable of taking 

up antigen and presenting the processed epitopes to CD4+ T cells in the 

context of MHC class II molecules. Depending on the additional stimuli from 

the environment and other immune cell populations, CD4+ T cells can then 

differentiate into T helper subsets with distinct capabilities, which are 

discussed later. Most nucleated cells are capable of presenting antigen to 

CD8+ T cells via MHCI molecules through which they recognize their specific 

antigen. Once CD8+ T cells are activated, they can exert cytotoxicity and 

eliminate infected cells. 

T cells positive for the invariant or semi-invariant γ and δ chains are termed γδ 

T cells. Their restricted TCR variability makes them non-conventional, innate-

like T cells. How γδ T cells recognize their antigens is subject of ongoing 

investigation, however it is clear they recognize MHC and MHC-like molecules 

and can do so in the presence and absence of antigens. 

 

1.3.1. γδ T cells 

Invariant γδ T cells are found at barrier surfaces of most mammals (Allison & 
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Havran, 1991). γδ T cells are capable of recognizing peptide as well as lipid 

antigens via MHC and MHC-like and CD1 molecules and are developmentally 

pre-programmed to produce IL-17 or IFN-γ. (Schmolka et al., 2015; Uldrich et 

al., 2013). This enables them to contribute to the early phase of the immune 

response. 

The epidermis of mice harbors a distinct population of γδ T cells, which are 

characterized by the expression of two conserved TCR chains: Vγ5 (also 

called Vγ3 depending on nomenclature used) and Vδ1. Their dendritic 

appearance and unique anatomical location in the tightly packed stratum 

basale has earned them the name dendritic epidermal T cells (DETC) 

(Ramirez et al., 2015). Similar to LC in the epidermis, DETC are seeded early 

in embryonic development and are radio resistant. They are in constant 

contact with KC and appear to monitor the epithelium for “stress” signals and 

have been shown to promote wound-healing responses by recruiting 

macrophages, secreting proinflammatory cytokines and chemokines and 

providing growth factors for KC (Hayday, 2009). Although there are γδ T cells 

in the human epidermis that can also contribute to wound healing in the skin, 

an equivalent of murine DETC have not been described (Toulon et al. 2009).  

In addition to the DETC, the murine and human dermis has a Vγ4+ population 

of γδ T cells that do not have a dendritic like appearance, but are closer to 

typical lymphocytes in their phenotype. These dermal cells enhance CD4+ T 

cell responses, can express the transcription factor RORγt, and are capable of 

producing high amounts of proinflammatory cytokines such as IL-17A and IL-

22 in mouse models of psoriasis (Pantelyushin et al., 2012). Dermal γδ T cells 

in human skin also produce these cytokines in psoriatic skin, but the 
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significance of their contribution to the pathogenesis is not known (Cai et al., 

2011). 

 

1.3.2. αβ T cell subsets 

The skin harbours large quantities of αβ T cells, which are estimated to 

outnumber the circulating blood T cell pool in humans by two to one (Clark, et 

al. 2006). Under homeostatic conditions both CD4+ and CD8+ T cells are 

present in the skin and almost universally express the cutaneous lymphocyte 

antigen (CLA) on their surface (Clark, et al. 2006). Skin T cells in human and 

mouse are all CD45RO+ or CD44+, respectively, suggestive of an effector / 

memory phenotype (Clark, et al. 2006; Clark, Chong, et al. 2006). 

Furthermore, T cells present in skin biopsies of non-lesional skin of psoriatic 

patients are sufficient to initiate disease when transplanted onto 

immunodeficient mice and highlight the importance of T cells already present 

in the engrafted tissue (Boyman et al., 2004).  

Recently, two distinct populations of resident memory T cells (Trm) and a 

further two distinct populations of recirculating skin T cells have been 

described (Watanabe et al., 2015). These had differential sensitivity to 

antibody depletion in cutaneous lymphoma and were capable of eliciting 

distinct inflammatory skin lesions. This indicates that the skin T cell pool is 

made up of functionally heterogeneous skin resident T cell populations. 

Recently, different types of skin immunization models showed that immunizing 

via this route not only gives rise to Trm cell clones in the skin, but also central 

memory T cell (Tcm) clones in the draining lymph node that bear the same 

TCR (Gaide et al. 2015). Trm and Tcm have different effector functions and 
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this common TCR repertoire facilitates quick responses upon antigen 

reencounter in the same organ as well as different tissues.  

Both, CD4+ and CD8+ Trm cells have been characterized in the skin of humans 

and mice with CD8+ Trm mainly locating to the epidermis following viral 

infection where they are highly efficient in protecting from re-infections. In 

contrast, CD4+ Trm are found in the dermis, where they co-exist with a re-

circulating counterpart (Boyman et al., 2004; Gebhardt et al., 2011; Mackay et 

al., 2013). Both CD4+ and CD8+ Trm populations increase with age and rates 

of skin infection. Together with similar findings in other barrier organs such as 

the lung and the gut, these discoveries have led to a shift in the original 

paradigm that circulating T cells need to be recruited to the tissues during 

infection and exit these tissues after the inflammation has been resolved.  

 

1.3.2.1. CD4+ T cells 

Naïve CD4+ T cells migrate from the thymus to the periphery where they 

recirculate through the lymphatic system to the lymph nodes. They constantly 

scan the peptide:MHCII complexes on the surfaces of professional antigen 

presenting cells. Mature DC migrate to lymph nodes where they present the 

captured antigen to T cells. Upon functional recognition of antigen, CD4+ T 

cells undergo an activation process and clonal expansion that can result in a 

Teff clone. During this vital process the naïve cells receive a variety of signals 

from their TCR, co-stimulatory molecules on the APCs, and cytokines in the 

environment that shape their differentiation process. In particular, co-

stimulation from APCs via CD80/CD86 and CD28 on the T cells mediates this 

second signal, which enhances the secretion of IL-2 and expression of its 
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recetor IL-2Rα. This IL-2 feedback is important for T cell activation, 

proliferation and survival (Boyman & Sprent, 2012). Several other co-

stimulatory molecules have inhibitory and activating properties and are 

involved in the activation process and include CTLA-4, CD40-L, OX-40, GITR 

and RANKL on the T cell and CD40, OX-40L, GITRL, RANK on the APC. In 

the absence of co-stimulation T cells undergo anergy that renders them 

inactive. The cytokine milieu further dictates the subsets of T helper (Th) cells 

that will emerge from these interactions. Collectively, this information 

determines the fate of the T cell and shapes them into several effector subsets.  

Almost three decades ago Mosmann and Coffman described two distinct T 

helper subsets on the basis of their secreted signature cytokines: Th1 cells that 

produced IFN-γ and Th2 cells that produced IL-4 (Cherwinski et al., 1987; 

Mosmann et al., 1986). In the past ten years this view has been further 

expanded since Th17 cells have been discovered and it has been suggested 

that Th22 and Th9 cells further extend the T helper cell family. In addition to 

signature cytokines, lineage defining transcription factors have been assigned 

to the specific subsets of T helper cells. However, this is a fast moving field of 

active investigation and the in vivo reality suggests more complexity with 

varying degrees of plasticity existing within and between the different lineages. 

 

T helper 1 cells 

Th1 responses protect from invasive bacterial infections and are important in 

protecting the host from viral and protozoan infection. They have further been 

implicated in the pathogenesis of immune mediated diseases such as diabetes 
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and IBD. In skin diseases, Th1 cells play a role in contact dermatitis and 

psoriasis. 

Th1 cells are important players of the adaptive immune response and are 

characterized by production of their signature cytokine IFN-γ and expression of 

the transcription factor T-box-containing protein expressed in T cells (T-bet) 

(Mullen et al., 2001; Szabo et al., 2000). T-bet is the master regulator of the 

Th1 differentiation program and indispensible for effective immune defence 

against intracellular pathogens (Szabo et al., 2000).  

Activation of TCR and CD28 initiates IL-2 secretion and sensitivity in naïve T 

cells through signal transducer and activator of transcription 5 (STAT5) to drive 

T cell proliferation. IFN-γ secretion from NK cells and APCs leads to activation 

of STAT1 and expression of T-bet and upregulation of IL-12R as a 

consequence (Afkarian et al., 2002). 

IL-12 is a proinflammatory heterodimeric cytokine made up of a p40 subunit 

shared with IL-23 and the unique p35 (Trinchieri, 2003). It is produced by DC 

and phagocytes and is a strong promoter of Th1 immunity (Trinchieri, 2003). 

IL-12, IL-18 and IFN-I can synergistically induce Th1 differentiation. These can 

activate STAT3 and STAT4 that further promote the differentiation process 

(Mullen et al., 2001; Szabo et al., 2000). T-bet sets the scene for increased 

expression of IFN-γ by epigenetic remodelling of the Ifng gene locus and 

promotes expression of IL-12R subunit β2 which synergistically further 

promote an amplification loop for Th1 development (Mullen et al., 2001). 

In cutaneous immunity, Th1 cells are crucial for effective immunity against 

intracellular pathogens like Mycobacterium spp. and Leishmania spp. (Belkaid 

et al., 2000). Furthermore, Th1 cells in orchestration with CD8+ T cells that 
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express type 1 cytokines (Tc1 cells) contribute to contact dermatitis in humans 

and murine contact hypersensitivity (CHS) (Honda et al., 2012; Ishizaki et al., 

2007). These diseases are mediated by hapten-specific T cells and are caused 

by delayed-type hypersensitivity reactions of the skin (Ishizaki et al., 2007). 

Th1 cells are also implicated in the pathogenesis of psoriasis, which will be 

discussed in further detail later in this chapter.  

 

T helper 2 cells 

Th2 cells are crucial for protecting our bodies from diseases caused by 

extracellular pathogens such as helminth infections. However, these cells are 

also responsible for adverse reactions to food allergens and contribute 

substantially to atopic disease and asthma. Th2 cells play an important role in 

the pathogenesis and exacerbation of skin disease such as atopic dermatitis. It 

has been suggested that they substantially contribute to pruritus, a common 

symptom of skin diseases such as eczema that contributes to the vicious cycle 

of scratching and barrier dysfunction in patients (Cowden et al., 2010; Sonkoly 

et al., 2006).  

IL-4, the hallmark cytokine of the Th2 lineage, activates STAT6 which in turn 

induces transcription of their master transcription factor GATA binding protein 

3 (GATA-3) and enhances secretion of IL-4, IL-5 and IL-13 (Le Gros, 1990; 

Swain et al., 1990; Zheng & Flavell, 1997). At barrier sites such as the gut and 

the skin, non-hematopoietic and epithelial cells can contribute substantially to 

induction and differentiation of Th2 cells by secretion of thymic stromal 

lymphopoietin (TSLP), IL-33 and IL-25 (IL-17E) (Fort et al., 2001; Leyva-

Castillo et al., 2013; Schmitz et al., 2005; Soumelis et al., 2002). 
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In allergic reactions, Th2 cells regulate both the acute- and late-phases. The 

Th2 cytokines and cell-contact dependent CD40/CD40L interactions mediate a 

strong signal in B-cells leading to IgE class-switch, crucial for activating mast 

cells and eosinophils. 

 

T helper 17 cells 

Th17 cells were described after Th1 and Th2 cells. They are characterized by 

expression of the cell surface receptors CCR6 and IL-23R and secrete the 

hallmark cytokine IL-17A along with IL-17F, IL-21, IL-22 and granulocyte-

macrophage colony-stimulating factor (GM-CSF) (Hirota et al., 2007; Langrish 

et al., 2005; Liang et al., 2006; Weaver et al., 2013). Since their discovery 

some degree of plasticity between the T cell subsets has been described and 

further T helper subsets have been identified (Muranski & Restifo, 2013). The 

precise requirements and in vivo counterparts of experimentally described cell 

types is an ongoing and exciting field of immunological research. 

Th17 cells are key players in the immunological response towards extracellular 

pathogens such as bacteria and fungi, with exceptional importance at barrier 

sites such as the skin, the gut and the lung. Here they induce inflammatory and 

chemotactic molecules as well as antibacterial agents that contribute to the 

physiological immune defence of our body. The importance of Th17 cells in 

barrier function is highlighted in patients with genetic deficiency in the IL-17 

pathway. These patients suffer from a variety of symptoms many of them skin 

manifestations such as cutaneous candidiasis (Huppler et al., 2012). 
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A transcriptional programme that is co-ordinated by RORγt drives Th17 

differentiation. Th17 cells are absent in mice deficient in Rorc, the gene that 

encodes RORγt (Ivanov et al., 2006). The differentiation of Th17 cells is driven 

by TGF-β, IL-6, IL-21 and IL-1β (Bettelli et al., 2006; Mangan et al., 2006; Zhou 

et al., 2007). However, IL-6 and TGF-β induce Th17 cells that also co-express 

IL-10 and are incapable in inducing autoimmunity in vivo, whereas the addition 

of IL-23 promoted Th17 cells with pathogenic capacity (McGeachy et al., 2007, 

2009). The importance of TGF-β in Th17 differentiation has been challenged 

by findings that IL-1β, IL-6 and IL-23 are sufficient to elicit Th17 cells in both 

mice and men. These cells have high disease inducing potential and have 

been suggested to be the “pathogenic Th17 cells” in contrast to the TGF-β 

induced “non-pathogenic Th17 cells” (Acosta-Rodriguez et al., 2007; Lee et al., 

2012; Zielinski et al., 2012). The lineage specific transcription factor RORγt is 

indispensible for Th17 cell generation and drives expression of key genes 

required for their differentiation and activation (Ciofani et al., 2012). However, 

several other transcription factors such as T-bet and RUNX can be co-

expressed and might be contributing to the pathogenic vs. non-pathogenic 

phenotype setting the scene for the context-dependent function and cytokine 

secretion of Th17 cells (Duhen et al., 2013; Wang et al., 2014). Delineating this 

delicate balance of host protection and autoimmune potential of Th17 cells is 

of high interest and the subject of ongoing research in the field. 

Th17 cells have been implicated in many autoimmune diseases such as 

psoriasis and atopic dermatitis, but also rheumatoid arthritis, psoriatic arthritis, 

ankylosing spondylitis, systemic lupus erythematosus and EAE. 
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In skin immunity, Th17 cells have undoubtedly a protective role that becomes 

evident in cases of fungal infections with C. albicans infection in patients with 

genetic deficiencies in this pathway (Huang et al., 2004; Puel et al., 2012). 

However, they can also be pathogenic in auto-inflammatory diseases of the 

skin. This is particularly highlighted by the unprecedented success of biological 

therapies that target the IL-23/IL-17 pathway in psoriasis (Kopp et al., 2015; 

Langley et al., 2014; Lebwohl et al., 2015; Leonardi et al., 2012; Papp et al., 

2008; Papp, Leonardi, et al., 2012). To date, this condition, which will be 

discussed in further detail below, is the only disease routinely treated with 

monoclonal antibodies against the shared subunit of IL-12 and IL-23 

(ustekinumab) or antibodies targeting IL-17A directly. 
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1.3.2.2. Regulatory T cells 

 

One very important duty of the adaptive immune system is to prohibit 

dangerous responses against self and environmental antigens such as food 

and the microbiota. The negative selection of self-reactive T cells in the 

thymus, induction of anergy through chronic TCR engagement and lack of co-

stimulatory molecules in the periphery are powerful mechanisms to promote 

tolerance. However, these mechanisms alone are insufficient to prevent the 

threat of immune-mediated pathology.  

Early studies identified the thymus and spleen as a source of a population that 

was capable of preventing inflammation arising after neonatal thymectomy 

(Nishizuka & Sakakura, 1969; Sakaguchi et al., 1982). Antigen-experienced 

CD4+ T cells capable of suppressing colitis were described and these studies 

highlighted the capacity of a CD4+ T cell population to induce tolerance not 

only to self-antigens but potentially also to food and microbiota derived 

antigens in the gut (Morrissey et al., 1993; Powrie et al., 1993; Powrie & 

Mason, 1990) 

Later, the discovery of a highly suppressive subset of CD4+ T cells expressing 

high amounts of the IL-2Rα (CD25) facilitated the identification of these 

regulatory T cells (Tregs) (Sakaguchi et al., 1995). Foxp3 was identified as the 

essential transcription factor for Treg development and maintenance (Fontenot 

et al., 2003; Hori, 2003). The devastating and ultimately fatal disease caused 

by genetic mutations of Foxp3 highlights the unique and crucial importance of 

Foxp3+ Tregs. The resulting disease, termed Immune dysregulation 

polyendocrinopathy enteropathy X-linked syndrome (IPEX), manifests with 
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multi-organ autoimmune diseases. It only affects hemizygous males but not 

heterozygous females due to the random inactivation of the X-chromosome 

(Gambineri et al., 2003). Foxp3 mutations in mice result in the “scurfy” 

phenotype and recapitulate many of the human features of the disease that 

include very early onset of intestinal inflammation, skin inflammation and type 

1 diabetes (Brunkow et al., 2001). Targeted genetic deletion of Foxp3 in CD4+ 

T cells precisely phenocopies the germ line mutated scurfy mouse and 

underpinned the non-redundant role of Tregs in promoting tissue homeostasis 

and tolerance (Fontenot et al., 2003). 

 

Treg development 

Foxp3+ Tregs can arise in distinct locations. In the thymus, Foxp3+ Tregs 

develop from CD4+ precursors and are promoted by interactions of self-peptide 

MHC:TCR and CD28 co-stimulation (Itoh et al., 1999). IL-2 signalling is vital for 

the development of these cells that exit the thymus as natural Tregs (nTreg) 

(Zorn et al., 2006). The amount of self-antigen presented in the thymus 

correlates with nTreg development and the affinity of the TCR for self-peptide 

(Weissler & Caton 2014; Lee et al. 2012).  

In the periphery, naïve CD4+ T cells can up-regulate Foxp3 and differentiate 

into induced Tregs (iTregs) in the presence of IL-2 and TGFβ signalling (Chen 

et al., 2003; Kretschmer et al., 2005) (Coombes et al., 2007). Even though the 

transcriptional processes underlying the development of iTregs and nTregs 

have been delineated (Bilate & Lafaille, 2012), it is difficult to distinguish them 

once generated. Helios, a member of the Ikaros family of transcription factors, 

has been highlighted as a marker for nTregs (Thornton et al., 2010). Neuropilin 
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1 (Nrp-1), is a surface protein and potential marker of nTregs (Weiss et al. 

2012; Yadav et al. 2012). However, the use of Helios and Nrp-1 to distinguish 

nTregs from iTregs has been questioned (Gottschalk et al., 2012; Himmel et 

al., 2013; Ross et al., 2014; Singh et al., 2015). 

 

Transcriptional and epigenetic requirements for Tregs 

In nTreg development, MHC:TCR interactions and co-stimulation lead to the 

upregulation of CD25. These stimuli lead to activation of several factors such 

as TAK1, IKK, BCL-10, CARMA1, and LAT, which are all upstream of NF-κB 

activation interaction (Koonpaew et al., 2006; Medoff et al., 2009; Schmidt-

Supprian et al., 2003, 2004; Wan et al., 2006). NF-κB signalling enhances 

Foxp3 expression by triggering c-rel binding to the conserved non-coding 

sequence 3 (CNS3) in the Foxp3 locus (Long et al., 2009). Several 

transcription factors such as cyclic-AMP response element binding protein 

(CREB), ATF1 and ATF2 interact with the Foxp3 promoter region and enhance 

Foxp3 expression (Kim & Leonard, 2007). TCR engagement leads to binding 

of nuclear factor of activated T cells (NFAT) and Smad3, a TGFβ signalling 

component, to the Foxp3 enhancer to stabilize Foxp3 expression (Marson et 

al., 2007; Tone et al., 2008). Foxo1 and Foxo3 are thought to contribute further 

to increase Foxp3 expression (Ouyang et al., 2012). 

STAT5 phosphorylation in Tregs, which leads to expression of Foxp3 is 

mediated by the common γ-chain cytokines, mainly IL-2 but also IL-7 and IL-15 

expression (Marson et al., 2007). Lack of IL-2 or IL-2R leads to development of 

autoimmune pathologies that can be rescued by IL-2 sufficient Tregs, 

highlighting its fundamental importance in Treg homeostasis (Zorn et al., 
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2006). IL-2 is not produced by Tregs themselves, but their suppressive 

capacity depends on IL-2 signalling (Oldenhove et al., 2009). 

Expression of Foxp3 in Tregs is fundamental for their function, but transient 

Foxp3 upregulation is also observed during activation of T cells (Miyao et al., 

2012). However, this does not lead to a suppressive phenotype showing that 

Foxp3 alone is insufficient for stable Treg formation (Komatsu et al., 2009; 

Miyao et al., 2012). Two simultaneously published studies used a proteomic 

and a computational approach that led to the identification of several factors 

that contribute to Treg function and make up the ‘Foxp3 interactome’ (Fu et al., 

2012; Rudra et al., 2012). The proteomic approach analysed proteins that 

associated with Foxp3 and identified several hundred proteins, many of them 

transcriptional targets of Foxp3 such as GATA-3 (Rudra et al., 2012). GATA-3 

had previously been shown to be crucial for the maintenance and function of 

Tregs in vivo (Wohlfert et al., 2011). The computational approach identified five 

transcription factors (Eos, IRF4, Satb1, Lef1 and GATA-1) that lead to a 

regulatory phenotype in T cells. They have partly redundant functions and act 

in synergy with Foxp3 to a stable and ‘locked’ Treg phenotype (Fu et al., 

2012).  

 

Mechanisms of suppression 

Tregs exercise their suppressive and immune regulatory capacity through an 

array of cell-contact dependent and independent mechanisms. They can 

regulate the priming and differentiation process of naïve T cells in lymphoid 

organs as well as the effector functions at the site of inflammation in the 

tissues (Dudda et al., 2008; Sather et al., 2007; Suffia et al., 2005).  
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IL-10 and TGFβ are secreted by various immune cell types and have 

immunosuppressive functions. Deficiency of IL-10 in Treg cells leads to 

multiorgan inflammation and autoimmunity (Rubtsov et al., 2008). TGFβ as 

well as IL-10 can act in a feedback loop to maintain Foxp3 expression and 

regulatory T cell function (Chen et al., 2003; Murai et al., 2009). This highlights 

that these cytokines act on other cells in a suppressive manner but amplify the 

immunoregulatory functions of Tregs themselves.  

CTLA-4 is expressed on most Tregs and promotes anergy in self-reactive T 

cells. CTLA-4 deficiency in Tregs and blockade of this molecule leads to 

impaired suppressive functions and disease development (Wing & Sakaguchi, 

2012). DC can induce and promote Treg function in part via MHCII dependent 

mechanisms and depletion of DC leads to a decrease in Treg frequency 

(Darrasse-Jèze et al., 2009). However, this regulation has a reciprocal 

dynamic as Tregs are capable of suppressing the capacity of DC to induce 

CD4+ Teff differentiation (Onishi et al., 2008). They downregulate co-

stimulatory molecules such as CD80/86 even in the presence of high levels of 

proinflammatory cytokines making this a likely process of dynamic regulation in 

an inflamed environment. Other molecules on Tregs are capable of exerting 

suppression and include the ectonucleotidases CD39 and CD73, 

glucocorticoid-induced tumor necrosis factor-related receptor (GITR), and OX-

40 (Ephrem et al., 2013; Griseri et al., 2010; Howie et al., 2014).  
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Environmental adaptation of Tregs 

Recently, several studies have highlighted the function and adaptation of Tregs 

in peripheral tissues. The environmental stimuli such as oxygen, nutrients, 

cytokines, and chemokines that Tregs are exposed to vary widely between 

tissues but fluctuate even more in different inflammatory settings in the 

periphery. Distinct subpopulations of Tregs have been described in many 

organs such as the skin, colon, lung, liver and adipose tissues (Burzyn et al. 

2013).  

Colonic Tregs have a distinct transcriptional profile. They are enriched for ST2, 

the receptor for the IL-1 family member IL-33 which is typically associated with 

induction of Th2 immunity (Schmitz et al., 2005). The importance of IL-33 

signalling or control of intestinal inflammation has recently been demonstrated. 

IL-23 limits the responsiveness of Tregs to IL-33, highlighting the sensitivity of 

peripheral Tregs to different environmental cues (Schiering et al., 2014).  

In the visceral adipose tissue (VAT) Tregs express the TF PPAR-γ which is 

required for their accumulation and suppressive function in vivo (Cipolletta et 

al., 2012). Differentiation of VAT Tregs also depends on the TFs IRF4 and Batf 

that directly regulate PPAR-γ and ST2. Similar to the gut, IL-33 signalling 

promoted Treg function in the VAT (Vasanthakumar et al., 2015). 

Tregs have been shown to contribute to tissue repair in several organs. 

Amphiregulin (AREG) is highly expressed by muscle Tregs and contributes to 

muscle repair injuries by stimulating satellite cell growth (Burzyn, et al. 2013). 

AREG is further highly expressed by colonic T cells (Schiering et al., 2014). 

Recently, Treg specific deficiency in AREG was shown to promote lung injury 

in vivo and AREG secretion was mediated by IL-18 and IL-33 (Arpaia et al., 
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2015). Responsiveness to IL-1 family members such as IL-18 and IL-33 and 

their capacity to initiate tissue repair is likely to be a general feature of tissue 

resident Tregs and aid in restoring homeostasis after inflammation.  

In order to exert their suppressive function in a multitude of inflammatory 

settings and tissues, Tregs are capable of co-expressing lineage defining 

transcription factors that are important for regulation of immune responses. 

The transcription factor GATA-3 in Tregs is found at high levels at barrier sites 

such as the skin and the gut (Wohlfert et al., 2011). IL-33 can promote GATA-3 

phosphorylation in Tregs, specifically at tissue sites (Arpaia et al., 2015; 

Schiering et al., 2014). IRF4 is another transcription factor important in Th2 

function and as previously mentioned is a TF that ‘locks’ the Treg phenotype 

(Fu et al., 2012). Irf4 deficiency in Tregs impairs their capacity to suppress Th2 

cells and results in Th2 skewed inflammation in vivo (Zheng et al., 2009).  

T-bet expression by Tregs upon IFN-γ stimulation is important for restraint of 

Th1 driven inflammation in the tissue (Koch et al., 2009). Regulatory T cell 

responses to Toxoplasma gondii depend in part on their capacity to upregulate 

CXCR3 in response to IFN-γ and IL-27 signalling (Hall et al., 2012). Tregs can 

also secrete IFN-γ themselves, contributing to graft survival in graft versus host 

disease (GVHD) and suppression of intestinal inflammation (Feng et al., 2011; 

Koenecke et al., 2012). The conversion of Tregs to secrete IFN-γ was driven 

by IL-12 but not IL-23 (Feng et al., 2011). As discussed above, IL-23 inhibited 

the IL-33 mediated suppressive capacity of Tregs in colitis and suggests an 

opposing impact of Th1 and Th17 inducing cytokines on Tregs. 

As discussed earlier the transcription factor RORγt is important for Th17 

differentiation. iTregs and Th17 cells share certain requirements for 
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differentiation and RORγt acts as an antagonist of Treg generation. STAT3 is a 

vital initiating factor for Th17 responses, but is also activated in Tregs. Stat3 

deficiency in Tregs renders them ineffective to suppress Th17 mediated 

inflammation (Chaudhry et al., 2009). Recent publications utilizing different 

models of colitis have demonstrated that RORγt+Foxp3+ tissue resident Tregs 

are capable of restraining Teff responses in vivo (Ohnmacht et al., 2015; Sefik 

et al., 2015). These studies also highlighted the context dependent 

specialization of Tregs within the tissue, as RORγt+ Foxp3+ controlled different 

CD4+ Teff subsets in different models. This plasticity allows Tregs to adapt to 

their specific niche. The precise requirements and functions for Treg subsets in 

the tissue are only starting to be elucidated. 

Another outstanding issue is the specificity of Tregs. A large fraction of Tregs 

is thought to be self-antigen-specific. Tregs express activation markers such as 

ICOS, CD69, CD38 and other markers that indicate that these cells are 

consistently encountering their antigen (Fisson et al., 2003). However, it is not 

yet understood what these antigens precisely are, if they differ between 

tissues, and if self-specific Tregs are widely shared between different organs. 

 

Tregs in the skin 

As one of our largest barrier organs, the skin harbours an enormous quantity of 

Tregs in both mouse and man, even under homeostatic conditions. Many 

circulating Tregs express markers associated with skin homing such as CCR4, 

CD103 and CLA (Hirahara et al., 2006). Genetic impairment of some of these 

molecules prevents Treg mediated suppression of skin inflammation (Dudda et 

al., 2008; Sather et al., 2007; Suffia et al., 2005). Virtually all Tregs in the skin 
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display an antigen-experienced phenotype and are referred to as effector-

memory Tregs. Langerhans cells in the skin have the capacity to activate 

resident Tregs and induce their proliferation without presenting foreign antigen 

(Seneschal et al., 2012). This proliferation was mediated in part by IL-15 and 

interaction of Tregs with dermal fibroblasts (Clark et al. 2007). 

A model using inducible keratinocyte driven expression of ovalbumin (OVA), a 

protein that is not expressed in the host under normal condition, has 

demonstrated that Tregs are activated upon encounter of the model antigen 

and reside in the skin where they are able to control inflammation resulting 

from subsequent antigen expression (Rosenblum et al., 2011). The 

maintenance of these tissue resident memory Tregs was dependent on IL-7 as 

blockade of IL-7R led to loss of these cells in the tissue but not the draining 

lymph nodes (Gratz et al., 2013). 

An in vivo microscopy study shows that the migratory potential is limited over 

short periods of time, i.e. under 1 hour (Chow et al., 2013). Another study 

conducted with the Kaede mouse strain, which allows permanent fluorescent 

marking of cells via UV exposure and thus tracking of cells over a long period 

of time, demonstrated that skin resident Tregs migrate to lymph nodes and 

recirculate to a high degree over an extended period of time (Tomura et al., 

2010). The paramount importance of Tregs in skin homeostasis is revealed in 

patients with IPEX or IPEX-like diseases, where the skin is often one of the 

earliest and most severely affected organs (Halabi-Tawil et al. 2009; Goudy et 

al. 2013). 
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Figure 1.4. Differentiation of CD4+ T helper cell subsets 
 
Naïve T cells differentiate into the illustrated T helper subset in the presence of the indicated 
polarizing cytokines. These promote the differentiation and expression of lineage defining 
transcription factors. Each subset is characterized by the potential to secrete signature 
cytokines that mediate unique effector functions 
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1.3.2.3. CD8+ T cells 

 

CD8+ T cells undergo a well-characterized selection process. Following pre-

selection based on their ability to recognize and respond to MHC class I 

molecules presenting foreign antigens they leave the thymus as naïve cells. In 

secondary lymphoid organs like the spleen and lymph nodes these naïve CD8+ 

T cells can be activated by interactions with APCs. DC have been shown to 

secrete the chemokines CCL3, CCL4 and CCL17 thereby attracting naïve 

CCR5+ and CCR4+ CD8+ T cells during the priming process (Castellino et al., 

2006). This interaction leads to a rapid expansion of CD8+ T cells, which are 

capable of entering tissues and recognizing antigen on all nucleated cells via 

MHCI interactions. For example, in the context of LCMV infection, successful 

priming leads to a rapid expansion of mainly antigen-specific CD8+ T cells, 

undergoing mitosis up to every 2 hours (Murali-Krishna et al., 1998; Yoon et 

al., 2010).  

This wave of antigen-specific cytotoxic T cells is largely composed of short-

lived effector cells (SLEC) and rapidly contracts after clearance of infection 

(Zhang & Bevan, 2011). This contraction leads to the formation of CD8+ 

memory T cells that provide the potential for rapid re-expansion upon antigen 

re-encounter. For optimal expansion, CD8+ T cells need to receive and 

integrate three signals. TCR stimulation and co-stimulatory signals such as 

CD80/86 are crucial for optimal expansion. IL-12 and IFN-I provide the third 

necessary signal and further shape the expansion and differentiation of CD8+ T 

cells (Curtsinger et al., 2005; Gately et al., 1992). IL-12 contributes to the 

balance of effector and memory phenotype. While IL-12 signalling induces T-
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bet and thereby promotes effector cell generation, it depresses expression of 

the TF Eomes, important for memory formation (Takemoto et al., 2006). It has 

been demonstrated that this balance is regulated in an mTOR-dependent 

manner (Rao et al., 2010).  

IL-2 further shapes the memory and effector differentiation. High levels of IL-2 

increase the effector and cytotoxic capacity of CD8+ T cells and IL-2ra-/- cells 

have decreased expression of granzyme B and perforin, which are crucial for 

cytotoxic effects (Pipkin et al., 2010). Low levels of IL-2 signalling promote 

memory formation and highlight the role of IL-2 as a differentiation factor of 

CD8+ T cells. 

In addition to APCs, CD4+ T (helper) cells are important for eliciting sufficient 

CD8+ T cell responses. This requirement for CD4+ T cell help depends on 

pathologic cause and tissue type. In influenza, LCMV, and Listeria infections, 

CD4+ T cell help is dispensable but generation of adequate CD8+ T cell 

responses to non-inflammatory antigens requires CD4+ T cells (Bevan, 2004). 

In a model of vaginal herpes simplex infection, CD4+ T cells enter the tissue 

before CD8+ Teff and mediate their recruitment by up-regulation of chemokines 

such as CXCL9 and CXCL10 from the epithelium through IFN-γ secretion 

(Nakanishi et al., 2009).  

CD8+ T cell proliferation in the tissue is driven by antigen-specific interactions 

and contribute largely to the magnitude of the response to infection (McGill & 

Legge, 2009). The amplitude of such an expansion is connected to an increase 

in moDC in the tissue. While these APCs are dispensable for CD8+ Teff 

degranulation per se, they increase their cytokine producing capacity via 

CD80/86 co-stimulation (Hufford et al., 2011). 
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Following the contraction of the initial effector phase, CD8+ memory T cells 

arise. A subset of these, CD8+ resident memory T cells (Trm) locate to the 

epithelium of body surfaces where they can persist in previously uninfected 

areas and pose a first line of defence. Upon antigen encounter they secrete 

cytokines such as IL-2, IFN-γ and TNF-α and rapidly initiate an immune 

response and initiate a tissue-wide alert state (Ariotti et al., 2014; Schenkel et 

al., 2014). These findings identify Trm as crucial initiators of the immune 

response and show that adaptive immunity is a key contributor to immune 

sensing in barrier tissues.  
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1.2. Psoriasis 

 

Psoriasis is a chronic inflammatory disease of the skin with a relapsing and 

remitting pattern and frequently requires a life-long treatment for patients. The 

most common form plaque psoriasis, also termed psoriasis vulgaris, becomes 

clinically apparent by widespread erythematous plaques with adherent scales. 

It affects 2-3% of the general population worldwide, with higher incidence 

among Caucasians (Nestle et al., 2009). The prevalence of psoriasis increases 

with distance from the equator and has a very low incidence in children that 

rises with age (Parisi et al., 2012). Two distinct age groups associated with 

increased incidence have been observed, with one in childhood and early 

adulthood and a further incidence peak later in life. Evidence suggests different 

genetic predispositions, as the later incidence peak has been associated with 

HLA-C alleles.  

Psoriasis is associated with increased mortality and many patients suffer from 

co-morbidities such as cardiovascular disease, metabolic syndrome and 

psychological disorders like depression. However, the most prevalent co-

morbidity in patients with skin manifestations is psoriatic arthritis with 

approximately 1/3 of patients affected during their lifetime (Gladman et al., 

2005; Nestle et al., 2009). In a population study, patients had an up to 5 year 

lower life-expectancy than controls (Gelfand et al., 2007). Together, this 

implicates a strong socio-economic burden of psoriasis due to a lifetime of 

medical interventions paired with decreased productivity due to associated 

diseases and decreased life expectancy. Interestingly, the difference in 

incidence of psoriasis between women or men varies between studies and a 
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strong gender bias that can be found in other autoimmune pathologies is not 

clear in patients with psoriasis (Parisi et al., 2012).  

Even though psoriasis has certain features of an autoimmune pathology, the 

existing data do not support its classification as a bona fide autoimmune 

disease. To date, antigenic drivers of psoriasis have not been identified and 

even though the contribution of infectious agents has been suggested, this is 

certainly not the case in all individuals affected (Valdimarsson et al., 2009). 

Based on these findings, psoriasis might be best regarded as a chronic 

inflammatory disorder with certain aspects of an autoimmune disease.  
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 1.2.1. Clinical and histological features of psoriasis 

 

The hallmark feature of psoriasis is plaques with a typical raised, well-

demarcated, erythematous appearance with adhering silvery-white scales. 

Elbows, knees, the lower lumbar region and the scalp are predilection sites 

where plaques typically appear. This typical presentation makes the diagnosis 

fairly easy. Besides the most common form, plaque psoriasis, patients can 

suffer from an array of clinical phenotypes such as guttate, inverse, pustular, 

erythrodermic, palmo-plantar, and the acute and life threatening generalized 

pustular psoriasis von Zumbush (Lowes et al., 2014). It will remain to be seen 

if these different presentations might be associated with a distinct 

immunogenetic profile.  

The histological analysis of a psoriatic plaque reveals a greatly thickened 

epidermis (acanthosis) that is due to a highly accelerated keratinocyte 

proliferation. As a result, the normal KC differentiation process is disturbed and 

as a consequence, the stratification of the epidermis changes. The normal 

granular layer is lost, the stratum corneum is thickened (hyperkeratosis) and 

the nuclei of KC are not expulsed (parakeratosis). Immune cells accumulate at 

an abnormal rate, leading to neutrophil abscesses (Munro’s abscess) in the 

epidermis (Lowes et al., 2014). The red appearance of the skin is caused by 

an increase and dilation of dermal blood vessels that reach up to the dermo-

epidermal junction and cause pinpoint bleeding when the thick scales are 

removed from the skin (Auspitz sign). Immune infiltrates are also found in the 

usually oligocellular dermis, with abundant mononuclear cells and T cells 

present.
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Figure 1.5. Clinical and histological manifestation of psoriasis 
 
(A) Macroscopic appearance of psoriatic plaques with demarcated, erythematous plaques. 
 
(B) H&E staining of lesional and non-lesional skin. 
 
(C) Staining for T cells (CD3) in lesional and non-lesional skin. 
 
Figure adapted with permission from Lowes et al, 2014; Ann Rev. Immunology  
 



 49 

1.2.2. Immune cell axis in psoriasis 

 

T cells  

It was long disputed if KC or T cells are the disease driving cells in psoriasis, 

with the other components perpetuating the inflammation by a secondary 

response. This question was elucidated to some degree by studies using drugs 

to target T cells in patients. The first study used a fusion protein that induced 

apoptosis in activated T cells expressing the IL-2 receptor. This finding 

demonstrated that depleting activated T cells in patients could lead to clinical 

and histological clearance of the disease and proved that T cells were indeed 

non-redundant in the disease pathogenesis (Gottlieb et al., 1995). Further 

studies showed that a complete depletion of T cells was not necessary, but 

preventing migration of T cells into the tissue or blocking activation of T cells 

by inhibiting integrin interactions or co-stimulatory molecules was sufficient, 

(Abrams et al., 1999; Chamian et al., 2005).  

 

Activated memory T cells are increased in lesional psoriatic skin. CD4+ T cells 

are mainly confined to the diseased dermis, whereas high numbers of CD8+ T 

cells are found in the epidermis. Studies have revealed that some T cells found 

in affected skin of individuals with psoriasis are of oligoclonal origin (Chang et 

al., 1994; Lin et al., 2001). This might be in part explained by evidence 

suggesting that psoriasis has an association with streptococcal throat infection, 

and that by molecular mimicry, bacteria-reactive T cells are cross-reacting to 

components found in the skin (Valdimarsson et al., 2009). 
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T cells in psoriatic skin produce large amounts of cytokines compared to those 

from healthy skin. CD4+ Th1 cells that produce increased amounts of 

production of IFN-γ and TNF-α is a prominent feature of skin-resident T cells 

extracted from diseased biopsies (Austin et al., 1999). KC and myeloid cells 

secrete chemokines such as CXCL9, CXCL10 and CXCL11, which aids 

migration of these cells into the tissue.  

IL-23 levels are high in affected skin and drive a prominent Th17 infiltrate in the 

dermis. Patients under successful treatment with TNF-neutralizing antibodies 

rapidly down-regulate genes associated with Th17 polarization (Zaba et al., 

2007; Zaba, Krueger, et al., 2009). Studies show that the IL-17 is mainly 

coming from Th17 cells, but additionally CD8+ T cells expressing IL-17 (Tc17) 

and also dermal γδ T cells can be the source of this cytokine (Lowes et al., 

2014).  

 

Tregs play a crucial role in controlling inflammation and defects in regulatory 

pathways can lead to the development of autoimmune diseases and chronic 

inflammation, as discussed above. Some studies suggest that the function of 

Tregs in affected psoriatic skin is impaired and facilitate pathogenic Teff 

function (Sugiyama et al., 2005). However, the role of Tregs has not been fully 

elucidated and further investigation can provide valuable insight in the local 

dynamic of inflammatory cells in the skin of patients suffering with psoriasis. 

 

CD8+ T cells accumulate in the psoriatic skin and are located in the dermis as 

well as the epidermis, but make up the main T cell population in the latter 

(Baker et al., 1984). IL-17A-producing CD8+ T cells have been identified in 



 51 

psoriatic plaques. (Kryczek et al., 2008; Ortega et al., 2009) CD8+ T cells from 

psoriatic skin have an increased capacity to secrete IL-22 or IL-17 in response 

to stimulation compared to those derived from healthy control skin. In contrast, 

CD4+ T cells from both populations secreted equal amounts (Res et al., 2010). 

IL-17A and IFN-γ production by CD8+ T cells in the epidermis drove 

inflammation in a mouse model of psoriasis, in which IFN-γ or CD8 depletion 

attenuated inflammation (Gunderson et al., 2013). CD8+ T cells are likely 

involved in the pathogenesis of psoriasis. Their location in the epidermis 

suggests that they have a non-redundant pathogenic function that needs to be 

further investigated.  
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Myeloid derived cells: Monocytes/Macrophages and DC 

Different types of DC and macrophages are increased in the psoriatic plaque. 

Plasmacytoid DC are absent from healthy skin under homeostatic conditions. 

However, psoriatic individuals harbour pDC in their uninvolved skin (Nestle et 

al., 2005). pDC are also termed professional interferon producing cells due to 

their capacity to secrete large amounts of IFN-I (Swiecki & Colonna, 2015). 

The importance of IFN-I and thus potentially of pDC was highlighted by 

observations that IFNα was increased in lesional skin more than 20 years ago 

(Schmid et al., 1994; van der Fits et al., 2004). Through the use of a 

xenotransplant model utilizing immunocompromised mice and transplanting 

uninvolved skin of psoriatic patients, it was demonstrated that pDC contribute 

substantially to the early phases of plaque formation mainly by supplying IFN-I 

(Nestle et al., 2005). DC can sense viral infections via detection of viral RNA 

and DNA through endosomal toll-like receptors that leads to cytokine induction 

and an immune response (Brencicova & Diebold, 2013). Interestingly, LL-37, 

an antimicrobial peptide increased in psoriatic skin can form complexes with 

self-DNA to activate his pathway via TLR7 in the endosomal compartments of 

pDC and induce increased IFN-I production (Ganguly et al., 2009). In the 

presence of self-LL-37 complexes, pDC can facilitate KC- immune cell 

crosstalk and contribute to the maturation of mDC and T cells, which 

contributes to plaque formation. LC in individuals affected by early- vs. late- 

onset psoriasis demonstrate different behaviour and impaired LC mobility was 

observed in psoriatic patients that was restored with successful therapy (Shaw 

et al., 2010, 2013). However, the importance of these observations remains to 

be clarified. 



 53 

Myeloid DC have been observed in greater numbers in the psoriatic skin with a 

30-fold increase of CD11c+ mDC (Lowes et al., 2005). Drugs inhibiting the co-

stimulatory interaction of DC and T cells such as alefacept and efalizumab 

have proven to be effective in the therapy of psoriasis (Chamian et al., 2005; 

Lowes et al., 2005). This strongly suggests a contribution to disease 

pathogenesis. Isolated from psoriatic skin, mDC can induce Th1 and Tc1 as 

well as Th17 cells and thus increase the levels of IL-17 and IFN-γ, two 

cytokines that are increased in affected skin of patients (Zaba, Fuentes-

Duculan, et al., 2009; Zaba, Krueger, et al., 2009). Similar to pDC mentioned 

above, mDC can be activated by LL-37 that forms complexes with self-

nucleotides. Here, self-RNA-LL-37 complexes activate the endosomal TLR7/8 

pathway and induce an inflammatory DC phenotype (Ganguly et al., 2009). 

TNFα and inducible nitric oxide synthase (iNOS) are elevated in psoriatic skin 

and are potent in inducing tissue inflammation. CD11c+ DC are a dominant 

source of TNFα and iNOS in the inflamed psoriatic skin and are reduced with 

anti-TNFα targeting therapies (Leonardi et al., 2003; Serbina et al., 2003). Pre-

clinical evidence of the importance of CD11c+ cells, was generated from the 

imiquimod model of psoriasiform skin inflammation. Disease induction in this 

model is MyD88 dependent (discussed in more detail below). However, cell 

type specific expression of MyD88 in CD11c+ cells is sufficient to induce skin 

inflammation to the same level as in WT mice (Wohn et al., 2013). DC are a 

major source of IL-23 and IL-12 and both cytokines have been strongly 

implicated in the pathogenesis psoriasis. Ustekinumab, an antibody targeting 

the shared p40 subunit is extremely efficacious in the treatment of moderate to 

severe psoriasis (Papp et al., 2008). As previously discussed, IL-23 and IL-12 
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drive the differentiation of Th17 and Th1 cells, respectively. Drugs targeting the 

IL-23/Th17 axis have had unparalleled success in the treatment of psoriasis. 

 

As previously mentioned, pDC are not found under homeostatic conditions and 

have been proposed to promote a wound-healing effect (Gregorio et al., 2010). 

In a xenotransplant model of human psoriasis pDC were involved in the early 

initial phase of the disease and contributed to the pathogenesis by production 

of IFN-I (Nestle et al., 2005). Further supporting a deregulated immune 

sensing component in psoriasis are reports that some patients receiving topical 

treatment with the TLR7 agonist imiquimod develop psoriatic plaques (Gilliet et 

al., 2004). Furthermore, this phenomenon has led to the development of a 

mouse model of psoriasis by topical imquimod treatment, which closely 

recapitulates the human disease and will be discussed later (van der Fits et al., 

2009). 

 



 55 

1.2.3. Genetic elements of psoriasis 

 

Psoriasis is a multi-factorial disease in which genetic as well as environmental 

factors contribute to disease pathogenesis. (Capon et al., 2012; Di Meglio et 

al., 2011). Genetic predisposition to psoriasis has been demonstrated in family 

studies that revealed significant higher concordance rates for monozygotic 

twins (65-72%) than dizygotic twins (15-30%). On this basis several studies 

have led to the identification of psoriasis susceptibility genes that can be 

divided into three broad categories: tissue-specific, immunologically innate, 

and immunologically adaptive. (Perera et al., 2012). 

The segment psoriasis susceptibility 1 (PSORS1) locus on chromosome 6 was 

identified over 40 years ago and accounts for 35-50% of the heritability of 

psoriasis (Russel et al., 1972). The MHC class I molecule HLA-C with its allele 

HLA-Cw*060 is the most likely gene responsible for the association (Fan et al., 

2008; Ying Liu et al., 2008; Nair et al., 2006). Several genome-wide 

association studies (GWAS) and gene specific studies have led to the 

identification of susceptibility loci. A GWAS performed in a Chinese population 

confirmed HLA-Cw6 as a risk allele in early onset psoriasis (<40years), but not 

in older patients (Zhang et al., 2009). As CD8+ T cells are activated via MHCI, 

this further supports a role for this cell type in disease pathogenesis. 

The epidermal differentiation complex (EDC) located on chromosome 1 

contains approximately 20 genes that are crucial for the differentiation of 

keratinocytes and forming of the cornified envelope of the skin. GWAS have 

led to the identification of several genes in this area, highlighting the 

importance of KC and their differentiation as well as pathologic wound-healing 
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responses in the pathogenesis of psoriasis (de Cid et al., 2009; Zhang et al., 

2009). This association could explain the still elusive “Köbner phenomenon” 

where skin injury leads to plaque formation in patients.  

A GWAS performed in a European population identified several susceptibility 

loci located in NF-κB, IL-23, and Th2 mediated pathways (Nair et al., 2009). 

The NF-κB pathway is crucial in cell-cycle control and essential in the 

inflammatory response (Hayden & Ghosh, 2012). It is activated by a plethora 

of proinflammatory stimuli such as different cytokines and bacterial products 

and can initiate activating signalling cascades in the adaptive and innate arms 

of the immune system (Hayden & Ghosh, 2012). An increase of NF-κB in skin 

biopsies of both involved and uninvolved skin of patients suffering with 

psoriasis further supports the suggestion that the negative regulation of the 

proinflammatory activity of NF-κB is compromised (Lizzul et al., 2005).  

As discussed above, IL-23 has been implicated as a crucial cytokine in several 

inflammatory autoimmune responses including psoriasis and inflammatory 

bowel disease (IBD). Genetic studies have begun to clarify the clinical and pre-

clinical observations that human psoriatic skin contains high amounts of IL-23 

and Th17 cells and that local injection of IL-23 in mouse skin leads to 

psoriasiform inflammation (Zheng et al., 2007). In psoriasis, SNPs in the IL-

23R gene have been confirmed independently by several studies (Capon et 

al., 2007; Cargill et al., 2007). Patients carrying the protective IL-23R 

Arg381Gln variant had impaired Th17 effector function as they had decreased 

STAT3 activation and IL-17A cytokine production when stimulated with IL-23 

compared to controls (Di Meglio et al., 2011). This variant has also been 
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shown to be protective for ankylosing spondylitis and Crohn’s disease (Di 

Meglio et al., 2011). 
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1.2.4. Cytokine axis in psoriasis 

 

Over the last decade, the complex cytokine network involved in psoriasis has 

been acknowledged as the most important driver of inflammation and 

simultaneously poses a powerful angle for therapeutic intervention. Below are 

some, but by no means all, important cytokines discussed in brief. 

IL-1 was the first cytokine detected in the skin and various of its many family 

members are elevated and involved in psoriasis (Johnston et al., 2011; Luger 

et al., 1982). IL-1α and IL-1β are present in normal skin and act in an autocrine 

and paracrine fashion on keratinocytes as well as on stromal cells, 

lymphocytes and APCs (Murphy et al., 2000). In inflammation, IL-1α appears 

to be critical for formation of T-cell/APC clusters in the skin and synergizes with 

IL-23 in the induction of Th17 responses (Kryczek et al. 2008; Natsuaki et al. 

2014). However, use of anakinra, an IL-1R antagonist has failed to show 

efficacy in psoriasis patients (Jung et al., 2010). IL-36 is a sub-family in the IL-

1 family and includes three receptor agonists and one receptor antagonist. All 

IL-36 cytokines are up-regulated in psoriasis and have a role in neutrophil and 

T cell attraction as well as enhancement of APC function in the skin (Foster et 

al., 2014). In the rare but severe generalized pustular psoriasis, families with 

loss-of-function mutations in the IL-36 receptor antagonist gene have been 

identified and support the proinflammatory role of IL-36 cytokines (Tortola et 

al., 2012). Taken together, IL-36 might be an attractive therapeutic target for 

psoriasis. 

As for many auto-inflammatory diseases, IL-17 plays a key role in the 

pathogenesis of psoriasis. IL-17A, IL-17F and IL-17C are all increased in 
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psoriatic skin (Johnston et al., 2013; Kryczek et al., 2008; Lowes et al., 2008). 

IL-17A and IL-17F are mainly derived from immune cells whereas 

keratinocytes appear to be the main source for IL-17C (Johnston et al. 2013). 

An array of biological therapies and small molecule inhibitors targeting either 

IL-17 family members, their inducing cytokines, their receptors or critical  

transcription factors have been developed. One such drug, the IL-17A 

neutralizing antibody secukinumab has had outstanding success and was 

recently approved for routine use (Langley et al., 2014; Sanford & McKeage, 

2015). 

As introduced and discussed in detail previously, IL-12 and IL-23 have distinct 

and intimate roles in differentiation of Th1 and Th17 cells, respectively. They 

both belong to the same family and each consists of two subunits, of which the 

p40 subunit is shared. All three subunits are overexpressed in psoriatic lesions 

(Lee et al., 2004; Yawalkar et al., 1998). A blocking antibody targeting p40, 

ustekinumab, has had an immense impact for the treatment of psoriatic 

patients (Kauffman et al., 2004; Yeilding et al., 2007). Originally, psoriasis was 

regarded as a mixed Th1/Th17 disease. IL-12 is a major inducer of Th1 cells 

and IFN-γ interestingly can induce skin-homing markers such as CLA on 

memory T cells (Sigmundsdóttir et al., 2004). Genetic variations in IL-12 lead 

to enhanced Th1 polarization in patients with psoriasis (Johnston, et al. 2013). 

The importance of IL-23 in the pathogenesis of psoriasis is underscored by 

genetic polymorphisms in the Il23R that are associated with psoriasis, but also 

Crohn’s disease and psoriatic arthritis (Capon et al. 2007; Nair et al. 2008; Di 

Meglio, et al. 2011). IL-23 amplifies and sustains Th17 cell function and 

successful pharmacological intervention by cytokine or receptor blockade of IL-
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23 emphasizes the role of IL-17 as a major culprit in psoriasis (Kopp et al., 

2015).  

TNFα has been a hallmark cytokine of successful therapeutic intervention in 

several autoimmune diseases. In the skin it appears to act in synergy with IL-

17A and IL-17C by stabilization of mRNA, and reciprocal receptor induction 

(Hartupee et al., 2007; Johnston et al., 2014). Not all psoriasis patients show 

responses to anti-TNF treatment alone, highlighting the heterogeneous nature 

of this disease and indicating that perhaps a combined approach would be 

beneficial to some (Papp et al. 2012). 

IFN-I were first associated with psoriatic skin almost four decades ago 

(Kariniemi, 1977). However, to date their precise role still remains elusive. IFN-

I are known to be involved in early phases of psoriatic plaque initiation as 

demonstrated in an engrafted mouse model (Nestle et al., 2005). Supportive of 

their importance in disease pathogenesis are various reports of patients 

developing psoriasis while undergoing interferon alpha therapy (Afshar et al., 

2013). However, a blocking antibody of IFNα has failed to show efficacy in a 

phase I clinical trial (Bissonnette et al., 2010). A potential reason for these 

ambiguous findings could be that IFN-I are key players of the psoriatic cytokine 

networks in either a subset of patients only or act at a very precise time in 

disease development. 
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Figure 1.6. Cytokine axis involved in psoriasis 
 
Psoriasis is regarded as a disease with mixed Th1/Th17 involvement. Further, γδ T cells and 
CD8+ T cells contribute to the pathogenesis the cytokines involved in T helper cell 
development and pathogenic functions are strongly unregulated in affected skin. 
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1.2.5. Therapeutic options for psoriasis 

 

For clinical and treatment purposes, patients are often grouped into mild-to-

moderate (5-10% of body surface affected) and moderate-to-severe (>5-10 % 

or face, palm/sole involvement) disease categories. For the former, treatment 

is often attempted with topical agents only, whereas the later group usually 

requires systemic therapy that is also largely guided by accompanying 

symptoms such as psoriatic arthritis (Feldman, 2015).  

The medical management for mild-to-moderate affected patients includes UV-

light therapy, topical corticosteroids, tar, anthralin, topical Vitamin-D analog, 

and topical immunosuppressants. A combination of topical and systemic 

medication benefits patients suffering with more severe disease. Traditionally, 

methotrexate and cyclosporine as well as retinoids are routinely used in 

systemic therapy. In the last decade, biologicals including anti-TNF and anti-IL-

23 antibodies have demonstrated superior efficacy over traditional therapies, 

but are reserved for most severely affected patients due to their high economic 

cost. To date, the TNF alpha targeting drugs etanercept, infliximab, 

adalimumab and the IL-23/IL-17 targeting drugs ustekinumab and 

secukinumab are approved for routine clinical use. Further biological therapies 

targeting the IL-23/IL-17 axis are in clinical trials and it remains to be 

determined if their long-term safety and efficacy profile will allow their wide 

clinical use. Nevertheless, the development, successful trials and clinical use 

of these biologicals have immensely aided not only the patients suffering from 

severe disease, but also our understanding of the underlying immunological 

aetiologies of this skin disease. 
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The agent denileukin diftitox triggers apoptosis via the IL-2R in activated T 

cells and was the first drug used for the treatment of psoriasis that proved that 

directly supported a causative role for T cells in this disease (Gottlieb et al., 

1995). CTLA-4-IgG (abatacept) proved that depletion of T cells was not 

essential as it showed consistent improvements at high doses correlated with 

decreased immune infiltrates in the skin (Abrams et al., 1999). Later, agents 

targeting the activation of T cells such as the LFA-3-Ig fusion protein alefacept 

that inhibited the CD2-dependent activation and led to a strong decrease in 

skin T cells but also circulating memory T cells, proved efficient (Chamian et al. 

2005; Chamian et al. 2007). Efalizumab, a monoclonal antibody targeting the 

integrin CD11a (which facilitates T cell migration to the tissue as well as co-

stimulation and leads to a decrease in inflammatory TIP DC) was also 

successful but is no longer used due to increased risk for development of 

progressive multifocal leukoencephalopathy (Kothary et al., 2011; Lowes et al., 

2005). 

As discussed above, targeted blockade of cytokines is highly efficient in 

psoriasis and further agents are currently in clinical trials and development 

(Table 1.1).  
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Target Agent Drug Trade name 
IL-2R DAB389IL-2 FP Denileukin diftidox Ontak 
B7 (CD80/CD86) CTLA-4-Ig FP Abatacept Orencia 
CD2 LFA-3-Ig FP Alefacept Amevive 
CD11a Anti-CD11a Efalizumab Raptiva 
TNF mAb Anti-TNF Infliximab, Adalimumab Remicade, Humira 
TNF mAb TNFR-Ig FP Etanercept Enbrel 
IL-12/IL-23 Anti-IL-12/-23p40 

mAb 
Ustekinumab, 
Briakinumab 

Stelara, Ozespa 

IL-23  Anti-IL-23p19 mAb LY2525623, SCH 
900222, CNTO 1959, 
AMG 139 

  

IL-17A Anti-IL-17A mAb Secukinumab, 
Ixekizumab 

  

IL-17R Anti-IL-17RA mAb Brodalumab   
 
Table 1.1. Biologic treatments for psoriasis 
 
These agents have been tested or are in current trials and clinical use for moderate-to severe 
psoriasis. (Adapted from Lowes et al, 2014; Ann Rev. Immunology) 
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1.3. Murine Models of Psoriasiform Skin Inflammation 

 

As previously mentioned, mouse skin differs from human skin in various 

aspects. Even though the stratification of the skin is similar, mouse skin is 

much thinner than human skin. Mice also exhibit a synchronized hair cycle, 

lack sweat glands and evidently have more dense hair follicles than humans 

(Wagner et al., 2010). Further differences in immune cell populations were 

discussed above and have to be taken into consideration when interpreting 

conclusions and results of animal based research. Swindell et al. compared 

transcriptomic analysis of five mouse models to human psoriatic skin and 

highlighted similarities and discrepancies between the models and also in 

comparison with the clinical samples (Swindell et al., 2011). Nevertheless, 

using mice as pre-clinical experimental models for human disease is of great 

value and importance for developing new drug targets and for the identification 

of novel pathways involved in disease pathogenesis.  

Broadly, most mouse models can be divided into transplantation models with 

xenografts or allografts, transgenics, targeted mutations, spontaneous models 

and cytokine or TLR challenge models (Wagner et al., 2010).  

A new mouse model of psoriasiform skin inflammation was introduced in 2009 

by van der Fits and colleagues (van der Fits et al., 2009). For this model, the 

drug Aldara™, a cream containing 5% of the active compound imiquimod is 

applied daily to the skin of mice for at least 5 consecutive days (van der Fits et 

al., 2009). In its original description the model was mainly attributed to the 

TLR7 agonistic properties of the imidazoquinoline imiquimod and later 

publications highlighted the importance of CD11c+ DC for this model (Tortola et 
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al., 2012; van der Fits et al., 2009; Walter et al., 2013). Treatment with 

Aldara™ is routinely used in the clinic for virus-associated skin abnormalities 

like genital warts as well as pre-cancerous skin lesions such as actinic 

keratosis and basal cell carcinomas (Geisse et al., 2002; Szeimies et al., 

2004). The model was developed on the basis of case reports demonstrating 

that topical imiquimod therapy can induce psoriasis-like plaques in patients 

using this topical therapy, but do not suffer from psoriasis (Gilliet et al., 2004). 

It was further reported that Aldara™ has the potential of provoking and 

exacerbating disease even in well-controlled patients suffering with psoriasis 

on previously unaffected skin and even at sites the cream was not applied to 

(Fanti et al., 2006; Rajan & Langtry, 2006). 

In the first study using the imiquimod model of psoriasiform skin inflammation, 

the authors demonstrated that this is mediated through the IL-23/Th17 axis as 

blockade of the receptor for IL-23 and IL-17 abrogated the disease (van der 

Fits et al., 2009). IL-22 is also required for the formation of the lesions, further 

underlining the similarities with human disease where the levels of IL-22 

positively correlate with disease severity (Caproni et al., 2009; Van Belle et al., 

2012). An IL-22 blocking antibody has been in clinical trials, however the trials 

were discontinued and to date no results have been published (Gudjonsson et 

al., 2012; Hao, 2014).  

One study has highlighted the impact of isostearic acid, another compound 

found in Aldara™ (Walter et al., 2013). It is suggested to act via inflammasome 

activation and IL-1β release in KC. This further supports the use of the 

imiquimod model of psoriasiform skin disease as it jointly activates the innate 

as well as the adaptive arm of the immune system; this is important as their 
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cooperative involvement has been proposed in human psoriasis (Tsoi et al., 

2012). In contrast to human psoriasis, the main sources of IL-17 and IL-22 in 

the imiquimod model are not CD4+ αβ T cells, but γδ T cells that infiltrate the 

dermis. These cells are responsive to IL-23 and are positive for the 

transcription factor RORγt. However, in mice lacking γδ T cells, αβ T cells act 

as the primary source of these disease-driving cytokines. Furthermore, ILCs 

have the capacity to secrete IL-17 and are sufficient to induce disease in the 

absence of RAG and consequently all T and B cell populations (Cai et al., 

2011; Pantelyushin et al., 2012). These observations in the imiquimod model 

have led to the findings of cytokine producing ILC3 in psoriatic skin of patients. 

(Teunissen et al., 2014; Villanova et al., 2014). 

While the evidence for a pathogenic role for IL-23 and its downstream 

cytokines like IL-17 is strong in this model, little is known about possible 

regulatory mechanisms, such as Tregs and IL-10, which may control and 

resolve the inflammatory response. Research of these and further regulatory 

mechanisms will aide the identification and assessment of their importance in 

human disease. 
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 1.4. Hypothesis and Aims of this Investigation 

 

Tregs make up a large proportion of CD4+ T cells found in the skin of humans 

and even more so in mice. Studies conducted over a decade ago revealed that 

Tregs could be impaired in the skin of psoriatic patients (Sugiyama et al., 

2005). However, little additional data has been published since.  

Tregs are crucial regulators of the immune systems and are key cells in the 

immune response. Indeed, dysfunctional Tregs have been implicated in many 

inflammatory diseases on the autoimmune spectrum such as type 1 diabetes 

and inflammatory bowel disease. Imaging studies demonstrated that Tregs are 

dispersed throughout the dermis at steady state with limited short term but 

significant long-term migratory capacity (Chow et al., 2013; Tomura et al., 

2010). Notably, Tregs in the skin are largely of a memory phenotype and can 

convey “regulatory memory” crucial for challenges with previously encountered 

pathogens (Rosenblum et al., 2011). Tregs with a memory phenotype are 

found in murine and human skin (Rodriguez et al., 2014).  

Genetic mutations in the Foxp3 gene lead to a severe disease phenotype 

called the IPEX syndrome. These patients suffer from an array of symptoms, 

which include early manifestation of skin inflammation, usually of atopic 

dermatitis or psoriatic appearance and require a bone marrow transplant within 

the first decade of life (Halabi-Tawil et al., 2009). 

The clear evidence that Tregs are prevalent in the skin and are indispensible 

for homeostasis warrants further investigations into their functions at this 

barrier organ. The hypothesis to be tested in this thesis is whether Foxp3+ 

Tregs have a protective role in psoriasiform skin inflammation. The imiquimod 
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model of psoriasiform skin inflammation is used as the main tool to investigate 

this hypothesis. 

 

The aims of this thesis are: 

 

1. To perform phenotypic and transcriptomic analysis of skin resident 

Tregs in homeostasis and inflammation (discussed in Chapter 3) 

 

2. To evaluate if Tregs can restrain skin inflammation (discussed in 

Chapter 4) 

 

3. To investigate the mechanisms used by skin resident Tregs to control 

tissue inflammation (discussed in Chapter 5) 
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Chapter 2. Materials and Methods 

2.1. Mice 

 

C57BL/6 (B6) WT, B6 IL-23RGFP/+ (generated in our facility by crossing B6 IL-

23RGFP/GFP (Mohamed Oukka, Harvard Medical School) with B6 WT mice), B6 

Foxp3GFP, B6 ST2-/- (Padraic Fallon, Trinity College Dublin) B6 Foxp3hCD2, B6 

Foxp3hCD2IL-10GFP/+ (generated in our facility by crossing B6 Foxp3hCD2 mice 

with B6 Foxp3hCD2IL-10GFP/GFP mice, the latter were previously generated by 

crossing B6 IL-10GFP/GFP (Kamanaka et al., 2006) with B6Foxp3hCD2 (Kendal et 

al., 2011), B6 CD45.1, B6 CD45.1 OTI were bred and maintained under 

specific pathogen-free conditions in accredited animal facilities at the 

University of Oxford, UK. 

All experiments were conducted in accordance with the UK Scientific 

Procedures Act of 1986 and were carried out by persons holding a Personal 

License (PIL) under a Project License (PPL) authorized by the UK Home 

office. Mice were held under SPF conditions and were at least 6 weeks of age 

or older when used for any experiments described. 



 71 

2.2. Imiquimod model of Skin inflammation 

2.2.1. Skin treatment 

 

The imiquimod model of psoriasiform skin inflammation was adapted after the 

method of van der Fits et al (van der Fits et al., 2009). Cream containing 5% 

imiquimod, Aldara (3M Pharmaceuticals) was topically applied to the dorsal 

and ventral sides of both ears or the shaved back. Treatment was repeated 

with 20.8mg cream per ear or 41.6mg on the back every 24 hours for 7 

consecutive days, or otherwise as indicated in the specific experiment. 24 

hours after last application mice were sacrificed. Ear thickness was measured 

prior to first application and daily before treatment with a dial thickness gauge 

(Mitutoyo UK). The mean of two measurements was determined. Mice were 

weighed daily.  
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Figure 2.1. Time line of the imiquimod model of psoriasiform skin inflammation 
 
Ears of mice were treated with imiquimod containing cream (Aldara) every 24 hours. Body 
weight and ear thickness were monitored daily before cream application. In experiments using 
depleting or blocking antibodies, the first dose was administered 24 hours before first cream 
application. Unless indicated, mice were sacrificed on day 7 and tissue collected for further 
analysis. 
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2.2.2. In vivo antibody treatment 

 

The following unconjugated anti-mouse monoclonal antibodies were 

administered in vivo as described in detail in every section: 

 

Specificity Clone Isotype 
anti-CD4 YTS 191 Rat IgG2b 
anti-CD8 53-6.72 Rat IgG2a 
anti-human CD2 YTH 655 Rat IgG2b 
anti-IL-10Rα 1B1.2 Mouse IgG 1 
anti-IFNAR1 
(blocking) MAR1-5A3 Mouse IgG 1 
anti-IFN-γ (blocking) XMG1.2 Rat IgG 1 
anti-mPDCA1 JF05-1C2.4.1 Rat IgG2b 

 

Antibodies YTS 191 and YTH 655 as well as hybridoma line for YTH 655 were 

generous donations from Professor Herman Waldmann, Sir William Dunn 

School of Pathology, University of Oxford. Matched isotype controls were used 

with all in vivo antibodies. 
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Figure 2.2. B6 Foxp3hCD2 reporter mouse 
 
Illustration of B6 Foxp3hCD2 reporter mouse and tissue specific reporting quality 
 
(A) B6 Foxp3hCD2 reporter mouse construct. Strain provided by Herman Waldmann, 

University of Oxford. The depleting anti-hCD2 antibody-binding site is illustrated. 
Adapted from Kendal et al 2011 

 
(B) Quality of Foxp3 reporting in spleen, lymph nodes and skin in the B6 Foxp3hCD2 

reporter mouse 
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2.3. Cell isolation 

2.3.1. Isolation of skin leukocytes 

The protocol for isolation of leukocytes from the skin was continuously 

improved over the research period for this thesis. Main differences included 

type of base media used for digestion buffers Roswell Park Memorial Institute 

(RPMI) 1640 medium; Iscove's Modified Dulbecco's Medium (IMDM)); use of 

digestion enzymes: type and concentration of collagenase (type VIII, type IV, 

type P, type D); addition and concentration of Liberase (TM or TL) and addition 

of dispase. Including density gradient centrifugations and changing size of cell 

strainers achieved further improvement of purity and full removal of hair. 

Ears were harvested at the base after sacrifice and stored on ice in PBS 

containing 0.1%BSA after collection of tissue for histological assessment and 

RNA extraction (both described in detail in this chapter). 

Ears were split into two halves by mechanical separation using forceps and 

finely minced using surgical scissors. Ears were digested in a 50ml conical 

tube containing 3.5ml of RPMI with 0.1% BSA and 3mg/ml collagenase D 

(Roche), 400ug/ml LiberaseTM TL (Roche) at 37°C in a shaking incubator for 

80 minutes. 

Cell suspension was aspirated several times into a syringe and pressed 

through a 18G needle before pushing the cell suspension through a 50um cell 

strainer. Digestion was stopped by adding 4°C cold PBS containing 5mM 

ethylenediaminetetraacetic acid (EDTA; 1L 0.5M stock made in-house by 

dissolving 186.12g of Na2EDTA.2H2O adjusted to pH8 with NaOH) prior to 

centrifugation (500G 7 minutes at 4°C). 
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Supernatant was aspirated and pellet re-suspended in 6ml RPMI/0.1% 

BSA/5mM EDTA. In a 15ml falcon tube the cell suspension was underlaid with 

4ml LymphoprepTM (Stemcell Technologies) and centrifuged for 15 min at 10°C 

and 900G without brake. The interface was recovered and washed thoroughly 

in cold PBS/0.1%BSA/5mM EDTA and cells re-suspended in appropriate 

buffer at 4°C for further enrichment, staining for flow cytometry, or snap frozen 

in RLT (Qiagen)+ 1% 2-Mercaptoethanol (β-ME) for isolation of mRNA. 

 

2.3.2. Isolation of colonic lamina propria leukocytes 

For isolation of lamina propria leukocytes (LPL), colon was collected after the 

sacrafice and opened longitudinally and washed in PBS/0.1% BSA. Colon was 

cut into pieces and stored on ice in 50ml conical tubes containing RPMI-1640 

supplemented with 10% FCS (Sigma-Aldrich). To remove epithelial cells, 

pieces were washed twice in 20ml pre-warmed RPMI/10%FCS/5mM EDTA. To 

remove residual EDTA, tissue pieces were incubated in RPMI/10%FCS/15mM 

Hepes for 10 minutes and then transferred to a fresh tube. 10ml Digestion 

media (RPMI/10%FCS/15mM Hepes + 100U/ml collagenase VIII (Sigma-

Aldrich)) was added and tubes incubated horizontally at 37°C in a shaking 

incubator (200RPM) for 60 minutes. Cell suspension was filtered through a 

70um cell strainer and digestion stopped by addition of one volume ice cold 

RPMI/10%FCS/5mM EDTA and centrifugation (500G for 7 minutes at 4°C). 

Using a three-layer Percoll (GE Healthcare) (30%/40%/70%) density-gradient 

centrifugation at 900G for 15min without brake lymphocytes were further 

enriched. The 40%-70% interface was recovered and washed thoroughly in 
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cold PBS/0.1%BSA/5mM EDTA and cells re-suspended in appropriate buffer 

at 4°C until further analysis. 

 

2.3.3. Isolation of leukocytes from liver, lung and kidney 

Following sacrifice liver was flushed in situ via the portal vein with 10ml 

PBS/0.1% BSA. Respective organs were collected and stored in a 50 ml 

conical tube containing RPMI-1640 supplemented with 10% FCS. 10ml 

Digestion media (RPMI/10%FCS/15mM Hepes + 100U/ml collagenase VIII 

(Sigma-Aldrich)) was added and tubes incubated horizontally at 37°C in a 

shaking incubator (200RPM) for 30 minutes (liver and lung) or 60 minutes 

(kidney). Cell suspension was filtered through a 70um cell strainer and 

digestion stopped by addition of one volume ice cold RPMI/10%FCS/5mM 

EDTA and centrifugation (500G for 7 minutes at 4°C). In a 15ml falcon tube the 

cell suspension was underlaid with 4ml LymphoprepTM (Stemcell 

Technologies) and centrifuged for 15 min at 10°C and 900G without brake. The 

interface was recovered and washed thoroughly in cold PBS/0.1%BSA/5mM 

EDTA and cells re-suspended in appropriate buffer at 4°C for further staining 

for flow cytometry. 

 

2.3.4. Isolation of splenic, lymph node and thymic leukocytes 

Spleens were harvested following sacrafice and stored in a microcentrifuge 

containing 1ml of PBS/0.1% BSA/5mM EDTA and stored on ice. Spleens were 

weighed, pushed through a 70um mesh into a 50ml conical tube and washed 

in PBS/0.1% BSA/5mM EDTA. For spleens the cell pellet was re-suspended in 
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2ml ACK (ammonium chloride potassium) lysis buffer (150mM NH4Cl), 10mM 

KHCO3, 0.1mM Na2EDTA, pH 7.2-7.4) for 2 minutes at room temperature, 

followed by washing with 30ml PBS/0.1% BSA/5mM EDTA and centrifuged at 

450G for 5 min. The lymph node cells were pushed through a 70um mesh and 

washed with fresh buffer and centrifuged at 450G for 5 min. The cells were re-

suspended in buffer and stored on ice until further analysis. 

 

2.3.5. Isolation of blood leukocytes 

Blood was collected by cardiac puncture post-mortem with a 1ml 29G fixed 

needle insulin syringe (Terumo UK LTd.) or by tail bleeding. In this case a 

scalpel (no.24 blade; Swann-Morton Ltd.) was used to incise the tail vein and 

blood was collected using a glass capillary and transferred into a 

microcentrifuge tube (Eppendorf) containing 250ul PBS/5mM EDTA. Tubes 

were centrifuged and cell pellets re-suspended in 300ul ACK lysis buffer for 2 

minutes at room temperature, followed by washing in PBS/0.1% BSA/5mM 

EDTA and re-suspended in fresh buffer and stored on ice until further analysis. 



 79 

2.4. Flow cytometry and cell sorting 

 

Cells were extracted from tissues as described in detail in Chapter 2.2. Cells in 

buffer suspensions were plated into a V bottom 96-well plate (Corning), 

centrifuged at 450G for 5 min at 4°C and the supernatant flicked off. 50ul of 

PBS/0.1% BSA/5mM EDTA mixture containing appropriate antibody 

concentrations was added to each individual well and re-suspended.  

 

2.4.1. Surface staining 

For surface staining, cells were incubated in appropriate antibody mixtures for 

30 minutes at 4°C in the dark. The antibody mix always contained a viability 

dye, Fc block to minimize non-specific antibody binding, and the appropriate 

surface antibodies described in detail in this chapter. BrilliantTM stain buffer (BD 

biosciences) was added when Brilliant Violet (BV) reagents were included in 

the FACS panel. 

For surface only staining panels, the cells were then washed twice with 

PBS/0.1% BSA/5mM EDTA and analysed. 

 

2.4.2. Intracellular staining 

For intracellular staining, the surface staining protocol detailed above in 

Chapter 2.3.1 was followed. Cells were then fixed gently using red cell lysis 

buffer (BD biosciences) and consequently either stored in PBS/0.1% 

BSA/5mM EDTA over night before proceeding or permeabilized with 

PBS/0.1%BSA/0.05% saponin. 50ul of the intracellular antibody mix was made 
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up at appropriate concentrations using PBS/0.1%BSA/0.05% saponin and 

incubated for 30 minutes at 4°C in the dark. Cells were washed as well as re-

suspended in PBS/0.1% BSA/5mM EDTA and analysed promptly. 

When cells were stained for the transcription factor FOXP3, surface staining 

was followed by Foxp3 staining buffer set (eBioscience). Cells were washed as 

well as re-suspended in PBS/0.1% BSA/5mM EDTA and analysed promptly. 

 

2.4.3. Re-stimulation of cells for intracellular cytokine staining 

For intracellular cytokine staining, isolated cells were plated in round-bottom 

96-well plates (Corning). Cells were centrifuged and re-suspended in 250ul 

RPMI-1640/10%FCS containing 0.1uM phorbol 12-myristate 13-acetate (PMA) 

and 1um Ionomycin (both Sigma-Aldrich) and incubated in the dark at 37°C. 

After 30 minutes 10ug/ml Brefeldin A (Sigma-Aldrich) was added and cells 

further incubated for a total time of 4 h. Cells were washed twice with 

PBS/0.1% BSA/5mM EDTA before continuing with surface and viability 

staining followed by intracellular staining as described in detail in 2.3.1 and 

2.3.2. 
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2.4.4. Flow cytometry antibodies 

Specificity Fluorochrome Clone 
CD103 PE/BV421 M290/ 2E7 
CD11b V500 M1/70 
CD11c PercP Cy5.5 N418 
CD19 (B220) AF488/BV570 RA3-6B2 
CD207 (Langerin) PE eBioL31 
CD25 PE-Cy7 PC61 
CD3 BV650/BV605/PE-Cy5 145-2C11 
CD4 BV711/BV605 GK1.5/GK1.5 
CD44 V500 IM7 
CD45 BV500/BV650 30-F11  
CD45.1 PerCPCy5.5 A20 
CD45.2 PerCP Cy5.5/PE-Cy7 104 
CD62L PE MEL-14 
CD64 APC XA54-5/7.1 
CD8 BV570/BV605/eF450 53-6.7 
GR1 BV711 RB6‐8C5 
GR1 BV570  RB6-8C5  
CD2 (human) APC/PB/PE-Cy5 RPA-2.10 
KLRG1 PE-Cy7 2F1 
Ly6C PE-Cy7/APC HK1.4 
Ly6G PE-CF594 1A8 
MHC II AF700 M5/114.15.2 
PDCA1 PB eBio927 
PDCA1  Biotin JF05-1C2.4.1 
Siglec F BV421/PE E50-2440 
Siglec H PE-Cy7/FITC eBio440c 
ST2 Biotin DJ8 
TCR Vβ5.1,5.2 PE MR9-4 
TCRβ APC/PE-Cy7/PerCP-Cy5.5/PE-Cy5 H57-597 
TCRγδ PE-Cy5/APC/Biotin GL3 
Viability Dye (fixable) eF780  -- 
 



 82 

 

Specificity Fluorochrome Clone 
Eomes FITC Dan11mag 
Foxp3 eF450/FITC/PE-Cy5 FJK-16S 
GATA-3 AF660 TWAJ 
Helios BV488 22F6 
IFNα FITC RMMA-1 
IFN-γ FITC/eF450 XMG1.2 
IL-13 AF647 ebio13A 
IL-17A AF647 TC11-18H10 
IL-17A FITC ebio17b7 
IL-17F AF647 9D3.1C8 
IL-22 PE MP1-229E/Poly5164 
IL-4 BV421 11B11 
Ki-67 PB/PE-CF594 SolA15 
RORγt Pe Q31-378 
T-bet BV711/BV421 4B10 
TNFα BV421 MP6-XT22 
 

 

2.4.5. Acquisition and analysis via flow cytometry 

Cells were acquired on a SORP LSRII or Fortessa using FACSDiva software 

(BD Biosciences). Single fluorochrome stained sample for machine set-up and 

compensation were made using CompBeads (BD Biosciences). Prior to 

analysis and acquisition compensation was checked and adjusted with the 

help of fluorescence minus one (FMO) control sample.  

Cell numbers were estimated by adding 1x104 count bright beads (life 

technology) into each well prior to acquisition that included a predefined 

percentage of the whole tissue sample. This allows a comparable and reliable 

cell number calculation when acquired bead count, % of whole sample and 

acquired cell count are taken into consideration. 
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Post acquisition analysis was performed using FlowJo software (Tree Star, 

Inc.). 

 

2.4.6. Fluorescence activated cell sorting (FACS) 

Cells were stained with appropriate surface and viability marker antibody mixes 

in PBS/0.1% BSA/5mM EDTA as described in section 2.3.1. Cells were re-

suspended in PBS/0.1% BSA/5mM EDTA and strained through a 30um filter 

(BD Biosciences) into 5ml tubes suitable for sorting.  

Cells were sorted on a FACSAriaIII (BD Biosciences) by Drs Ahmed Hegazy, 

Helen Ferry or Parisa Amjadi. Cells were collected in a microcentrifuge tube 

(Eppendorf) containing 300ul Trizol (Life technologies) or 400ul RLT + β-ME. 

 

Sorting of Foxp3+ regulatory T cell populations 

For microarray analysis (Chapter 3), Foxp3+ Tregs from the skin and skin 

draining lymph nodes of B6 Foxp3GFP mice were sorted. Mice were treated as 

described above or left untreated and ears and draining lymph nodes were 

harvested. Cell suspension from the lymph nodes were enriched for CD4+ T 

cells using a magnetic enrichment kit (Stem cells) and incubated with a viability 

dye and antibodies against CD45, TCRβ and CD4. Live, CD45+, TCRβ+ CD4+ 

GFP+ cells were sorted into Trizol and immediately frozen on dry ice and 

stored at -80°C until extraction of mRNA. 
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2.4.7. Magnetic sorting of naïve CD8+ T cells 

For CD8+ T cell transfer experiments described and discussed in Chapter 5, 

spleens and lymph nodes of CD45.1 WT, CD45.1 OTI and/or B6 dsRed CD2 

mice were harvested and processed as described in 2.2.3. Cells were 

magnetically separated using a naïve CD8+ T cell selection kit (Stem Cell 

Technologies). Cells were checked for purity by staining an aliquot with surface 

antibodies as described in 2.3.1 and then analysed on a BD Fortessa as 

described in 2.3.5. Sorted cells were >95% pure and injected into the tail vain 

of recipient mice.  
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Figure 2.3. FACS gating strategy for CD45+ cells and T cells from digested skin tissue 
 
Gating strategy and numbers of CD45+ cells, CD4+T cells, CD8+ T cells and Foxp3+Tregs 
extracted from the skin. Intracellular Foxp3 staining as well as the highly efficient co-expressed 
surface marker hCD2 in the B6 Foxp3hCD2 reporter mouse is used to identify Tregs. 
Example plot from a representative B6 Foxp3hCD2 mouse treated with imiquimod for 7 days. 
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2.6. Analysis of gene expression 

2.6.1. Preparation of whole skin tissue for gene expression analysis 

At the experimental endpoint mice were sacrificed and ears were harvested. A 

1.5mm thick ear section was placed in 2ml cryotubes (Starstedt) snap frozen in 

liquid nitrogen and stored at -80°C until further processing. 

Ear tissues were thawed and 400ul of cold RLT + β-ME was pipetted into the 

cryotubes. Tissue was disrupted and cells lysed using a PolytronTM PT 1200 E 

manual disperser with 7mm dispersing aggregate (Kinematica) for 20 seconds 

and centrifuged at 18000rpm for 3 min. Supernatant was transferred into a new 

nuclease free microcentrifuge tube (Eppendorf) and placed on ice for 

immediate RNA extraction.  

 

2.6.2. Preparation of RNA and cDNA 

RNA was isolated using the RNeasy Mini kit (Qiagen) according to 

manufacturers instructions, including the optional DNase I (Qiagen) digestion 

step. RNA was quantified using a Nanodrop spectrophotometer (Thermo 

Scientific) and normalized across samples. RNA was stored at -80°C. cDNA 

was performed in a total volume of 20ul. cDNA synthesis was performed with 

and following the protocol of the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems). Synthesis was done using a G-storm GS2 thermal 

cycler (Gene Technologies Ltd.). cDNA was stored at -20°C. 
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2.6.3. Quantitative reverse transcription PCR (RT-qPCR) 

RT-qPCR was performed with TaqMan Gene Expression Assays for mouse 

(Life Technologies) (see table below) in 96-well skirted PCR plates (Star Lab) 

using a CFX96 real-time PCR detection system (Bio-Rad Laboratories). 

Alternatively reactions were performed using 384-well skirted PCR plates in 

the ViiATM 7 Real-Time PCR System (Applied Biosystems). All reactions were 

performed in duplicates. Expression levels of genes of interest were 

normalized to the housekeeping gene Hprt using the 2-∆Ct method. 

 

Gene TaqMan Probe 
Ccl5 Mm01302427_m1 
Ccr5 Mm01963251_s1  
Cxcl10 Mm00445235_m1 
Cxcl9 Mm00434946_m1 
Dgat1 Mm00515643_m1 
Dgat2 Mm00499536_m1 
Gzmb Mm00442834_m1	
  	
  
Hprt Mm01545399_m1 
Hspa1a Mm01159846_s1 
Ier3 Mm00519290_g1 
Ifit2 Mm00492606_m1 
Ifng Mm01168134_m1 
Il10 Mm00439614_m1 
Il12a Mm00434165_m1 
Il17a Mm00439618_m1 
Il17c Mm00521397_m2 
Il17f Mm00521423_m1 
Il22 Mm01226722_m1 
Il23 Mm00518984_m1 
Irf7 Mm00516793_g1  
Isg15 Mm01705338_s1 
Lmna Mm00497783_m1  
Nfil3 Mm00600292_s1  
Prf1 Mm00812512_m1	
  	
  
Stat1 Mm00439531_m1 
Tbx21 Mm00450960_m1 
Tnf Mm00443258_m1	
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2.6.4. Microarray sample preparation and analysis 

For the regulatory T cell microarray (Chapter 3), cells were directly sorted into 

microcentrifuge tubes containing Trizol and stored at -80°C until RNA was 

extracted. At time of RNA extraction samples were thawed at room 

temperature and 0.2 parts of chloroform was added, tube vigorously shaken 

and incubated at room temperature for 2 minutes. Samples were centrifuged at 

12.000G for 15 min at 4°C. The upper aqueous phase was coved to a new 

nuclease free tube. RNA was precipitated with the addition of GlycoBlue (life 

technologies) for easier detection. 0.5 parts of pure isopropanol (Sigma-

Aldrich) was added to the tube and incubated at room temperature for 10 min. 

Tubes were centrifuged at 12.000g at 4°C and the supernatant discarded. The 

visibly blue RNA pellet was washed with 1ml of 75% ethanol. Pellet was 

allowed to air dry and was re-suspended in RNase-free water (Qiagen) and 

dissolving aided by brief incubation at 55°C. 

Samples with adequate RNA integrity number (RIN) as assessed by the 

Agilent 2100 Bioanalyser using the Agilent RNA 6000 Pico Kit (both Agilent 

Technologies) were further used for array analysis. RNA was amplified using 

the TargetAmpT 2-Round Biotin-aRNA Amplification Kit 3.0 (Epicentre, 

Illumina) and following the provided optimized protocol. All reactions were 

performed on a G-storm GS2 thermal cycler (Gene Technologies Ltd.). 

Amplified biotin labelled cRNA samples were assessed by Nanodrop and 

normalized quantities used for array analysis. Samples were stored at -80°C 

until further processing. 
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For the whole tissue microarray (Chapter 4) RNA was extracted using the 

RNeasy Mini kit (Qiagen) as described in section 2.6.2. Samples with 

adequate RNA integrity number (RIN) as assessed by the Agilent 2100 

Bioanalyser using the Agilent RNA 6000 Nano Kit (both Agilent Technologies) 

were further used for array analysis. RNA samples were assessed by 

Nanodrop and normalized quantities used for array analysis. Samples were 

stored at -80°C until further processing. 

 

After quality assessment of samples as per above, Dr Dilair Baban (Microarray 

core facility, Wellcome Trust Centre for Human Genetics, University of Oxford) 

hybridized the samples to Illumina Wg6 v2.0 Expression Bead Chips (Illumina), 

which were washed and scanned using a HiScan scanner (Illumina) to 

generate expression profiles for each condition. 

Probe signal intensities were extracted using GenomeStudio software (version 

1.9.0 Illumina Inc.) and further analysed by Dr. Nicholas Ilott. Probes were 

used for downstream processing if they were expressed significantly above 

background (detection p-value < 0.05). This resulted in the analysis of 

13847/45281 and 23314/45281 probes in the regulatory T cell microarray 

(Chapter 3) and whole tissue experiments (Chapter 4), respectively. Array 

signal intensities were background adjusted, transformed using the variance 

stabilizing transformation (VST) and quantile normalized using Lumi 

(PMID:18467348) from R/Bioconductor. Differential expression analysis was 

performed for each contrast using the empirical bayes method implemented in 

LIMMA. Significance was defined as a Benjamini-Hochberg adjusted p-value < 

0.05 and fold change > 2 (log2 fold change >1). 
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Enriched Gene ontology (GO) biological processes were assessed in 

differentially abundant gene sets using a hypergeometric test implemented in 

the runGO.py script from the CGAT code collection (PMID:24395753) and 

terms were considered significant at a false discovery rate (FDR) < 0.05. 
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2.7. Histology 

 

2.7.1. Sample preparation 

At sacrifice 2-3mm pieces of ear tissue were harvested and immediately 

submerged in PBS containing 10% formaldehyde for up to 2 weeks before 

embedding and preparing 5um thick sections using a microtome and stained 

with haematoxylin and eosin (H&E) at the histology facility of the Kennedy 

Institute of Rheumatology, University of Oxford. 

Images of ear sections were taken using a CoolScope microscope (Nikon). 

 

2.7.3. Immunofluorescence 

Ear tissue was snap frozen in optimal cutting temperature (OCT) (VWR) 

compound, using liquid nitrogen-cooled isopentane, sectioned into 7µm thick 

sections and mounted on glass slides.  

Immunofluorescence staining against Foxp3 was conducted according to the 

following protocol. Frozen sections were removed from storage at -20°C and 

immediately fixed, either in -20°C acetone for 10 minutes. The slides were then 

washed in PBS and mounted onto Shandon cover plates (Thermo scientific). 

Blocking solution (PBS plus 5% goat serum) was added onto the slide and left 

on for one hour. Primary antibody solution (PBS plus 1% BSA, containing the 

primary antibody in a dilution of 1:100) was then added directly and left on at 

4°C over night. Following over night incubation, the slides were washed three 

times for five minutes with PBS. Consecutively, secondary antibody staining 

solution (PBS plus 1% BSA, containing fluorescently labelled secondary 
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antibodies in a dilution of 1:400, and HOECHST nuclear stain in a dilution of 

1:1000) was added on the slides for one hour. The slides were then washed 

and mounted with glass coverslips over night, using ProLong Gold mounting 

medium. The resulting slides were imaged with a Zeiss 510 MetaHead 

confocal microscope. 
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2.8. In vivo imaging studies 

 

Mice were anesthetized for the duration of imaging using isoflurane. Images 

were collected by Dr. Emily Thornton in the Wolfson Imaging Centre 

(Weatherall Institute of Molecular Medicine, University of Oxford) using a Zeiss 

780 upright microscope with a 20x water dipping objective and Zeiss spectral 

detector array. Images were spectrally unmixed using Zeiss Zen 

software.  Timelapses and 3-dimensional data sets were analysed using Imaris 

8.1.2 software (Bitplane). 

 

2.9. Statistics 

 

Statistical analyses of experiments were performed in Prism 6 (GraphPad 

Software, SD, USA).  

Mann-Whitney U test, student’s T test, Kruskal-Wallis test, one-way ANOVA or 

two way ANOVA in combination with adequate post tests were performed.  

Microarray analysis and statistical evaluation is described in section 2.6.4. 

Differences were considered statistically significant when p<0.05. Significance 

will be indicated as * p<0.05; ** p<0.01, ***p<0.001, ****p<0.0001. 
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Chapter 3. Characterization of Tregs in skin 

homeostasis and inflammation 

 

3.1. Introduction 

 

Tregs are a subset of CD4+ T cells that are indispensible for controlling 

inflammation and maintaining self-tolerance. Tregs are found in most 

peripheral tissues at homeostatic conditions and are crucial for maintaining an 

adequately balanced immune response. 

However, little is known about the functions of Tregs in peripheral tissues such 

as the skin. The skin is the body’s largest organ and constantly exposed to 

unfiltered environmental factors. It harbours more T cells than are present in 

the circulation (Clark, et al. 2006). At steady state, CD4+ T cells are mainly 

confined to the dermis and have a diverse TCR repertoire (Clark 2015). Like 

most T cells in the skin of humans and mice, these CD4+ T cells display a 

memory phenotype (Watanabe et al. 2015). Memory T cells have previously 

encountered and responded to antigen and at such an abundance in the skin 

allow a directed immune response upon pathogen re-exposure. A prominent 

proportion of cutaneous CD4+ T cells in human (15-25%) and even more so in 

mouse (up to 60%) are Foxp3+ Tregs (Rodriguez et al., 2014; Rosenblum et 

al., 2011). This enrichment of Tregs in the skin suggests a specific role for this 

population at our largest barrier organ. 
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Patients who carry a mutation in the Foxp3 gene, IPEX patients, suffer from an 

array of auto-inflammatory symptoms (Gambineri et al., 2003). The skin is one 

of the first manifestation sites of inflammation in IPEX patients and also a 

prominent feature in genetic mouse models of the disease (Godfrey et al., 

1991; Halabi-Tawil et al., 2009). 

An imbalance of Teff and Tregs has been suggested in many autoimmune 

diseases (Sakaguchi et al., 2008). Recent evidence emerged suggesting that a 

potentially “unstable” phenotype in Tregs can contribute to inflammation and 

autoimmunity in vivo, especially under an inflammatory cytokine milieu 

(Komatsu et al., 2014; Oldenhove et al., 2009; X. Zhou et al., 2009). Tregs 

share certain developmental criteria with Th17 cells, which are highly 

implicated in autoimmune disease, and evidence shows that Tregs can in part 

convert to RORγt+ IL-17 secreting cells. Such converted “ex”-Tregs are not 

only unable to suppress inflammation, but can support it (Koenen et al., 2008; 

Komatsu et al., 2014; Xu et al., 2007). On the other hand, it was recently 

demonstrated that RORγt expressing Tregs actually represent a specialized 

subset of T cells operating at barrier sites such as the gut where they are 

required for adequate control of inflammation (Ohnmacht et al., 2015; Sefik et 

al., 2015). Further supporting and extending our understanding of Th17 and 

regulatory T cell plasticity, Th17 cells have recently been reported to convert to 

IL-10 secreting regulatory Tr1 cells (Gagliani et al., 2015).  

In psoriasis, patients have similar frequencies of Tregs in the blood compared 

to healthy donors and also express equal levels of the skin homing marker 

CLA (Sugiyama et al., 2005). However, Tregs obtained from PBMCs of 

psoriatic patients demonstrated a lower inhibitory capacity than those obtained 
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from healthy donors which could not be fully overcome with increased Treg 

ratios (Sugiyama et al., 2005). In addition, Foxp3+ cells isolated from PBMCs of 

psoriatic patients showed the propensity to produce IL-17A(Bovenschen et al., 

2011). However, it remains unclear if these features observed in PBMCs after 

in vitro re-stimulation also reflect the in situ reality in skin resident Tregs and if 

so, what their contribution to the inflammatory process really is.  

The aim of this chapter is to characterize the phenotype and analyse the 

transcriptome of skin resident Tregs at steady state. The imiquimod model of 

psoriasiform skin inflammation will be introduced. Utilizing this model, changes 

of skin resident Tregs during psoriasiform inflammation will be further 

assessed. 
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3.2. Results 

 

3.2.1. The skin harbours the highest proportion of Tregs 

 

Initially, the isolation of leukocytes from the skin used throughout this thesis 

had to be established in our lab to allow further investigation of skin resident 

cells. The data presented throughout this thesis was obtained using an 

optimized protocol for skin digestion and cell extraction and is described in 

detail in Chapter 2. The gating strategy used to identify T cells in this thesis is 

depicted in Chapter 2 (Figure 2.3). In brief, leukocytes were gated on by size 

and doublets excluded by forward and side scatter height and area. Live cells 

were further selected by expression of CD45 and TCRβ, followed by CD4 and 

subsequently gating on cells positive for Foxp3 or hCD2 expressed under the 

Foxp3 promoter in B6 Foxp3hCD2 reporter mice. As described by Waldmann 

and colleagues (Kendal et al., 2011), these mice reliably express human CD2 

on the surface of Foxp3 expressing cells. Figure 2.2 shows the construct used 

to generate this mouse and the reliable reporting of the B6 Foxp3hCD2 mouse. 

 

First, we set out to investigate the frequency of Tregs in the skin. In order to 

understand the significance of these results in a wider context frequencies of 

Tregs in the skin were compared with other organs. We evaluated barrier 

organs such as the colon and lung as well as internal organs such as the 

kidney and the liver, in addition to lymphoid tissues including the lymph nodes, 

spleen and thymus. CD4+ T cells make up the majority of the CD45+ TCRβ+ 
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cells in the skin and a mean of 54.06% of these cells expressed Foxp3 (Figure 

3.1), making Tregs the most abundant TCRβ+ cells in the steady state skin. 

Further, the skin is the organ with the highest proportion of Foxp3 expressing 

CD4+ T cells (Figure 3.1A and B). Interestingly, even though the skin and the 

gut (mean 33.62%) are the two organs with the highest percentage of Foxp3+ 

cells, the lung as the third major barrier organ had a significantly reduced 

proportion (11.21%) of Foxp3+ Treg cells. 

Our data, in accordance with previously published data (Rosenblum et al., 

2011) demonstrates that the skin harbours a significant proportion of Foxp3+ 

Treg cells and this proportion is higher than in other organs investigated. 
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Figure 3.1. Frequency of Foxp3+ Tregs in various lymphoid and non-lymphoid organs 
 
Various organs as indicated were harvested from untreated B6 WT mice. Organs were 
mechanically disrupted (spleen, lymph nodes and thymus) or enzymatically digested (all other 
organs) and cells isolated. Cells were stained for surface markers and Foxp3 expression was 
determined by flow cytometry. 
 
(A) Frequency of Foxp3 expressing cells of CD4+ T cells in various organs. 
 
(B) Representative FACS plots showing Foxp3 frequency of CD4+TCRβ+ cells in spleen, 

skin, lung and colon, values represent mean frequencies. 
 
Bars represent the mean ± SEM. Each symbol represents one individual animal. Statistical 
significance between skin, lung and colon was performed using One-way Anova with 
Bonferroni’s post-test for correction of multiple comparisons. Data are representative of 1 of 2 
(kidney, thymus, lung, liver, colon) or >5 independently performed experiments (skin, spleen, 
lymph nodes) with n≥4 each. 
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3.2.2. Treg cells in the skin display a highly suppressive phenotype 

 

To further phenotype skin resident Tregs surface markers, transcription factors 

and cytokine expression were investigated. CD4+Foxp3+ cells were compared 

with the CD4+Foxp3- population in the skin under homeostatic conditions.  

Nearly all CD4+ T cells, i.e. Tregs and Teff, extracted from the skin were 

CD44+CD62L-, consistent with an effector memory phenotype (Figure 3.2 A). A 

significant proportion of skin Tregs compared to CD4+ Teff expressed IL-10 in 

the absence of restimulation as assessed by GFP expression under the control 

of the Il10 promoter (Figure 3.2B).  

Surface expression of the IL-2 receptor (CD25), the E-cadherin receptor 

(KLRG-1) and the integrin alpha E chain (CD103) has been associated with 

functionally suppressive activity of Tregs (Josefowicz et al., 2012). All these 

markers were highly expressed in skin Tregs (Figure 3.2C).  

Further, these cells expressed high amounts of the transcription factors Helios 

and GATA-3. However, Tregs at steady state conditions did not express the TF 

T-bet or RORγt above background level. Helios has been associated with 

thymic-derived natural nTregs as opposed to peripherally induced iTregs 

(Thornton et al., 2010). GATA-3 expression in Tregs has been associated with 

an activated and highly suppressive Treg phenotype and was previously 

reported as expressed at highest amounts in dermal Tregs (Wohlfert et al., 

2011).  
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Figure 3.2. Frequency, surface marker and transcription factor expression of Tregs in 
the steady state skin 
 
Skin and draining lymph nodes from B6 Foxp3hCD2IL-10GFP/+  mice were harvested and 
digested. Single cell suspension was stained for surface antibodies (A,B,C) or additionally 
stained with intracellular antibodies before analysis by flow cytometry (D) 
 
(A) Representative FACS plot and frequency of naïve and Teff in the lymph node and the 

skin. 
(B) Representative FACS plot and frequency of IL-10 secreting skin Tregs and effector 

CD4+ T cells in the homeostatic skin. 
(C) Representative histograms of cell surface marker expression (gray area: FMO 

control, black line:  Foxp3-CD4+ T cells, blue line: Foxp3+CD4+ Tregs). 
(D) Representative histograms of transcription factor expression (gray: FMO 

control, black: Foxp3-CD4+ T cells, blue: Tregs) 
 
Bars represent the mean ± SEM. Each symbol represents one individual animal. Mann 
Whitney U test was performed to assess statistical significance. Data are representative of 1 of 
≥3 experiments (n≥4 each) (A,C) or ≥2 experiments.(B,D) (n≥4 each) . 
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The IL-1 family member IL-33 is associated with induction of Th2 immunity 

(Schmitz et al., 2005). However, recent data highlights the importance of the 

IL-33 receptor (ST2) on Tregs in inflammation and infection (Schiering et al. 

2014; Arpaia et al. 2015). Therefore ST2 expression on CD4+ T cells from 

various organs was assessed.  

Of all organs investigated, the skin displayed the highest percentage of ST2+ 

Tregs (64.3%) (Figure 3.3A). In the skin and the colon the expression of ST2 

was exclusively confined to the CD4+Foxp3+ population. (Figure 3.3B). 

IL-23 inhibits the generation of Tregs and mice lacking the IL-23R express 

higher proportions of ST2 (Izcue et al., 2008; Schiering et al., 2014). We 

therefore investigated the IL-23R expression in the skin at homeostatic 

conditions using a B6 IL-23RGFP/+ reporter mouse (Figure 3.4). IL-23R 

expression was nearly absent on Foxp3+ cells and very low on CD4+ T cells 

(mean 3.4%). The main population expressing IL-23R were dermal γδ T cells 

with an average of 59.75%, followed by 38.4% on non-T cells, most likely 

representing cells of myeloid origin or ILCs (Figure 3.3A and B).  

Together, these data demonstrate that the majority of Tregs in the skin are 

CD25+KLRG1+CD103+ST2+Helios+GATA-3+ Tregs, which is suggestive of a 

thymic origin and a highly suppressive and responsive phenotype. 
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Figure 3.3. ST2 (IL-33R) expression on CD4+ T cells is confined to Foxp3+ Tregs in the 
skin and the colon at steady state 
 
Various organs as indicated were harvested from untreated B6 WT mice. Organs were 
mechanically disrupted (spleen, lymph nodes and thymus) or enzymatically digested (all other 
organs) and cells isolated. Cells were stained for surface markers and Foxp3 expression was 
determined by flow cytometry. 
 
(A) Frequency of Foxp3 expressing cells of CD4+ T cells. 
 
(B) Representative FACS plots showing ST2 frequency in spleen, skin, lung and colon. 
 
Bars represent the mean ± SEM. Each symbol represents one individual animal. Statistical 
significance between skin, lung and colon was assessed using One-way Anova with 
Bonferroni’s post-test for correction of multiple comparisons. Data are representative of 1 of 2 
(kidney, thymus, lung, liver, colon) or >5 independently performed experiments (skin, spleen, 
lymph nodes) with n≥4 each. 
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Figure 3.4. γδ T cells but not Tregs express high levels of IL-23R in the skin 
 
Skin from B6 IL-23RGFP/+ mice were harvested and enzymatically digested, stained for surface 
antibodies and analysed by flow cytometry 
 
(A) Representative histogram of Tregs (blue) dermal γδ T cells (red) and control FMO 

(solid grey).  
 
(B) IL-23R expression in various cell types in the skin 
 
Bars represent the mean ± SEM. Each symbol represents one individual animal. Data are 
representative of 1 of 2 independent experiments (n=5 each) 
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3.2.3. Skin resident Tregs have a distinct gene expression profile 

 

Tregs at tissue sites have a transcriptional profile that is very different from 

lymphoid organs such as the spleen or lymph nodes (Schiering et al. 2014; 

Yang et al. 2015; Burzyn, Kuswanto, et al. 2013; Burzyn, Benoist, et al. 2013). 

To our knowledge, no in depth evaluation of the skin resident Treg 

transcriptome has been published.  

To investigate the whole genome transcriptome of skin resident Tregs a 

microarray approach was used. CD45+ CD4+ TCRβ+ GFP+ cells were sorted 

from lymph nodes and ears of B6 Foxp3GFP mice as described in Chapter 2. 4-

6 mice were pooled for each experimental sample and normalized amounts of 

RNA amplified before analysis on Illumina bead arrays. Tregs from steady 

state ear tissue (n=4) and steady state skin draining lymph nodes (n=4) were 

compared. Due to insufficient quality, one sample of skin draining lymph nodes 

was excluded from further analysis. Detailed analysis and statistical methods 

are described in Chapter 2. In brief, array signal intensities were background 

adjusted, transformed quantile normalized and differential expression analysis 

was performed.  

Hierarchical clustering analysis was implemented to assess similarities 

between the samples. All three samples from the draining lymph nodes 

grouped together and were clearly separated in the dendrogram from skin Treg 

samples (Figure 3.5).  

This highlights that skin resident Tregs have a transcription profile that is 

distinct from Foxp3+
 cells extracted from the skin draining lymph nodes. 
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Figure 3.5. Dendrogram of Treg microarray 
 
Steady state B6 Foxp3GFP mice or mice treated with imiquimod for 7 consecutive days were 
sacrificed at 8-10 weeks of age. Lymph nodes and ears were harvested. Single cell 
suspensions were obtained, lymph node Tregs magnetically enriched for CD4+ T cells and 
stained with surface antibodies followed by cell sorting. Viable, CD45+CD4+TCRβ+GFP+ cells 
were sorted directly into Trizol. RNA was extracted, amplified and gene expression assessed 
as described in Chapter 2. 
 
Illumina microarray and data normalization and analysis in R were performed. Data represent 
results from a single experiment (n=3 for LN; n=4 untreated skin) 
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3.2.4. Foxp3+ T cells from the skin exhibit a tissue specific 

transcriptome 

 

In order to understand the differences in the gene expression profiles between 

the two regulatory T cell populations from the lymph node and the skin, the 

differentially expressed genes were visualized in a volcano plot (Figure 3.6A). 

Changes that were more than 1 log2-fold different (dashed line, Figure 3.6A) 

with a p-value <0.05 (blue circles) were judged as potentially important. Using 

this approach 760 probes were differentially expressed, of which 409 were up 

and 351 were downregulated (full list in Supplementary Table 1). The accuracy 

of the microarray data was confirmed by performing a separate skin and lymph 

node sorting experiment followed by RT-qPCR validation of different genes 

(Figure 3.7).  

The highest upregulated gene was Lmna (Lamin A/C). It encodes A-type 

lamins that are highly expressed following antigen encounter and foster 

activation of T cells by promoting the formation of the immunological synapse. 

(González-Granado et al., 2014). Il10 was the most induced cytokine transcript 

in skin Tregs, which confirms the findings obtained by flow cytometry (Figure 

3.2). Interestingly, Fosl2 was the highest upregulated transcription factor in 

tissue Foxp3+ T cells. Fosl2 belongs to the AP-1 family and has considerable 

impact on the plasticity of T helper subsets (Ciofani et al., 2012). Crem (cAMP 

response modulator) is a direct target of Foxp3 and mediates cell-contact 

dependent and independent suppression in Tregs (Bodor et al., 2012; Bopp et 

al., 2007). Gadd45b (growth arrest and DNA damage−inducible, β) is induced 

by TCR engagement. Gadd45b as well as the upregulated Cdkn1a (cyclin 
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dependent kinase inhibitor), are also involved in cell cycle regulation. Hspa1a 

(Hsp70) is important for cellular homeostasis and increases rapidly in response 

to a variety of stresses. It has potent immunomodulatory functions and 

promotes suppressive capacity in Tregs (Wachstein et al., 2012). Ier3 

(Immediate early response 3) is an important anti-apoptotic protein protecting 

cells from FAS or TNF induced apoptosis. Nfil3 encoding the transcription 

factor nuclear factor, interleukin 3 regulated has recently been identified as a 

crucial part of IL-27 mediated anti-inflammatory effects and leads to increased 

IL-10 production in CD4+ T cells while also dampening Teff functions (Zhu et 

al., 2015). IL27Ra was also upregulated in skin Tregs, supporting the 

importance of this pathway in skin Tregs. Dgat1 and Dgat2 encode 

diacylglycerol O-acyltransferase (DGAT), which are isoenzymes crucially 

involved in lipid metabolism (Cases et al., 1998). 

The skin Treg markers we identified on protein level via flow cytometry (Figure 

3.2 and Figure 3.3) were all found significantly upregulated on mRNA level (i.e. 

Gata3, Itgae (CD103), Klrg1, Il2ra (CD25), Cd44) in the microarray data 

(Figure 3.6 and Supplementary Table 1)  

Sell (L-Selectin, CD62L) was the most downregulated gene in tissue Tregs, 

highlighting their effector / memory phenotype in the tissue. Actn1 (alpha-

actinin 1) is an actin binding protein important in immune synapse formation 

and rearrangement of the cytoskeleton in many immune cells (Kikonomou et 

al., 2011) Acas2l (acyl-CoA synthetase short-chain family member 1) is 

expressed in many cells and involved in fatty acid synthesis and thus 

contributes to the metabolic state of the cell (Schug et al., 2015). 
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Recent publications have highlighted the functional importance of IL-33R, IL-

18R and amphiregulin (AREG) in Tregs of the gut, lung and adipose tissue 

(Arpaia et al., 2015; Burzyn, Kuswanto, et al., 2013; Schiering et al., 2014). 

Interestingly, we also found their genes highly expressed in skin resident 

Tregs. (Figure 3.6B and Supplementary Table 1). 

Together, these data demonstrates a distinct phenotype of skin resident Tregs. 

In particular genes controlling T cell activation and metabolism were 

differentially regulated. 
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Figure 3.6. Differential gene expression comparing steady state lymph node Tregs and 
skin resident Tregs 
 
Steady state B6 Foxp3GFP mice were sacrificed at 8-10 weeks of age. Lymph nodes and ears 
were harvested. Single cell suspensions were obtained, lymph node Tregs magnetically 
enriched for CD4+ T cells and stained with surface antibodies followed by cell sorting. Viable, 
CD45+CD4+TCRβ+ GFP+ cells were sorted directly into Trizol. RNA was extracted, amplified 
and gene expression assessed as described in Chapter 2. 
 
(A) Microarray results from Tregs extracted from untreated lymph nodes and tissue were 

compared. After normalization, genes were illustrated in a volcano plot. X-axis shows 
log2 fold changes. Positive values: upregulated in skin Tregs. Y-axis depicts p-value (–
log10). genes with adjusted p-value <0.05 (blue), >0.05 (black)  

 
(B) Graph depicts 30 most up (red) and down (blue) regulated genes between lymph node 

and skin Tregs ranked according to fold change. All genes p>0.05. 
 
Data represents results form a single experiment (n=3 for lymph node Tregs, n=4 for skin 
resident Tregs) Array signal intensities were background adjusted, transformed using the 
variance stabilizing transformation (VST) and quantile normalized using Lumi 
(PMID:18467348) from R/Bioconductor. Differential expression analysis was performed for 
each comparison using the empirical bayes method implemented in LIMMA. Significance was 
defined as a Benjamini-Hochberg adjusted p-value < 0.05 and fold change > 2. 
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Figure 3.7. RT-qPCR validation of selected genes upregulated in skin resident Tregs 
 
Steady state B6 Foxp3GFP mice were sacrificed at 8-10 weeks of age. Lymph nodes and ears 
were harvested. Single cell suspensions were obtained, lymph node Tregs magnetically 
enriched for CD4+ T cells and stained with surface antibodies followed by cell sorting. Viable, 
CD45+CD4+TCRβ+ GFP+ cells were sorted directly into Trizol. RNA was extracted.  Expression 
levels were normalized to Hprt. Bars represent mean; error bars represent SEM. 
 
Bars represent the mean ± SEM. Statistical significance was determined using a Mann-
Whitney U Test. Samples were obtained in an independent experiment (n=4 in each group) to 
the samples used for microarray.  
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3.2.5. Pathways associated with anti-apoptotic programmes and 

pathogen encounter are upregulated in skin Tregs 

 

To further investigate the distinctiveness of skin resident Tregs, the microarray 

data were used to perform enrichment analysis via Gene Ontology (GO) 

“Biological process” pathway analysis. Using this unbiased approach we found 

6 major processes significantly enriched in our data set (Figure 3.8A and B) 

and (Supplementary Table 2).  

“Response to molecule of bacterial origin” was the highest enriched pathway 

and contained 6 genes: Il10, Malt1, Cxcl2, Tnfaip3, Cd14 and Bcl10. As 

mentioned above, Il10 was the highest enriched cytokine and is essential for 

suppression in the tissue. Malt1 (Mucosa-associated lymphoid tissue 

lymphoma translocation protein 1) encodes paracaspase and is important for T 

cell activation (Ruland et al., 2003). It regulates activation of NF-κB signaling 

as well as IL-2 production (Ruefli-Brasse et al., 2003). Bcl10 acts upstream of 

paracaspase in the induction of NF-κB and promotes lymphocyte proliferation 

(Ruefli-Brasse et al., 2003). Tnfaip3 (Tumor Necrosis Factor, Alpha-Induced 

Protein 3) encodes A20, an inducible protein involved in the termination of 

TLR- and TNF-induced NF-κB activity.  

The upregulated genes assigned to the “response to lipopolysaccharide” 

pathway contained genes involved in TLR signaling such as Myd88, Cd14, and 

Irak3 (Supplementary Table 2). As mentioned in the introduction, MyD88 is 

induced via activation of various TLRs and acts upstream of IL-1 receptor 

associated protein kinases (IRAK). CD14 functions as a co-receptor for TLR4 
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(Zanoni et al., 2011). We further found the genes for TLR1, TLR6 and TLR7 

selectively upregulated in skin Tregs (Figure 3.6 and Supplementary Table 1).  

The process “negative regulation of the inflammatory response” contained 

genes such as Il10, Ier3, Il2Ra, and Gata3 discussed earlier. Further Tnfrsf1b, 

encoding the TNF receptor 2 was enriched; highlighting that skin Tregs have 

an increased sensitivity to TNF. Apoe encoding apolipoprotein-E is important in 

lipid transport and cholesterol metabolism (Meir, 2004).  

The term “inflammatory response” contained 38 upregulated genes. Among 

these were genes discussed earlier such as Il10, Klrg1, Cd14 and MyD88. 

However, it further highlighted the upregulation of several chemokines and 

their receptor such as Cxcl1, Cxcr4, Ccrl2, Ccr5, Ccl5, Il1b and Il-18rap 

(Supplementary Table 2).  

“Negative regulation of apoptotic processes” highlighted 78 upregulated genes 

in skin Tregs. Among them were the previously discussed Hspa1a, Cd44 and 

Cdkn1a. Further regulators of transcription such as Crebbp (CREB binding 

protein) (Gartel & Radhakrishnan, 2005). Cathepsin H (CTSH) assists in 

lysosome formation and degradation and also promotes granzyme B (GzmB) 

formation (D’Angelo et al., 2010). Bcl3 is a transcriptional regulator promoting 

survival in many cancer types. The enriched transcriptional repressor Bcl6 is 

essential for differentiation of follicular helper T cells by antagonizing Th1, Th2 

and Th17 Teff differentiation (Nurieva et al., 2009).  

The pathway “response to organic cyclic compound” contained genes 

discussed previously such as Il10 and Cdkn1a. Further the gene encoding the 

TFs, Stat3 and Pparg and the adhesion molecule Icam1 as well as Tgfb1 were 

among the enriched genes grouped in this pathway. Ctgf, encoding connective 
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tissue growth factor is a growth factor with unknown function in T cells (Shi-

Wen et al., 2008). 

Taken together, the GO enrichment analysis highlights that Tregs in the skin 

have undergone changes in various pathways and are distinct from Tregs in 

lymphoid organs.  
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Figure 3.8. Enriched biological processes (GO) in skin resident Tregs 
 
Steady state B6 Foxp3GFP mice were sacrificed at 8-10 weeks of age. Lymph nodes and ears 
were harvested. Single cell suspensions were obtained, lymph node Tregs magnetically 
enriched for CD4+ T cells and stained with surface antibodies followed by cell sorting. Viable, 
CD45+CD4+TCRβ+ GFP+ cells were sorted directly into Trizol. RNA was extracted, amplified 
and gene expression assessed as described in Chapter 2. 
 
Microarray results from Tregs extracted from untreated lymph nodes and tissue were 
compared. Genes that were significantly upregulated in Tregs from the skin were subjected to 
pathway enrichment analysis (GO biological processes) 
 
A)  Pathways (y-axis) significantly upregulated in skin resident Tregs illustrated in fold 

enrichment (x-axis) above background.  
 
(B)  Table of enriched biological processes; fold up regulation, p-values and corrected p-

values. 
 
Data represent results form a single experiment (n=3 for lymph node Tregs, n=4 for skin 
resident Tregs). Enriched Gene ontology (GO) biological processes were assessed in 
differentially abundant gene sets using a hypergeometric test implemented in the runGO.py 
script from the CGAT code collection (PMID:24395753) and terms were considered significant 
at a false discovery rate (FDR) < 0.05. 
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3.2.6. The imiquimod model of psoriasiform skin inflammation 

 

Tregs in the skin have a distinct phenotype and transcriptome compared to 

Tregs found in peripheral lymph nodes. Next, we sought to probe their 

suppressive capacity and identify any changes that occur during an 

inflammatory response. 

The imiquimod model of psoriasiform skin inflammation is used as the main 

mouse model to delineate and assess pro- and anti-inflammatory pathways 

throughout this thesis (van der Fits et al., 2009). This involves applying cream 

containing 5% imiquimod (Aldara) to the ears of mice daily for a period of up to 

7 days. Unless otherwise stated, all cell number and percentages originate 

from tissues harvested from mice sacrificed at day 7 of treatment. 

Ear thickness increased after 3 applications and continued to do so until day 5, 

after which it slightly plateaued (Figure 3.9A). Animals were sacrificed on day 7 

of treatment, by which time they showed clear inflammatory changes on 

histological examination such as acanthosis, parakeratosis and mixed 

leukocytic infiltrate in the dermis and thickening of the dermis and epidermis 

(Figure 3.8B). Initially, mice lose body weight, but start re-gaining weight after 

day three and reach their initial weight towards the end of the treatment course 

(Figure 3.8C). Imiquimod application also leads to systemic inflammatory 

reactions as measured by an increase of spleen weight and draining lymph 

node size (not depicted) over the treatment period (Figure 3.8D). 

A time course of the disease model shows that ear thickness reliably reflects 

influx of CD45+ cells into the skin and increase of epidermal and dermal 

thickness (Figure 3.9 E). 
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Figure 3.9. The mouse model of imiquimod-induced skin inflammation 
 
20.8mg of Imiqimod (Aldara) was applied to each ear of B6 WT mice for 7 consecutive days. 
Ear thickness was measured with a thickness gauge and animals checked for weight loss 
daily. Tissue was harvested for further assessment and histology at sacrifice on day 7. 
 
(A) Ear thickness is represented in fold change over values measured before first cream 
 application. black: untreated group, red: daily imiquimod treatment 
 
(B) Representative histology of ear tissue harvested from an untreated (left) and an 

imiquimod treated (right) mouse 
 
(C) Body weight measured daily over the course of treatment relative to weight before first 

cream application 
 
(D)  Spleen weight of untreated (black) or treated (red) group 
 
(E) Total cell numbers of CD45+ cells in both ears at indicated time points 
 
Bars represent the mean ± SEM Statistical significance was determined using a two-way 
Anova followed by Bonferroni post-hoc test (A and C) and Mann Whitney U Test (D). Data are 
representative of 1 of >5 independent experiments (n≥ 4 each). 
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3.2.7. The majority of IL-23 responsive cells in inflammation are 

dermal γδ T cells 

 

IL-23 drives the pathology in this disease and infiltrating IL-17 producing 

dermal γδ T cells as well as ILC-3 have been described as the pathogenic cell 

types in the imiquimod model (Cai et al., 2011; Pantelyushin et al., 2012; van 

der Fits et al., 2009). We can also confirm this observation with CD3+ TCRγδdim 

dermal γδ T cells significantly increasing over the treatment with imiquimod 

(Figure 3.10A and C). After a 4 hour re-stimulation with PMA and Ionomycin in 

the presence of BFA, they are the main producers of IL-17A and IL-22 in the 

inflamed skin (Figure 3.11A). In agreement with published data, CD4+ αβ T 

cells only produced small amounts of these cytokines in our studies (Figure 

3.11A). 

As IL-23 is the crucial driver of pathology in this model (van der Fits et al., 

2009), we assessed the expression of the IL-23R on the different T cell 

populations over the course of skin treatment. For this we utilized IL23RGFP/+ 

mice that respond normally to IL-23, but can be reliably used to visualize the 

receptor expression (Awasthi et al., 2009). Indeed, as we demonstrated under 

homeostatic conditions, it was mainly the dermal γδ and not the CD4+ αβ T 

cells that expressed IL-23R in the inflamed skin (Figure 3.4 B). Equally, it was 

these cells that expressed the highest amount of RORγt under inflammatory 

conditions (Figure 3.11B). The proportion of γδ T cells among the IL-23R 

expressing cells increased by day 7, whereas the frequency of CD3- T cells, 

most likely ILC3 and myeloid cells, decreased. The frequency of CD4+ T cells 
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in the skin remained unchanged throughout the course of treatment Figure 

3.10B). 

The skin harbours two ontogenetically distinct populations of γδ T cells. 

Epidermal γδ T cells are seeded to the tissue early in embryonic development, 

express high levels of CD3 and TCRγδ and are present in high numbers under 

homeostatic conditions in the skin (Jameson & Havran, 2007). Dermal γδ T 

cells can be identified by lower expression of the TCR and CD3 and use 

different TCRs than their epidermal counterpart (Sumaria et al., 2011). As 

previous reports have shown, we also demonstrate that dermal γδ T cells 

significantly increase in inflammation, whereas the epidermal γδ T cells 

decrease. The later population also does not express IL-23R or RORγt. (Figure 

3.11B)  
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Figure 3.10. Changes in γδ T cell in skin inflammation 
 
B6 WT were treated with imiquimod (Aldara) 1x/day for 3 or 7 days or left untreated. Single cell 
suspensions were prepared from ear skin and analysed by flow cytometry. 
 
(A) Dermal γδ T cell numbers in the ears 
 
(B)  Representative FACS plots and frequency of dermal and epidermal γδ T cells in 

untreated, 3x and 7x treated mice 
 
Data (A) and bars (B) represent the mean ± SEM. Each symbol represents one individual 
animal (B). Statistical significance was determined using a Mann-Whitney U Test (D). Data are 
representative of 1 of ≥4 (A and C) or 2 (B) independent experiments (n≥ 4 each).  
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Figure 3.11. Sources of IL-17A and IL-22 in skin inflammation  
 
B6 WT or B6 IL-23R GFP/+ mice were treated with imiquimod (Aldara) 1x/day for 7 days or left 
untreated. Single cell suspensions were prepared from ear skin and analysed by flow 
cytometry or re-stimulated with PMA and ionomycin in the presence of BFA for 4 hours before 
analysis. 
 
(A) Representative FACS plot of IL-17A and IL-22 production of skin CD4+ αβ T effector 

cells (left) or dermal γδ T cells (right) at day 7 of treatment 
 
(B) Representative FACS plot of IL-23R (GFP) expression by dermal γδ T cells (left), 

epidermal γδ T cells (middle). Expression of the transcription factor RORγt by 
epidermal (blue) or dermal (red) γδ T cells and FMO control (grey) 

 
Data are representative of 1 of 3 (A) or 2 (B) independent experiments (n≥ 4 each).  
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3.2.8. Tregs are increased in imiquimod-induced skin inflammation 

 

CD4+ αβ T cells are not a crucial source of pathogenic cytokines in this model, 

however their frequency and absolute numbers increase in correlation with ear 

thickness (Figure 3.12A). This increase is largely due to a to rising number and 

percentage of CD4+Foxp3+ Tregs but also a significant increase in CD4+Foxp3- 

Teff (Figure 3.12A and B). 

To investigate if Tregs in the imiquimod model exhibit instability, the mean 

fluoresce intensity of Foxp3 was analysed. However, no difference in the 

amount of Foxp3 expression between the two groups was observed (Figure 

3.12C). 

To further investigate Treg instability, the expression of lineage defining 

transcription factors as well as IL-17A production of CD4+ Foxp3+ T cells 

isolated directly from the inflamed skin of treated mice was studied (Figure 

3.14). IL-17A production in Tregs was not increased in inflammatory 

conditions. (Figure 3.13A). Tregs under inflammatory conditions expressed 

substantial amounts of GATA-3 and did not express T-bet (Figure 3.13B). A 

significant increase in RORγt MFI was observed, however these changes were 

minimal and amounts remained very low (Figure 3.13B). 

Together these data demonstrated that Tregs in the inflamed skin did not show 

an unstable Treg phenotype or propensity to convert to Teff cells. 

.
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Figure 3.12. Regulatory T cells in skin inflammation 
 
B6 WT were treated with imiquimod (Aldara) 7 days or left untreated. Single cell suspensions 
were prepared from ear skin and stained with according antibodies before being analysed by 
flow cytometry or re-stimulated with PMA and ionomycin in the presence of BFA for 4 hours 
before staining and analysis. 
 
(A) Frequency of CD45+ cells, CD4+ T cells and Foxp3+ Tregs in the skin of steady state 

(black) and imiquimod (red) treated mice  
 
(B) Absolute numbers of Teff and Treg in the ears of steady state (black) and imiquimod 

(red) treated mice 
 
(C) Representative FACS plot and Foxp3 MFI of CD4+Foxp3+ T cells in the ears of steady 

state (black) and imiquimod (red) treated mice 
 
Data (A and B) and bars (C) represent the mean ± SEM Each symbol represents one 
individual animal. Statistical significance was determined using a Mann-Whitney U Test (D). 
Data are representative of 1 of ≥3 independent experiments (n≥ 4 each).  
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Figure 3.13. Transcription factor and cytokine expression in Tregs during skin 
inflammation  
 
(A) Representative FACS plot and frequency of IL-17A expression after re-stimulation 

gated on CD4+ T cells extracted from the skin. 
 
(B) Representative histograms and frequencies of transcription factor expression of skin 

resident Foxp3+CD4+ T cells. 
 
Bars represent the mean ± SEM Each symbol represents one individual animal. Statistical 
significance was determined using a Mann-Whitney U Test (D). Data are representative of 1 of 
≥3 (A and C) or 2 (B) independent experiments (n≥ 4 each).  
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3.2.9. Regulatory T cell positioning in the inflamed skin 

 

Next, we wanted to identify if the physical properties of Tregs changed over the 

treatment course and set out to investigate where the cells were anatomically 

located in homeostatic and inflamed conditions. Frozen ear sections harvested 

at day 7 of treatment or from untreated mice were used for in situ analysis (see 

detailed description in Chapter 2). Lymph nodes were used as a positive 

control. 

Due to the distinct anatomical arrangement of basal keratinocytes, the dermo-

epidermal junction with the basement membrane as its border can be identified 

easily when nuclei are stained with Hoechst (highlighted by dashed line in 

Figure 3.14A) In the untreated skin, Tregs are rarely found on the 5um thick 

sections and are confined to the dermis. In the treated skin, Tregs are found at 

higher density in the dermis, and intriguingly, they are also found above the 

dermal-epidermal junction (Figure 3.14A, right).  

We set out to confirm these findings and further investigate the behavioural 

properties of Tregs by in vivo microscopy using B6 Foxp3GFP mice (Figure 

3.14B and C). Here Tregs were dispersed throughout the dermis in steady 

state, present in the follicular and inter-follicular regions and at various depths 

of the dermis (identified by the blue collagen). During inflammation their 

number increased and they also located to the now thickened epidermis as 

identified by absence of second harmonic generation (SHG) of collagen. This 

confirmed the results seen on immunofluorescence staining. At steady state, 

Tregs were not mobile over the recorded period of up to 35 minutes and this 

was consistent across three mice imaged. Under inflammatory conditions, 
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Tregs showed a higher potential to probe their environment. However, during 

the 40 minutes in which we were able to perform in vivo imaging we were not 

able to image enough events to define the distance moved. For quantitative 

analysis, more mice would need to be imaged over a longer period of time.  
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Figure 3.14. Tregs locate to the dermis in steady state and to the dermo-epidermal 
junction in skin inflammation 
 
B6 WT or B6 Foxp3GFP mice were treated with imiquimod (Aldara) 7 days or left untreated. 
 
(A)  Immunofluorescence staining of OCT frozen sections for Foxp3. Tissue was harvested 

from untreated ears (left) 7x imiquimod treated ears (right) or lymph node as control 
(bottom) 

(B)  Representative pictures from in vivo imaging of ears of untreated Foxp3GFP mice. Left 
picture: Sagittal plane of ear (stratum corneum visible by light green autofluorescence 
on right) with Tregs (green) visible under the dermal collagen (blue) Right picture: 
Transverse plane of dermis; Tregs (green) hair (autofluorescent green) 

 (C) Representative pictures from in vivo imaging of ear of 7x imiquimod treated Foxp3GFP 
mice. Left picture: Sagittal plane of ear (stratum corneum visible by light green 
autofluorescence on right) with Tregs (green) visible above the dermal collagen (blue) 
Right picture: Transverse plane of dermis; Tregs (green), hair (autofluorescent green) 
 

Images are representative of 2 experiments (each n=3) (A) and 3 mice imaged at two different 
occasions (B and C) 
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3.2.10. Identification of genes upregulated in Tregs in skin 

inflammation 

 

We observed that Tregs in imiquimod-induced inflammation are present at high 

numbers in the inflamed skin and that they maintained key characteristics 

associated with high suppressive capacity. In addition, during inflammation 

Tregs located to additional anatomical locations such as the epidermis. 

To investigate the unique properties of skin Tregs and examine potential 

changes they undergo in an inflammatory setting, we performed a 

transcriptomic analysis. We compared Tregs from the skin extracted from 

either untreated or imiquimod treated mice. CD45+CD4+TCRβ+GFP+ cells were 

sorted from B6 Foxp3GFP mice as described in Chapter 2. 4-6 mice were 

pooled for each experimental sample and normalized amounts of RNA 

amplified before analysis on Illumina bead arrays. We compared steady state 

Tregs extracted from ear tissue (n=4) and Tregs extracted from ears of 

imiquimod treated mice (n=4). 

We performed hierarchical clustering analysis that included the results from 

lymph node Tregs introduced earlier in this chapter. The Tregs derived from 

the treated and untreated skin clearly clustered away from the lymph node 

Tregs, indicating that both tissue populations are more similar to each other 

than the lymph node. Within the tissue Tregs, a clear sub-branching into the 

untreated and treated group was apparent, highlighting differences in the 

transcriptome of skin Tregs under homeostatic vs. inflammatory conditions 

(Figure 3.15). 
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Figure 3.15. Dendrogram of Treg microarray 
 
Steady state B6 Foxp3GFP mice or mice treated with imiquimod for 7 consecutive days were 
sacrificed at 8-10 weeks of age. Ears were harvested and enzymatically digested. Single cell 
suspensions were obtained, and stained with surface antibodies followed by cell sorting. 
Viable, CD45+CD4+TCRβ+ GFP+ cells were sorted directly into Trizol. RNA was extracted, 
amplified and gene expression assessed as described in Chapter 2. 
 
Illumina microarray and data normalization and analysis in R were performed. 
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3.2.11. Tregs in skin inflammation maintain a suppressive 

phenotype 

 

To further investigate the changes Tregs undergo when they are resident in 

the skin, data obtained in the microarray was used to performed enrichment 

analysis using Gene Ontology (GO) biological processes with the up-regulated 

genes in the skin. However, using this unbiased approach, we did not find any 

pathways significantly enriched. Nevertheless, we found 29 genes upregulated 

and 39 genes downregulated (p<0.05, log2 fold change≥1). (Figure 3.16 and 

Supplementary Table 3) 

The most upregulated gene in the Tregs from the inflamed skin was Lag3. 

Lymphocyte activation gene 3 is highly associated with effective suppressive 

capacity of Tregs in vivo (Huang et al., 2004). It can be induced via IL-27 and 

its receptor Il27Ra was also significantly upregulated in our data set. Ccl4, 

(CCL4, MIP-1β) was the second highest gene upregulated in inflamed vs. non-

inflamed tissue Tregs. Satb1, a chromatin organizer in T cells is involved in T 

cell differentiation and induces expression of GATA-3 in Th2 cells (Burute et 

al., 2012). Gpr15 expression on Tregs is important to control T cell mediated 

colitis by mediating Treg homing to the gut (Kim et al. 2013; Nguyen et al. 

2014). CD5 was significantly upregulated in the Tregs from inflamed skin. The 

chemokine receptor CCR8 was expressed at significantly higher levels in the 

Tregs from inflamed skin and has been implicated in skin homing of T cells 

(Mccully et al., 2013; McCully et al., 2012).  

The skin Treg markers we identified (i.e. Itgae (CD103), Klrg1, Il10, Ctla4) on 

protein and/or mRNA level in steady state skin Tregs (Figure 3.2 and Figure 
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3.6) were not significantly changed in Tregs under inflammatory condition 

(Supplementary Table 3). Together, these data suggest that Tregs maintain a 

suppressive phenotype during psoriasiform skin inflammation and upregulate 

genes associated with regulation, skin homing and conversion of self-reactive 

T cells to iTreg. Exploring these data using further experimental approaches 

will help identify the functional relevance of these genes in skin inflammation. 

 



 132 

 
 
Figure 3.15. Differential gene expression t comparing steady state skin resident Tregs 
and skin resident Tregs from imiquimod treated animals 
 
Steady state B6 Foxp3GFP mice or mice treated with 7x imiquimod were sacrificed at 8-10 
weeks of age. Ears were harvested. Single cell suspensions were obtained, stained with 
surface antibodies followed by cell sorting. Viable, CD45+CD4+TCRβ+ GFP+ cells were sorted 
directly into Trizol. RNA was extracted, amplified and gene expression assessed as described 
in Chapter 2. 
 
(A) Microarray results from Tregs extracted from untreated and imiquimod treated tissue 

were compared. After normalization, genes were illustrated in a volcano plot. X-axis 
shows log2 fold changes. Positive values: upregulated in treated skin Tregs. Y-axis 
depicts p-value (–log10). genes with adjusted p-value <0.05 (blue), >0.05 (black)  

 
(B) Graph depicts 30 most up (red) and down (blue) regulated genes between Tregs from 

untreated skin and Tregs from imiquimod treated skin ranked according to fold 
change.  

 
Data represents results form a single experiment (n=4 Tregs from untreated skin, n=4 Tregs 
from inflamed skin) Array signal intensities were background adjusted, transformed using the 
variance stabilizing transformation (VST) and quantile normalized using Lumi 
(PMID:18467348) from R/Bioconductor. Differential expression analysis was performed for 
each contrast using the empirical bayes method implemented in LIMMA. Significance was 
defined as a Benjamini-Hochberg adjusted p-value < 0.05 and log2 fold change > 1. 
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3.3. Discussion 

 

In this chapter we have shown that Tregs isolated from the skin display a 

unique phenotype. Like most CD4+ T cells in the skin, Tregs express effector 

memory phenotype markers such as CD44 and lack CD62L expression. 

Absence of Treg derived IL-10 leads to spontaneous colitis and increases lung 

and skin hypersensitivity reactions (Rubtsov et al., 2008). About one third of 

these tissue Tregs secreted IL-10 under homeostatic conditions without 

artificial restimulation, highlighting an active suppressive state. They further 

expressed markers associated with high suppressive capacity such as the IL-2 

receptor CD25, KLRG-1 and CD103. In the gut, another major barrier organ, 

peripherally induced Tregs contribute substantially to the total Treg pool (Bilate 

& Lafaille, 2012). We therefore investigated the proportions of nTregs and 

iTregs in the skin.  

The majority expressed the transcription factor Helios, suggesting they are of 

thymic origin. However as mentioned previously, the accuracy of Helios to 

identify nTregs has been questioned (Gottschalk et al., 2012; Singh et al., 

2015). In the gut the constant exposure to microbiota is thought to contribute 

strongly to the iTreg pool; it was therefore surprising that the Treg pool in the 

skin, another important barrier organ was largely Helios+. The skin and the gut 

are both organs that are constantly exposed to pathogens and these 

interactions are thought to drive iTreg differentiation in the intestine (Belkaid & 

Segre 2014; Atarashi et al. 2013). It can be speculated that the differences in 

microbial colonization between these two tissue sites could contribute to the 

differential Treg pool, however further experiments are needed to identify such 
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organisms or other factors causal for this difference. Further supporting a 

difference in Treg populations in the skin and the gut were the results showing 

that skin Tregs are RORγt-. Recent publications highlighted that RORγt is 

preferentially expressed in peripherally generated Helios- Tregs and these cells 

are highly prevalent in the colon (Ohnmacht et al., 2015; Sefik et al., 2015). 

It was previously demonstrated that Tregs at various barrier sites could 

express the transcription factor GATA-3 (Wohlfert et al., 2011), and we 

confirmed that most skin Tregs were indeed GATA-3+. GATA-3 is important for 

inducing the expression of ST2 in Th2 cells and is also associated with ST2 

expression in colonic Tregs (Guo et al., 2009; Schiering et al., 2014). ST2 is 

highly expressed in skin Tregs and IL-33 from stromal and epithelial cells could 

induce a higher frequency of ST2+ Tregs (Turnquist et al., 2011). ST2 in the 

skin is thought to contribute to chronic Th2 type diseases such as atopic 

dermatitis (Savinko et al., 2012). However its role on skin Tregs has not been 

described and investigated and should be addressed in further experiments. 

 

To assess the changes in skin resident Tregs compared to Tregs from lymph 

nodes, we performed microarray analysis. This revealed a distinct and unique 

expression profile of skin Tregs. Many of the upregulated genes have anti-

apoptotic and metabolic functions suggesting Tregs in the skin are highly 

adapted to their unique environment. Furthermore, tissue Tregs upregulated 

many genes associated with suppression such as Il10, Itgae (CD103), Klrg1, 

Ctla4 and Tgfb1.  

The upregulated genes Nfil3 and Il27Ra suggest an increased suppressive 

capacity. NFIL3 in CD4+ Teff promotes secretion of IL-10 and an anti-
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inflammatory phenotype (Zhu et al., 2015). This is in part mediated by IL-27, 

suggesting Treg cells could use this pathway in the skin to maintain and 

promote IL-10 secretion. The product of the upregulated gene Ctsh (Cathepsin 

H) is involved in granzyme B (GzmB) secretion, suggesting that skin Tregs 

might be utilizing GzmB to exert cytotoxicity (Cao et al., 2007). Intracellular 

staining could easily test Treg secretion of GzmB. 

Gadd45b (growth arrest and DNA damage−inducible, β) is induced by TCR 

engagement and inflammatory signals and deficiency in Gadd45b leads to 

impaired response of CD4+ T cells to these stimuli (Lu et al., 2004). Genes 

involved in TCR activation, antigen recognition and cell cycle regulation such 

as Cdkn1a and Hspa1a were selectively upregulated and indicate permanent 

antigen encounter of Tregs in the skin as suggested for tissue resident Tregs 

in other organs (Gratz & Campbell, 2014) 

The GO search approach highlighted the enrichment of genes involved in 

antigen recognition and immune sensing in skin Tregs. We found TLR1, TLR6 

and TLR7 induced in the skin Tregs, suggesting that they have an enhanced 

capacity to sense bacterial and viral components. The finding that TLR7 was 

expressed in skin Tregs is of special interest, as the model of skin 

inflammation used in our studies employs a TLR7 agonist and the contribution 

of Tregs to this model and also imiquimod treatment in patients remains 

elusive. Malt1 was also induced in the skin and has been shown to induce 

higher levels of TLR2 expression in iTregs and a recent report shows that 

Malt1-/- mice have a defect in nTreg generation (Brüstle et al., 2015). Cd14, 

encoding a co-receptor for TLR4 was also enriched in the skin (Zanoni et al., 

2011). TLR4 on Tregs induces their proliferation, promotes upregulation of 
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suppression markers and anti-apoptotic pathways in response to LPS and 

highlights the dynamic interaction of microbial products and immune regulation 

(Caramalho et al., 2003). 

Tnfaip3 encoding A20 is involved in termination of TNF and NF-κB induced 

pathways and Tnfaip3-/- mice develop spontaneous inflammation leading to 

premature death (Lee et al., 2000). DC specific deletion of A20 inhibits Treg 

generation and leads to autoimmunity (Kool et al., 2011). However, the intrinsic 

role of A20 in Tregs has not been clarified and could be of importance in tissue 

resident Tregs, which localize in microbe exposed organs. 

A further gene involved in the NF-κB pathway, which can inhibit or promote this 

pathway is BCL3. Bcl3 was enriched in skin Tregs. Its T cell specific functions 

have recently been investigated. Bcl3-/- T cells were less pathogenic and 

produced less cytokines than their WT counterpart in colitis. Cell type specific 

deletion of Bcl3 protected mice from EAE whereas full genetic deletion did not 

show any effect (Tang et al., 2014). However, Bcl3-/- T cells did not show a 

propensity to differentiate into Tregs. A further study investigated the role of 

Bcl3 in a CHS model. Bcl3 deficient mice had higher levels of pathogenic 

cytokines and chemokines that were mainly associated with an increase in 

CD8+ T cells in the tissue. The inflammation was in part rescued by non-

hematopoietic expression of Bcl3 suggesting keratinocytes might be involved 

(Tassi et al., 2015). These data suggest that Bcl3 could be of particular 

importance in skin Tregs and should be further experimentally addressed. 

Several members of the IL-1 family and their receptors were upregulated in 

skin Tregs. IL-1 family members critically regulate CD4+ T cell function (Sims & 

Smith, 2010). The importance of epithelial derived IL-18 in promoting Treg 
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function was recently highlighted in the intestine where IL-18 signalling 

regulated CD4+ Teff cells and was critical for Treg mediated protection in colitis 

(Harrison et al., 2015). It remains to be tested if IL-18 could also shape the 

Treg response in skin inflammation. 

Fosl2 encodes a member of the AP-1 family of transcription factors. Fosl2 has 

been identified as a key regulator of naïve T cell differentiation. Absence of 

Fosl2 in naïve T cells suppresses skewing towards Th1 and Th17 cells and 

increased Foxp3 expression (Ciofani et al., 2012). These data suggest a role in 

skin Tregs that are most likely of thymic origin and warrant further investigation 

of Fosl2 in nTregs. 

BCL6 is a transcription factor crucial for development of follicular T helper 

cells. In Tregs it is important for their immunosuppressive capacity, especially 

for restraining Th2 driven inflammation. Interestingly, BCL6 represses GATA-3 

levels in Tregs (Sawant et al., 2012). However, we observed high levels of 

GATA-3 despite increased expression of Bcl6. This might point to cell 

heterogeneity within the Treg populations of the skin, however this could also 

suggest a differential interaction of GATA-3 and BCL6 in the tissues as the 

cited study compared splenic ex vivo activated Tregs. 

We further found several genes involved in lipid metabolism upregulated in 

skin Tregs. Dgat1 and Dgat2 are genes encoding isoforms of diacylglycerol O-

acyltransferase (DGAT). DGAT is a key metabolic enzyme in triglyceride 

synthesis and is vital for adipose tissue formation (Cases et al., 1998). Dgat1 

was also highly induced in colonic and VAT Tregs (Cipolletta et al., 2012; 

Schiering et al., 2014). This highlights DGAT as a potentially important 

mechanism of metabolic adaptation in several diverse tissues and these 
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enzymes should be further investigated. The gene for peroxisome proliferator-

activated receptor PPAR-γ is crucial in the formation of adipocytes. This 

nuclear receptor stimulates lipid uptake in cells and is crucial for Treg 

accumulation and function in the VAT (Cipolletta et al., 2012; Vasanthakumar 

et al., 2015). A further gene involved in lipid metabolism that is upregulated in 

skin Tregs is Apoe. Apoe-/- mice develop severe atherosclerosis and are widely 

used in atherosclerosis research (Meir, 2004). Transfer of WT Tregs into  

Apoe-/- mice attenuated inflammation and stabilized the atherosclerotic plaques 

(Feng et al., 2009; Mor et al., 2007). However exactly how this was achieved 

requires further study.  

Together, the data obtained in the transcriptomic analysis of skin Tregs 

suggests that Tregs extracted from tissue sites share certain common “tissue” 

genes, but also differ in many aspects depending on the tissue of origin. The 

distinct transcriptional signature in skin Tregs is likely associated with the 

change in encountered antigen and environmental challenges. The numerous 

genes involved in immune suppression, cell cycle and survival, immune 

sensing and metabolism that were upregulated in skin Tregs support the view 

that they are highly adapted and specialized to the microenvironment of the 

skin. 

Skin Tregs are further equipped with a number of highly suppressive proteins 

and transcripts. This underscores that Tregs are constantly engaged with their 

surrounding and actively maintain a regulated environment, highlighting that 

our largest organ is under constant influence of environmental factors with 

potentially damaging consequences for the body. 
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In the context of the current literature, these data show that skin Tregs display 

a phenotype of highly effective tissue Tregs. Suppression assays performed 

with skin Tregs as well as Tregs from different lymphoid and non-lymphoid 

tissues would reveal differences in the functional suppressive capacity of these 

cells.  However, these experiments were technically not achievable due to the 

large number of animals needed.  

 

We also investigated Tregs in the skin in a model of psoriasis-like inflammation 

(van der Fits et al., 2009). Like the human disease, this model is IL-23/IL-17 

dependent. Unlike humans, however, dermal γδ T cells are the main IL-17 and 

IL-22 producers in this model (Pantelyushin et al., 2012; Van Belle et al., 

2012). The data presented here show that even under homeostatic conditions 

these cells make up the majority of the IL-23 responsive cells, and IL-23R is 

further upregulated during inflammation. However, an increase in CD4+ T cells, 

which included a highly significant rise in Foxp3+ Tregs in the skin was also 

observed. Tregs in steady state and inflamed skin constitute more than half of 

all CD4+ T cells. Treg phenotype and behaviour was assessed in the inflamed 

setting. Contrary to some data coming from blood of human psoriatic patients 

(Bovenschen et al., 2011), we did not observe a significant secretion of IL-17A 

by Tregs. However, a small but significant upregulation of RORγt was seen in 

these cells. RORγt has recently been described as promoting a special subset 

of iTregs (Ohnmacht et al., 2015; Sefik et al., 2015) and it could be speculated 

that a minority of Tregs might display this phenotype in the inflamed skin. 

However, the genes of RORγt and IL-17A were not increased in our microarray 

data of Tregs extracted from inflamed skin, calling into question the relevance 
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of this modest increase. Increased expression of GATA-3 has been observed 

by several groups and associated with a highly suppressive phenotype 

(Schiering et al., 2014; Wohlfert et al., 2011) and even though GATA-3 was 

expressed in most Tregs at steady state, this increased further in inflammation.  

 

To further investigate which changes Tregs undergo during inflammation, 

microarray analysis on Tregs sorted from inflamed skin was performed. These 

Tregs displayed a distinct phenotype from the homeostatic skin Tregs. 

Nevertheless, upon clustering analysis they were still closer to their steady 

state tissue counterpart than to lymph node Tregs. Previous studies have 

shown that Tregs from patients suffering with psoriasis do not have a very 

stable phenotype and under inflammatory conditions adopt a transcription 

factor and cytokine profile that is associated with lower suppressive capacity 

(Bovenschen et al., 2011). Under these circumstances they produce IL-17A 

and as a consequence loose suppressive function and may contribute to 

inflammation. However, these data were obtained from PBMCs and hence it 

remains to be elucidated if this malfunction occurs in the psoriasiform skin.  

We investigated if Tregs from inflamed skin upregulated genes that could 

suggest a destabilisation or conversion of Tregs. However, no upregulation of 

genes associated with effector subsets (Tbx21 (T-bet) or Rorc (RORγt), Il4, 

Ifng, or Il17a) that have previously been associated with Treg conversion and 

instability was observed. 

Lag3 was the most upregulated transcript, suggesting these cells are still 

highly capable of exerting immunosuppression as Lag3 is associated with anti-

inflammatory capacity in Tregs (Do et al., 2015; Huang et al., 2004). Lag-3 has 
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a high affinity for MHCII and functions in part via TGF-β. Lag-3 also regulates 

self- and tumor-reactive CD8+ T cell accumulation and function and its 

therapeutic blockade in the treatment of cancer is of high interest (Grosso et 

al., 2007; Nguyen & Ohashi, 2015). The receptor for IL-27 (Il27Ra) was also 

significantly upregulated in our data set, suggests that pathways upregulated in 

skin Tregs compared to lymph node Tregs at steady state are further 

enhanced in inflammation as Lag3 is in part also induced by IL-27. Further 

investigation into the importance of the synergy between IL-27 and Lag3 in 

skin inflammation could be of particular interest.  

Gpr15 is a homing receptor particularly for intestinal Tregs and expression on 

Tregs is important to control T cell mediated colitis by mediating Treg homing 

to the gut (Kim et al. 2013; Nguyen et al. 2014) The upregulation in the skin 

could imply  a similar function for skin Tregs during inflammation and further 

experiments should explore this. CCR8 is another homing marker and has 

been described as a skin specific homing marker for memory T cells (McCully 

et al., 2012). Epidermal cells such as KC have been shown to induce CCR8 

expression in human T cells (Mccully et al., 2013). We have shown earlier in 

this chapter that Tregs localize to the epidermis in inflammation and CCR8 

dependent mechanisms could in part explain how they are recruited. 

CD5 was a further surface molecule upregulated in inflammation. Recent 

publications have highlighted an important role for CD5 in the conversion of 

self-reactive CD4+ T cells to Tregs (Henderson et al., 2015). Even though the 

majority of Tregs in the steady state skin are nTregs, such a conversion to 

iTregs might contribute to their increase in inflammation and this should be 

explored in further experiments. 
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The upregulated TF Satb1 is an important determinant of T cell fate. It has 

been shown inhibit Treg development in splenocytes. Satb1 was 

downregulated in muscle specific Tregs (Burzyn, et al. 2013). Conversely, it 

was also associated with a Treg signature in conventional CD4+ T cells and 

can promote a Treg programme in CD4+ T cells (Beyer et al., 2011; Fu et al., 

2012). The conflicting data suggest that the function of this transcription factor 

is highly context dependent and requires further study.  

This transcriptomic analysis showed that Tregs further upregulated molecules 

associated with high suppressive capacity in the inflamed skin and suggests a 

stable Treg phenotype in the imiquimod model of psoriasiform inflammation. 

 

Using confocal and in vivo microscopy, Treg location and behaviour were 

visualized. In accordance with previous publications (Chow et al., 2013), Treg 

cells were fairly immobile at steady state. They located throughout the dermis 

with no apparent clustering or location preference. Considering the high level 

of anti-inflammatory transcripts and proteins expressed in steady state Tregs, it 

is likely that these cells are actively policing their surroundings via cell contact 

dependent and independent mechanisms.  

Interestingly, during inflammation Tregs were not only highly increased, but in 

addition probed their surrounding more actively and also located to the upper 

layers of the dermis. However, to allow quantification of these minor 

movements, more animals will need to be imaged over a longer period of time. 

Tregs further migrated through the basement membrane at the dermo-

epidermal junction and were frequently present in the epidermis. The dermis 

and the epidermis are usually well compartmentalized and, with the exception 
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of Langerhans cells en route to lymph nodes, migration between the two sites 

is uncommon. The basement membrane of the skin is a specialized layer of 

collagen and is a significant barrier for invading pathogens, but also for 

immune cells and is crucial for maintaining adequate barrier function 

(Breitkreutz et al., 2013). It can be speculated that Foxp3+ regulatory T cells 

are being recruited towards an unknown antigen encountered in the epidermis 

during inflammation. LC in the skin have the capacity to promote homeostasis 

via activation of Tregs and LC could play a role in the Treg increase and 

relocation observed (Seneschal et al., 2012). However, what antigens could be 

presented to Tregs and how they are attracted to this location remains to be 

determined. 

 

The data presented in this chapter showed that skin resident Tregs display a 

distinct phenotype and transcriptome under homeostatic and inflammatory 

conditions. We assessed the skin Tregs in the imiquimod model of skin 

inflammation and could not find evidence supporting a defective or impaired 

Treg response or instable phenotype that would contribute to inflammatory 

pathogenesis.  
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Chapter 4. Manipulation of regulatory mechanisms in 

skin inflammation 

 

4.1. Introduction 

 

Distinctive populations of Tregs have been described in several non-lymphoid 

organs of mice and humans. They exercise suppression through an array of 

mechanisms and are able to do so in lymphoid organs as well as in the target 

tissues (Burzyn, Benoist, et al., 2013; Campbell & Koch, 2011).  

Even though more data about skin Tregs are emerging (Dudda et al., 2008; 

Gratz et al., 2013; Rodriguez et al., 2014; Rosenblum et al., 2011), their 

precise function in modulating immune responses in the skin is not yet fully 

understood. Tregs have been depleted in two different mouse models of 

allergic contact dermatitis. In both settings absence of Tregs prolonged the 

inflammatory process in the late stages of the elicitation phase (Lehtimäki et 

al., 2012; Tomura et al., 2010). This is in line with recent publications that 

highlight the repair functions of Tregs. In a model of muscle injury, AREG 

expressing Tregs were identified as key promoters of muscle repair (Burzyn, 

Kuswanto, et al., 2013). In a model of influenza infection, IL-18 and IL-33 from 

the epithelium promoted repair via AREG in Tregs. This mechanism was 

important for the restoration of tissue architecture and function of the lung 

(Arpaia et al., 2015). In the acute phase of inflammation, IL-10 derived from 

Tregs appears to be important in restraining skin inflammation as cell specific 
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deletion of IL-10 in Tregs led to increased inflammation in the acute phase of 

CHS. In a model of atopic dermatitis, absence of Tregs led to an increase of 

CD3+ T cells and CD11b+ DC in the lymph nodes and also in the dermis of the 

mice; however the mechanism was not investigated (Fyhrquist et al., 2012). 

Contrary to these results, depletion of Tregs in herpes simplex virus infection, 

a skin tropic virus that triggers acute skin inflammation, led to increased lethal 

outcomes and heightened viral burden (Fernandez et al. 2013). These studies 

highlight the importance and context-dependent functions of Tregs in the skin.   

However, very little data have emerged to elucidate what mechanisms Tregs 

use to control skin inflammation. Especially in skin diseases with strong 

involvement of the IL-23/IL-17 axis such as psoriasis, the role of Tregs has 

been insufficiently addressed.  

Tregs from the blood of psoriatic patients showed that these cells were 

impaired in their capacity to prevent CD4+ Teff proliferation in vitro. The same 

study highlighted a negative correlation between blood Tregs and CD4+ Teff 

(Sugiyama et al., 2005). Keijers et al. demonstrated a decrease in the 

Treg/Teff ratio in lesional skin of psoriatic patients that was not evident in 

uninvolved skin (Keijsers et al., 2013). A different study identified that Tregs 

were increased in psoriatic plaques; however in newly formed ‘acute’ plaques 

Treg numbers were significantly decreased. However, this shift was only 

evident in the skin as these patients showed similar Treg numbers in 

circulation (Yun et al., 2010). Furthermore, ex-vivo stimulated Tregs isolated 

from patient blood showed increased IL-17A production (Bovenschen et al., 

2011) and this was confirmed in Tregs isolated from skin of affected patients 

(Rodriguez et al., 2014).  
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These studies from patients suffering with psoriasis have revealed that Tregs 

are functionally impaired and might be contributing to disease pathogenesis. 

However, these studies have not addressed the functional consequence and 

biological relevance of these findings.  

This chapter addresses the role of Tregs in the IL-23 driven imiquimod model 

of psoriasiform skin inflammation. To delineate the role of Foxp3+ Tregs in 

inflammation, Tregs were depleted, the ST2-/- strain was used and IL-10 

receptor signalling was blocked by antibody administration.  
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4.2. Results 

4.2.1. Blockade of IL-10 signalling enhances imiquimod-induced 

inflammation 

 

IL-10 is a crucial mechanism by which Tregs control inflammation in many 

tissues (Campbell & Koch, 2011; Rubtsov et al., 2008). The microarray 

analysis presented in Chapter 3 revealed that IL-10 is the most upregulated 

cytokine in Tregs isolated from the steady state skin when compared with 

Tregs from the draining lymph node (Figure 3.6B). Further, IL-10 is detected in 

more than 1/3 of skin Tregs at homeostatic conditions (Figure 3.2B). This 

supports data from other tissue resident Tregs that IL-10 is a crucial mediator 

of immune regulation in the skin tissue.  

We set out to investigate if IL-10 is a vital component of restraining 

inflammation in the imiquimod model of psoriasiform skin inflammation. For 

this, anti-IL-10Rα or control antibody (Kullberg et al., 2006) was administered 

i.p. one day prior and on day 4 of imiquimod treatment (Figure 4.1 scheme).  

Ear thickness and spleen weight were significantly increased in animals 

treated with the blocking antibody (Figure 4.1A and C). Interestingly, CD45+ 

cell number was not different between the two groups and neither were 

numbers of CD4+ and CD8+ T cells (Figure 4.1E).  Similarly, frequency of 

Tregs was not significantly different between the two treated groups (Figure 

4.1E). Ear thickness was increased and on closer examination, an increased 

thickening of the epidermis was noticed as well as increased 

polymorphonuclear leukocytes, most likely due to an increase in neutrophil 
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infiltration (Figure 4.1B). However, we did not see a significant difference 

between the total CD45+ cell numbers after tissue digestion and FACS 

analysis (Figure 4.1D). This could be due to increased neutrophil cell death 

during the enzymatic and mechanical digestion process of the skin.  

Together these data suggest that IL-10 controls imiquimod-induced 

inflammation. 
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Figure 4.1. The effect of blocking IL-10Rα treatment in the imiquimod model 
 
1mg anti-IL-10Rα blocking antibody was injected i.p. into B6 WT mice one day before and on 
day 4 of topical treatment. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 
consecutive days. Mice were sacrificed on day 7 and organs harvested for further assessment 
according to schematic. 
 
(A) Ear thickness relative to values measured on day -1 
(B) Representative photomicrographs of H&E stained ear tissue 
(C) Spleen weight  
(D)  Total number of CD45+ cells extracted from the ear tissue 
(E) Frequency of Tregs and total numbers of CD4+ and CD8+ T cells 
 
Bars represent means; error bars SEM. Statistical significance was determined using a two-
way Anova followed by Bonferroni post-hoc test (A) and Kruskal Wallis two-way analysis and 
Dunn’s post-hoc test. Data are representative of 1 of two independent experiments (n≥ 4 
each). 
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4.2.2. Deficiency of the IL33R ST2 does not aggravate skin 

inflammation 

 

The IL-33 receptor ST2 is highly expressed in skin resident CD4+Foxp3+ T 

cells (Figure 3.3). Our lab and others have previously demonstrated its 

importance in restraining inflammation in the gut and the lung (Schiering et al. 

2014; Arpaia et al. 2015). Therefore, in order to probe its importance in our 

model, we used ST2 deficient mice (B6 ST2-/- mice) and treated them with 

imiquimod.  

Ear thickness was not different between the two groups and histologic analysis 

revealed a similar inflammatory pattern in the treated mice (Figure 4.2B). On 

flow cytometric analysis CD45+ cells were not significantly different between 

the two treated groups, despite displaying a trend toward decreased numbers 

in the ST2-/- mice. However, the histological examination did not confirm this 

trend. CD4+ T cells were higher in the WT treated group, though the proportion 

of Foxp3+ cells was unchanged (Figure 4.2 E). 

These data suggest that a global defect in IL-33R does not have an obvious 

impact on imiquimod-induced psoriasiform skin inflammation. 
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Figure 4.2. The role of IL-33R/ST2 in imiquimod-induced skin inflammation 
 
20.8mg of Imiqimod (Aldara) was applied to each ear of B6 WT or B6 ST2-/- mice for 7 
consecutive days. Mice were sacrificed on day 7 and organs harvested and single cell 
suspension obtained for further assessment. 
 
(A) Ear thickness relative to values measured before first cream application 
 
(B) Representative photomicrographs of H&E stained ear tissue 
 
(C) Spleen weight of untreated and treated groups 
 
(D) Total number of CD45+ cells extracted from the ear tissue 
 
(E) Total number of tissue CD4+ T cells and frequency of Tregs 
 
Bars represent means; error bars SEM. Statistical significance was determined using a two-
way Anova followed by Bonferroni post-hoc test (A), Kruskal Wallis two-way analysis followed 
by a Dunn’s post-hoc test (C,D) and Mann-Whitney U Test (E). Data are representative of 1 of 
two independent experiments (n≥4 each). 
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4.2.1. Depletion of Foxp3+ cells aggravates skin inflammation 

 

In order to assess the importance of Tregs in the imiquimod model of skin 

inflammation we depleted these cells systemically and in the tissue. For this 

we utilized a Foxp3 reporter mouse (B6 Foxp3hCD2), which co-expressed the 

surface molecule human CD2 under a Foxp3 promoter and was described in 

detail in Chapter 2 (Kendal et al., 2011; Komatsu et al., 2009) (see Figure 2.2). 

This mouse provides a reliable reporter system using methods such as flow 

cytometric analysis. Furthermore, Tregs in the B6 Foxp3hCD2 mice are readily 

depleted using an anti-hCD2 monoclonal antibody (YTH 655) (Figure 2.1).  

 

Tregs were depleted by i.v. injection of 250µg anti-human CD2 antibody (clone 

YTH 655) the day before and on the day of initiation of imiquimod treatment 

(Figure 4.3). Further doses of anti-hCD2 antibody were administered through 

the intra-peritoneal (i.p.) route on day 2, day 4 and day 6 of imiquimod 

treatment. Hence, a total amount of 1 mg of antibody was administered. The 

control group received rat IgG2 at the same doses and via the same routes. 

Mice were monitored for body weight and ear thickness as well as overall well 

being throughout treatment. Animals were sacrificed 24 hours after the last 

treatment with imiquimod. After harvest, ears were digested as described in 

detail in Chapter 2, stained for Foxp3 and analysed by flow cytometry (Figure 

4.3 scheme).  

Treg number and percentage was significantly decreased in the group treated 

with the depleting antibody (Figure 4.3 A and B). However, we did not observe 

body weight loss above the imiquimod + control IgG treated group. No 
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difference in ear thickness and body weight in the animals that received the 

depleting antibody but no imiquimod was detected (Figure 4.4A and 4.5A). 

Ear thickness significantly increased in animals treated with anti-hCD2 

antibody after 4 days and continued to rise until sacrifice on day 7 (Figure 

4.4A). At tissue harvest, it became evident that ear draining lymph node size 

and spleen weight were increased under topical imiquimod treatment and 

administration of Treg depleting antibody (Figure 4.5B).  

 

Macroscopically the skin was characterized by increased scaling and 

increased scale size as well as strong erythema in the Treg depleted group 

when compared with IgG treated controls (Figure 4.4B). Histological 

examination revealed increased thickness of the entire skin (Figure 4.4C and 

D). Microscopically, the dermis was markedly thickened and showed a dense 

mixed leukocytic infiltrate and increased vascularization (open arrows). 

Neutrophils and lymphocytes penetrated through the basement membrane at 

the dermo-epidermal junction into the epidermis and the usually well-

demarcated border between the two layers appeared disrupted (#) (Figure 

4.4C and D). A dense infiltrate was further visible in the scales (thick arrows). 

The keratinocyte layers were increased and frequently elongated into the 

dermis and parakeratosis was observed. 
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Figure 4.3. Efficient depletion of Tregs in the skin 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or control IgG according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 consecutive 
days or left untreated. Mice were sacrificed on day 7 and single cell suspension from the ear 
stained for surface and intracellular antibodies prior to analysis by flow cytometry 
 
(A) Total number of Treg cells in ears 
 
(B) Representative FACS plots showing the depletion efficiency of anti-hCD2 antibody. 
 
Bars represent means; error bars SEM. Statistical significance was determined by Kruskal 
Wallis analysis followed by a Dunn’s post-hoc test. Data are representative of 1 of >4 
independent experiments (n≥4 each) 
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Figure 4.4. Tregs control skin inflammation 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or control IgG according to 
scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear or back of mice for 7 
consecutive days or left untreated. Mice were sacrificed on day 7 and organs harvested for 
further assessment. 
 
(A) Ear thickness relative to values measured before first cream application 
 
(B) Macroscopic appearance of back skin 
 
(C) Representative photomicrographs of H&E stained ear tissue 
 
(D) Representative photomicrographs of ears from Treg depleted mice (à blood vessels; 

# leucocytes in epidermis, * spongiosis, èleucocyte infiltrated scales) 
 
Bars represent means; error bars SEM. Statistical significance was determined using a two-
way Anova followed by Bonferroni post-hoc test. Data are representative of 1 of >4 (A,C,D) or 
two (B) independent experiments (n≥ 4 each).   
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Figure 4.5. Systemic effects of Treg depletion via anti-hCD2 mAb 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or control IgG according to 
scheme in previous figure. 20.8mg of Imiqimod (Aldara) was applied to each ear or for 7 
consecutive days or left untreated. Mice were sacrificed on day 7 and organs harvested for 
further assessment. 
 
(A) Body weight changes relative to pre-treatment 
 
(B) Spleen weight and macroscopic changes of spleen and ear draining lymph nodes 
 
Bars represent means; error bars SEM. Statistical significance was determined using a two-
way Anova followed by Bonferroni post-hoc test (A) or Kruskal Wallis analysis followed by a 
Dunn’s post-hoc test (B). Data are representative of 1 of >4 independent experiments (n≥4 
each). 
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4.2.2. Tregs control the T cell composition in skin inflammation 

 

The cellular changes in the Treg depleted skin were further investigated by 

flowcytometric analysis. Reflecting the changes visualized by H&E staining in 

histology, we observed a significant increase in CD45+ cells in the absence of 

Foxp3+ cells (Figure 4.6A). The majority of these cells were T cells as defined 

by expression of CD3 (Figure 4.6B). T cells became the main leukocyte 

population isolated from the skin when Tregs were absent, whereas CD11b+ 

myeloid derived cells were predominant in the IgG injected group. 

Further characterization of the T cell infiltrate, showed that the majority of CD3+ 

cells were αβ T cells. This was in contrast to the Treg replete skin, where 

dermal γδ T cells constitute the majority of skin T cells.  

CD4+ T cells and CD8+ T cells made up the highest frequency and cell 

numbers in the Treg depleted group (Figure 4.6C). CD4+ T cells increased on 

average 2.5-fold. CD8+ T cells are only found in very low numbers in the 

steady state skin and do not increase significantly under imiquimod application. 

However, in the absence of Tregs, CD8+ T cells constituted the majority of 

CD3+ cells and underwent a more then 60-fold increase (Figure 4.6C). 

γδ T cells in the imiquimod model are key drivers of inflammation and are the 

main source of IL-17 and IL-22 (Cai et al., 2011; Van Belle et al., 2012; van der 

Fits et al., 2009). As described in Chapter 3, dermal γδ T cells in the skin 

express RORγt and IL-23R making them efficient producers of IL-23-

dependent proinflammatory cytokines (Cai et al., 2011). Interestingly, in the 

Treg deficient skin, dermal γδ were significantly reduced and at comparable 

levels to the noninflamed skin (Figure 4.6C). 
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Together this suggests that Tregs are crucial controllers of skin inflammation in 

the imiquimod model. Absence of Tregs leads to an increased inflammatory 

infiltrate in the dermis and epidermis. Tregs have a profound impact on the T 

cell composition in the tissue and appear to exert particular control over CD8+ 

T cell accumulation in the skin. 
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Figure 4.6. Tregs control the T cell composition of the inflamed skin 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG control according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 days or left 
untreated. Mice were sacrificed on day 7 and single cell suspension from the ear stained with 
surface antibodies prior to analysis by FACS 
 
(A) Total numbers of CD45+ cells (left) and T cells (right) in the ears 
 
(B) Representative plots of changes in T cell populations in Treg sufficient (centre) and 

deficient (right) inflamed skin 
 
(C) Total numbers of CD4+, CD8+ and dermal γδ T cells in the untreated skin and inflamed 

skin of Treg sufficient and insufficient mice 
 
Bars represent means; error bars SEM. Statistical significance was determined using One-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 of ≥3 independent 
experiments (n≥4 each). 
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4.2.3. Tregs control T cell polarizing cytokines in the tissue 

 

As shown and discussed in the previous chapter and in agreement with the 

literature, γδ T cells are highly responsive to IL-23 and produce IL-17 and IL-

22. In contrast, CD4+ Teff produce only small quantities of these cytokines in 

the imiquimod model. We therefore evaluated if the same cytokines were 

driving the excess disease in absence of Tregs. 

The expression of signature genes in whole skin tissue of untreated, imiquimod 

with IgG treated (Treg sufficient) and imiquimod with anti-hCD2 treated (Treg 

deficient) animals was compared. Significantly lower Il23a expression in Treg 

deficient skin was observed (Figure 4.7). Whole tissue expression levels of 

Il17a, Il17c and Il17f and Il22 decreased accordingly (Figure 4.7). Considering 

the possibility that the absence of Tregs might allow for a different T cell 

lineage to flourish and that human psoriasis is regarded a mixed Th1/Th17 

driven disease, we tested for Il12a expression. Indeed, Il12a levels were 

significantly higher in Treg depleted skin compared to the untreated and Treg 

sufficient imiquimod treated group.  

These data suggest that Treg cells are able to control the cytokine profile in the 

skin tissue. Their absence leads to an increase in IL-12 and a decrease in 

expression of IL-23 and IL-23 regulated cytokines such as IL-17A, IL-17C, IL-

17F, and IL-22. 
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Figure 4.7. Tregs control the balance of IL-23 and IL-12 in the skin 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG control according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear or for 7 
consecutive days or left untreated. Mice were sacrificed on day 7 and RNA was extracted from 
ear tissue. 
mRNA expression relative to Hprt in skin tissue of untreated and treated groups 
 
Bars represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 of 3 independent 
experiments (n≥4 each). 
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4.2.4. T-bet expressing CD8+ T cells are the major source of IFN-γ  

 

To determine the effect of changes in the IL-12 family cytokines IL-12a and IL-

23 that we observed in the absence of Tregs, we analysed CD45+CD3+ cells 

from the skin. Their transcription factor and cytokine profile at the protein level 

was investigated using flow cytometry.  

Intranuclear staining for the Th1-defining transcription factor T-bet revealed a 

strong positive shift of T cells in inflamed skin in the absence of Tregs, which 

was absent in untreated and Treg sufficient inflamed skin (Figure 4.8A). Upon 

closer investigation, CD4+ as well as CD8+ T cells were highly positive for T-

bet, supporting the functional impact of increased Il12a gene expression 

observed at the whole tissue level (Figure 4.8A). 

As T-bet promotes IFN-γ expression (Araújo-souza et al., 2015; Szabo et al., 

2000; Szabo et al., 2002) we next investigated whether the CD4+ and CD8+ T 

cells in Treg depleted skin produced this cytokine. Indeed, both CD4+ and 

CD8+ T cells secreted high amounts of IFN-γ in the absence of Tregs (Figure 

4.8B). CD4+ and CD8+ T cells further co-expressed TNF-α (Figure 4.8C). 

However, consistent with their lack of RORγt expression no secretion of IL-17A 

was observed (Figure 4.8B and C). 

Considering the importance of TCR γδdim cells in the imiquimod model and the 

decreased transcription of IL-23/IL-17 genes, we examined if these cells also 

had a changed cytokine and/or transcription factor profile. Although present at 

much lower levels, TCR γδdim cells were still the main RORγt expressing T 

cells (Figure 4.8C). They secreted the highest amounts of IL-17A when 

compared to CD4+ and CD8+ T cells, but did not produce IL-22 (Figure 4.8B 
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and C). This suggests they were still able to respond to IL-23. They appear to 

due so in a different manner as IL-22 production declined, and are less potent 

in shaping the inflammatory profile (Figure 4.8C and Figure 4.6C). 

In summary, these data reveal a shift in the T cell compartment of inflamed 

Treg depleted skin away from a majority of RORγt+ IL-17 and IL-22 producing 

γδ T cells towards a predominance of T-bet expressing, IFN-γ and TNF- α 

producing CD8+ and CD4+ T cells. 
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Figure 4.8. Transcription factor and cytokine profile of infiltrating T cells 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG control according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 days or left 
untreated. Ears were harvested on day 7 and single cell suspension was stained with surface 
and intracellular antibodies prior to analysis by FACS. For cytokine staining, cells were re-
stimulated for 4 hours with PMA and Ionomycin in the presence of BFA prior to staining. 
 
(A) Expression of T-bet in total T cells (left) in various treatment groups as indicated and 

TCRβ+ T cells (right) from the skin of Treg depleted imiquimod treated skin. 
(B) Representative histogram of IFN-γ expression in total αβ T cells in various treatment 

groups as indicated (left) and co-expression of IFN-γ with IL-17A or TNF-α by CD4+ 
and CD8+ T cells extracted from Treg depleted imiquimod treated skin 

(C) Representative histogram of RORγt by CD4+, CD8+ and γδ T cells (left) and FACS plot 
illustrating expression of IL-17A and IL-22 by dermal γδ T cells (right) from Treg 
depleted skin 

 
Data are representative of 1 of 3 independent experiments (n≥3 each) 
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4.2.5. Identification of genes regulated by Treg cells in skin 

inflammation 

 

As described in detail above, Treg depletion during skin inflammation leads to 

a significant shift in the Teff population. This was accompanied by a change in 

cytokines upstream of T cell differentiation, lineage defining transcription 

factors and effector cytokines (Figure 4.6, 4.7 and 4.8). In order to understand 

the pathological mechanisms and pathways leading to the exacerbation of 

tissue inflammation we aimed to further dissect the developments following 

Treg depletion in skin inflammation.  

Therefore we used a gene expression profiling approach and performed 

microarray analysis on whole tissue of untreated skin and at two time points 

following imiquimod administration: early (day 3) and peak of inflammation 

(day 7). Mice were administered either Treg depleting antibody or 

corresponding isotype control (see scheme in Figure 4.9A). 

 

Upon hierarchical clustering analysis across all array samples, it was apparent 

that the untreated samples segregated from all groups that received imiquimod 

treatment (Figure 4.9B). Interestingly, the groups from the early treatment time 

point branched off to form a separate cluster. No separation between the Treg 

depleted and control group was evident at day 3. This suggested a similarity in 

transcription profile at day 3, highlighting that Tregs mainly influence later 

events. The two groups from the experimental endpoint at day 7 separated into 

the Foxp3 deficient and sufficient group.  

. 
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Figure 4.9. Hierarchical clustering analysis of skin tissue underlines diversity in gene 
expression of Treg depleted inflamed skin 
 
Steady state B6 Foxp3hCD2 mice or mice treated with imiquimod for 7 consecutive days were 
sacrificed at 8-10 weeks of age. Lymph nodes and ears were harvested. RNA was extracted 
and analysed using Illumina bead arrays (details see Chapter 2) 
 
(A) Scheme of samples analysed. (n=4, untreated and D7 groups, n=3 D3 groups) 
 
(B) Hierarchical clustering with average linkage was performed. 
 
(C) Principal component analysis (PCA) of gene expression from untreated skin (black) 

and skin harvested on day 7 from Treg depleted (blue) and Treg sufficient (red) 
animals 

 
Data represents results form a single experiment (n=4, untreated and D7 groups, n=3 D3 
groups). Signal intensities were background adjusted, transformed using VST and quantile 
normalized using Lumi (PMID:18467348) from R/Bioconductor. Differential expression analysis 
was performed for each contrast using the empirical bayes method in LIMMA. Significance 
was defined as a Benjamini Hochberg adjusted p-value < 0.05 and fold change > 2. 
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To identify genes and pathways controlled by Tregs in the skin, we focused on 

the experimental endpoint at day 7 for further analysis. Consistent with 

hierarchical clustering, principal component analysis (PCA) demonstrated 

close proximity of quadruplicates within the untreated and two inflamed groups 

(Figure 4.10B). However, all three groups were inherently different and located 

to different areas in the component analysis highlighting their unique 

transcriptomic signatures.  

Homing in further on the differences between the inflamed skin groups, we 

visualized the differentially regulated genes in a volcano plot (Figure 4.10A). In 

order to identify relevant genes, we used a cut-off p-value of <0.05 (red circles) 

and a log (2) fold change of 1 (dotted line). After applying these restrictions we 

found 285 genes differentially regulated. Of these 272 were up- and 13 

downregulated in the Treg depleted skin (Figure 4.10). These results 

emphasized that Tregs are indeed controlling a plethora of genes in 

psoriasiform inflammation. 
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Figure 4.10. Gene expression of Treg deficient vs. Treg sufficient inflamed skin 
 
Steady state B6 Foxp3hCD2 mice or mice treated with imiquimod for 7 consecutive days were 
sacrificed at 8-10 weeks of age. Ears were harvested, RNA was extracted and analysed using 
Illumina bead arrays (details see Chapter 2) 
 
(A) Volcano plot illustrating differentially regulated genes at peak of inflammation (day 7) 

in Treg deficient vs. sufficient skin. 
 
(B) Principal component analysis of untreated (black), day 7 treated Treg deficient (blue) 

and sufficient (red) groups. 
 
Data represents results form a single experiment (n=4). Array signal intensities were 
background adjusted, transformed using the variance stabilizing transformation (VST) and 
quantile normalized using Lumi (PMID:18467348) from R/Bioconductor. Differential expression 
analysis was performed for each contrast using the empirical bayes method implemented in 
LIMMA. Significance was defined as a Benjamini Hochberg adjusted p-value < 0.05 and log 
fold change >1. 

Treg sufficient vs. Treg deficient 
Day 7 imiquimod treatment 
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4.2.6. Tregs regulate interferon associated pathways in the skin 

 

In order to facilitate interpretation of the differentially regulated genes, Gene 

Ontology (GO) “biological process” analysis of pathways was used. Using a 

cut-off of a minimum of 4 genes per search term and a FDR of <0.05 we found 

70 search terms upregulated in the Treg depleted skin (Supplementary Table 

5).  

Strikingly, 6 pathways matched to IFN-I and interferon gamma pathways 

(Figure 4.11 and 4.9B). 4 of these were IFN-I specific and the most significant 

“Type I interferon signalling pathway” contained 24 genes (Figure 4.11C). 

Notably, enrichment in “positive regulation of interferon-alpha production” and 

“positive regulation of interferon-beta production” highlights pathways that 

promote the secretion of IFN-I in the skin. In a separate experiment, we 

confirmed enrichment of the genes Stat1, Irf7, Isg15, Ifit1 and Ifit2 via RT-

qPCR, which are all indicative of IFN-I signalling in the tissue (Figure 4.12A) 

(Ivashkiv & Donlin, 2014). Bst2, the gene encoding CD317 also known as 

plasmacytoid dendritic cell antigen 1 (PDCA-1) was also among the 

significantly highly upregulated genes. 

Importantly, the search term “positive regulation of interleukin-12 production” 

was also significantly induced (Figure 4.9B), underpinning a role for Tregs in 

the negative regulation of IL-12 in inflammation. This further confirms the data 

obtained by whole tissue RT-qPCR discussed earlier (Figure 4.7). 

Some of the most upregulated genes were the CXCR3 ligands, Cxcl9 (highest) 

and Cxcl10 (9th highest), which are important chemoattractants of CD8+ T cells 

and associate with autoimmune diseases of the skin and clearance of skin 
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infections (Hickman et al., 2015; Rashighi et al., 2014; Villarroel et al., 2014). 

Consistent with the increase of CD8+ T cells and the interferon increase, 19 

genes (H2t9, H2t10, H2t17, H2t22, H2t23, H2q2, H2q5, H2q6, H2q7, H2q8, 

H2m3, H2l, H2k1, H2gs17, H2eb1, H2dmb2, H2dma, H2ab1, H2aa) of the H2 

region encoding MHC class Ib molecules were upregulated, highlighting the 

increased presentation of self-antigens via MHC class I. 

Ccl5 (Rantes) and its receptor Ccr5 were also among the highest upregulated 

genes in the skin. CCL5 serves as a chemoattractant for T cells and 

inflammatory macrophages and highlights the proinflammatory state of the skin 

in the absence of Tregs (Figure 4.12B). 

Further, such as Gzmb and Prf1, encoding for the CD8+ T effector cell proteins 

granzyme B and perforin, respectively, were highly enriched. (Figure 4.12C) 

The top downregulated cytokine gene was Il17f, further validating the results 

shown in Figure 4.5. To a lower magnitude, but significantly downregulated 

were the genes for IL-17RC and IL-17RE, both of which dimerise with IL-17RA, 

and form the receptors for IL-17A / IL-17F and IL-17C, respectively. 

In summary, we were identified a set of pathways that are controlled by Tregs. 

In particular genes involved in the type I and type II interferon pathways were 

highly upregulated in Treg deficient inflamed mice. Interestingly these 

pathways have been implicated in early plaque formation of psoriasis, but their 

exact contribution to disease remains to be further elucidated. 
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Figure 4.11. Interferon mediated pathways are enriched in Treg depleted skin 
 
B6 Foxp3hCD2 mice received anti-hCD2 or isotype antibody and were treated with imiquimod for 
7 consecutive days. Ears were harvested; RNA was extracted and analysed using Illumina 
bead arrays (details see Chapter 2). 
 
(A)  Interferon mediated processes enriched in Treg deficient skin. Ranked according to 

fold-enrichment and FDR 
 
(B) Fold enrichment, adjusted p-value and false discovery rate (FDR) of enriched 

interferon processes 
 
(C) Heat map of genes upregulated in the individual skin samples of Treg depleted mice 

that were assigned to the “type I interferon-mediated signaling pathway” 
 
Enriched Gene ontology (GO) biological processes were assessed in differentially abundant 
gene sets using a hypergeometric test implemented in the runGO.py script from the CGAT 
code collection (PMID:24395753) and terms were considered significant at a false discovery 
rate (FDR) < 0.05. 
 

0 2 4 6 8 10

positive regulation of interferon-beta production

regulation of type I interferon-mediated signaling pathway

interferon-gamma-mediated signaling pathway

response to interferon-gamma

positive regulation of interferon-alpha production

type I interferon-mediated signaling pathway

fold enrichment

GO biological process Fold enrichment p-value FDR (Benjamini-Hochberg)
type I interferon-mediated signaling pathway 8.08 0.0000000000000001 0.0

positive regulation of interferon-alpha production 6.94 0.0003111700000000 0.010268

response to interferon-gamma 6.72 0.0000228500000000 0.00125

interferon-gamma-mediated signaling pathway 5.91 0.0000000001050700 0.0

positive regulation of interleukin-12 production 5.2 0.0015958000000000 0.036362

regulation of type I interferon-mediated signaling pathway 5.2 0.0015958000000000 0.036362

positive regulation of interferon-beta production 4.86 0.0002968800000000 0.010268

B)

A)

T
Y

K
2

A
D

A
R

O
A

S
3

IS
G

2
0

IF
IT

M
1

IR
F
2

IF
IT

2

U
S

P
1
8

M
X

2

O
A

S
2

S
T
A
T
2

S
T
A
T
1

S
P

1
0
0

IF
IT

3

IF
I3

5

IR
F
1

IR
F
7

IF
IT

M
2

IR
F
5

IF
N

A
R

2

S
O

C
S

1

G
B

P
2

P
S

M
B

8

M
X

1

−1 0 1 2
log2 fold enrichment

−2

Treg 

deficient
skin

1

2

3

4

Treg 

sufficient
skin

1

2

3

4

C)



 172 

 
 

Figure 4.12. RT-qPCR validation of selected genes in Treg depleted inflamed skin 
 
B6 Foxp3hCD2 mice received anti-hCD2 or isotype antibody and were treated with imiquimod for 
7 consecutive days. Ears were harvested; RNA was extracted and assayed by RT-qPCR. 
 
(A) IFN-I signaling genes in Treg sufficient (black circles) and Treg deficient (grey 

squares) inflamed skin 
 
(B) Genes of chemokines and receptors in Treg sufficient (black circles) and Treg deficient 

(grey squares) inflamed skin 
 
(C) Genes encoding Perforin, Granzyme B and TNF-α in Treg sufficient (black circles) and 

Treg deficient (grey squares) inflamed skin 
 
Bars represent means; error bars SEM. Statistical significance was determined using a Mann-
Whitney U Test. Data represents results from ≥2 experiments (n=5 each) 
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4.2.7. Treg depletion leads to increased IFN alpha secretion 

 

One of the most striking findings of the skin microarray analysis was the 

upregulation of various pathways involved in IFN-I secretion and action, 

suggesting that Foxp3+ T cells are involved in their regulation. In order to 

address how Tregs are impacting this potent proinflammatory pathway, we set 

out to investigate the source of IFN-I in the skin.  

Various cell types are capable of making IFN-I; however plasmacytoid DC 

(pDC) are capable of producing very large amounts on a per cell basis. pDC 

have previously been identified as early inducers of inflammation in the skin of 

psoriasis patients (Nestle et al., 2005). Studies have shown that in the 

imiquimod model of skin inflammation depletion of pDC does not change any 

parameters of the disease and that they were not found in the affected areas of 

murine skin (Wohn et al., 2013). These cells are absent from the skin under 

homeostatic conditions in mice in humans, but appear to contribute 

substantially to wound healing responses in the skin (Gregorio et al., 2010). 

Intriguingly, interferon alpha and pDC play a role in early initiation of psoriasis 

and their absence prevented plaque development (Nestle et al., 2005). 

In our microarray data, the pDC marker (PDCA-1) encoding gene Bst2 was 

significantly upregulated in the Treg depleted tissue when compared to IgG 

treated controls. pDC can directly secrete CCL3 and CCL4 as well as CXCL10 

(Swiecki & Colonna 2015), all of which were upregulated in Treg deficient 

inflamed skin. Considering the changed inflammatory phenotype in the 

absence of Tregs, we investigated whether pDC have infiltrated the skin and 

act as a source for IFN-I. As seen in Figure 4.19, we were able to identify pDC 
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in the skin draining lymph nodes of all three groups (representative IgG + 

imiquimod group shown in Figure 4.13A) by gating on CD45+CD19-Ly6G-

CD11b-CD11cint–high cells and then using PDCA-1 and Siglec H as pDC specific 

markers (Zhang et al., 2006). However, pDC were not found in the skin of Treg 

depleted and imiquimod treated animals or in either of the other two groups 

(Figure 4.13A). Further, we were also unable to identify pDC using antibodies 

against B220 in place of Siglec H.  

In order to identify IFN-I producing cells, we cultured single cell suspensions 

from the skin draining lymph nodes for 4 hours in the presence of BFA and 

stained for IFNα. IFNα production was mainly detected in the Treg depleted 

lymph nodes, but very few cells stained positive in Treg replete skin draining 

lymph nodes and no positive signal was detected in untreated lymph nodes 

(Figure 4.13B). All IFNα+ cells were CD45+ and, interestingly, PDCA-1 as well 

as Ly6C was preferentially expressed in the IFNα+ cells compared with the 

IFNα- population (Figure 4.13B). The interferon producing cells were also 

negative for Siglec H, highlighting that pDC are not the source of IFN-I in this 

model (Figure 4.13C). 

Macrophages can secrete significant amounts of IFNα and β in inflammatory 

settings and can be a substantial contributor of these in virus and parasite 

infected tissues (Ivashkiv & Donlin, 2014). As described above, the cells 

secreting IFNα expressed high levels of Ly6C, highlighting a potential 

contribution of monocytes and monocyte-derived cells to IFN-I. 
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Figure 4.13. pDC and IFN-α secreting cells in the skin and lymph nodes 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG control according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 consecutive 
days or left untreated. Mice were sacrificed on day 7 and single cell suspension from the ear 
and lymph nodes was stained with surface antibodies prior to analysis by FACS. For cytokine 
staining, lymph node cells were cultured for 4 hours in the presence of BFA prior to antibody 
staining. 
 
(A) Representative FACS plot for pDC in skin draining lymph node (far left) and skin of 

mice undergoing treatment as indicated above the plot 
 
(B) Frequency of IFNα+ cells in the draining lymph nodes of respective groups. 
 
(C) Representative histograms of PDCA-1 and Ly6C expression in CD45+ IFNα+ cells from 

the draining lymph node of Treg depleted imiquimod treated mice 
 
(D) Representative FACS plots of IFNα+ cells isolated from draining lymph nodes. 
 
Bars represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data represent two independent experiments (n≥5 each). 
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4.2.8. PDCA-1+ inflammatory macrophages are increased in the 

absence of Tregs 

 

We investigated if monocytes and monocyte-derived cells were changed in the 

tissue. In the skin it is particularly difficult to distinguish between monocytes, 

inflammatory macrophages and monocyte derived DC. In the steady state skin, 

very few macrophages are found and CD11b+ DC dominate the myeloid 

population. Malissen and colleagues proposed a gating strategy allowing the 

differentiation between these groups (Tamoutounour et al. 2013). Here, we use 

a similar gating strategy by first excluding dead cells and doublets and gating 

on CD45 expressing cells excluding B-cells and neutrophils for further analysis 

(Figure 4.14A). We then selected CD11b+, CD64low-high and Ly6Clow-high cells. 

The resulting population was divided into three subpopulations P1-P3: 

Ly6ChighMHCII- (P1), Ly6C+MHCII+ (P2) and Ly6C-MHCII+ (P3), representing 

recently extravasated monocytes (P1), inflammatory monocytes (P2) and 

monocyte derived DC (moDC) (P3). 

The overall population of mononuclear phagocytes is significantly increased in 

the imiquimod model, though this was not further increased in the absence of 

Tregs (Figure 4.14B). However, the distribution within this population was 

significantly altered. P1 was significantly decreased when Tregs were absent 

and was accompanied by a significant increase in inflammatory monocytes, 

suggesting an accelerated maturation process of extravasated monocytes to 

inflammatory monocytes (Figure 4.14C). Overall, moDC are proportionally 

reduced in imiquimod-induced inflammation in Treg deficient as well as 

sufficient animals. 
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When anti-hCD2 antibody and imiquimod was administered, all three 

populations expressed PDCA-1 at a higher level than their counterpart in Treg 

sufficient animals.  

Taken together these data suggest that pDC are not the cell population 

responsible for IFN-I signature in the absence of Tregs. However, our data 

support the notion that the absence of Tregs allows inflammatory monocytes 

and macrophages to adopt a more proinflammatory phenotype and potentially 

become a source of IFN-I, driving excess inflammation. 
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Figure 4.14. Activated macrophages are increased in Treg depleted skin  
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG control according to 
scheme in figure 4.5. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 consecutive 
days or left untreated. Mice were sacrificed on day 7 and single cell suspension from the ear 
and lymph nodes was stained with surface antibodies prior to analysis by FACS.  
 
(A) Gating strategy for mononuclear phagocytes in the skin after exclusion of neutrophils 

(Ly6G), B-cells (CD19) and T cells (CD3) 
 
(B) Total numbers of monocytes/macrophages in the skin  
 
(C) Frequency of monocyte-derived populations in the skin (P1-P3 as per A)  
 
(D) Representative FACS plots of PDCA-1 expression in monocyte-derived populations 

(P1-P3 as per A) 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data representative of 3 experiments (n≥4 each)  
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4.2.9. IFN-I signature is confined to the skin tissue 

 

We tested IFN-I signatures in the lymph node, to probe if an IFN-I signature 

was evident in the draining lymph node at various times in the inflammatory 

process or if it was confined to the inflamed tissue.  

We observed that several genes associated with an IFN-I response such as 

Stat1, Irf7, Isg15 and Ifit2 were not significantly induced at any of the 

investigated time points (day 3, day 5 and day 7) (Figure 4.15). However, we 

did see an increase in Ifng and Tbx21 mRNA, confirming an increase in 

Th1/Tc1 responses also present in the lymph node (Figure 4.15). These data 

suggest that the impact of IFN-I signalling is mainly confined to the skin tissue 

and does not extend to the draining lymph nodes. Simultaneously, an increase 

of genes indicative of Th1 and Tc1 cells is evident in the draining lymph nodes. 
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Figure 4.15. A IFN-I signature is not evident in the skin draining lymph nodes 
 
(A) IFN-I regulated genes in the draining lymph node of untreated, day 7 Treg sufficient 

mice and day3, day 5 and day7 of Treg deficient mice when treated with imiquimod 
 
(B) Th1/Tc1 defining transcription factor and cytokine in the draining lymph node. 
 
Data represent means; error bars SEM. Data are representative of one single experiment 
(n=4).  
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4.3. Discussion  

 

The mechanisms through which Tregs regulate inflammatory responses are 

not very well defined. In this chapter we addressed how Tregs are regulating 

the immune response in the skin by using the imiquimod-induced model of 

psoriasiform inflammation. 

 

A cell depletion approach was used to address the role of Tregs. Throughout 

this chapter we utilized an antibody dependent depletion method in the B6 

Foxp3hCD2 reporter mouse (Kendal et al., 2011). This mouse provides a reliable 

reporter and depletion system via hCD2 expression in Tregs. It has several 

advantages over the frequently published depletion system of Tregs through 

diphtheria toxin (DTx) and its receptor (DTR). DTx is injected in mice 

harbouring a Foxp3 bacterial artificial (BAC) driven transgene encoding DTR 

(DEREG) or DTR equipped with an internal ribosome entry site (IRES) in the 

translated Foxp3 region (Kim et al., 2007; Lahl et al., 2007). Even though these 

mice are very useful and widely utilized, the resulting spontaneous systemic 

immunopathology in these mice is often severe and restricts the use of this 

model as the mice develop severe multi-organ inflammation within a few days. 

The antibody dependent depletion of Tregs via hCD2 does not spontaneously 

show these severe effects as rapidly and has been used for several weeks in 

previous studies (Kendal et al., 2011). 

 

The conducted experiments revealed that Tregs are crucial for dampening 

inflammation in the imiquimod model. In animals lacking Tregs the overall ear 
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thickness was increased and was significantly higher from four days after 

initiating imiquimod treatment until tissue harvest on day 7. Leukocyte influx 

was significantly increased in the absence of Tregs causing additional dermal 

and substantial epidermal infiltration. Treg depletion further led to increased 

systemic inflammation as shown by increased spleen weight and lymph node 

size.  

A significant increase in the CD3+ population was the most striking finding 

upon investigation of the skin infiltrate by flow cytometry. Upon further 

examination we found a highly significant increase in CD8+ T cells and, to a 

significant but lesser extent, also CD4+ T cells in the skin tissue. Interestingly, 

the isolated αβ T cells secreted large amounts of IFN-γ and TNF-α expressed 

the Th1/Tc1 transcription factor T-bet but did not produce IL-17A. In turn γδ T 

cells were significantly decreased in the absence of Tregs. The imiquimod 

model is strongly dependent on IL-23 and γδ T cells constitute the main source 

for the pathogenic IL-17 and IL-22 (Van Belle et al., 2012; van der Fits et al., 

2009). Two reports have shown that CD4+ Foxp3+ T cells are capable of 

restraining responses in γδ T cells. One study investigated human Vδ2 T cells 

(Mahan et al., 2009) and the other colonic mouse γδ T cells (Yurchenko et al., 

2011). Both investigations showed a Treg mediated suppression of IFN-γ 

production by these invariant T cells, and in the mouse model an additional 

reduction in IL-17A production was observed.  

Our data demonstrate that the absence of Tregs clearly promotes an 

inflammatory response featuring high levels of T cells in lesional skin. 

However, in the absence of Tregs, γδ T cells remained at levels found in 

steady state skin and this finding was in stark contrast to the increase 
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observed in Treg sufficient inflamed skin. This highlights that Tregs in the skin 

are not primarily controlling the dermal γδ T cell response in the imiquimod 

model. 

 

The increase in Th1/Tc1 cells that we observed in Treg depleted inflamed skin 

prompted closer investigation of Teff differentiating cytokines. In accordance, 

Il23a was decreased and Il12a significantly increased in the Treg deficient 

inflamed skin. These results highlight a distinct regulatory potential of Tregs in 

the skin with a preference for restraining Th1/Tc1 responses or their initiating 

cytokines. 

Transcriptomic analysis of whole skin tissue was used to aid in the 

identification of genes and pathways that Tregs are controlling in the inflamed 

skin. Interestingly, at day 3 of the 7-day imiquimod treatment, Treg depleted 

and replete animals did not differ in their gene expression, suggesting that 

Tregs are more important for controlling the immune response at later stages. 

This time coincides with the beginning of increased ear thickness and 

increased leukocyte influx that we observe in this model.  

The unique transcriptome at day 7 was demonstrated by a clear separation in 

a principal component and hierarchical clustering analysis. Gene Ontology 

(GO) pathway analysis found several processes upregulated in the Treg 

depleted skin. Confirming the RT-qPCR results, the search term “positive 

regulation of interleukin 12 production” was among the highest enriched terms 

and IL-17F was the most downregulated cytokine in the Treg replete skin. In 

addition, the genes encoding the IL-17A/IL-17F and IL-17C receptor subunits 
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Il17rc and Il17re were downregulated, further suggesting a role of Tregs in the 

regulation of IL-17 mediated inflammation.  

An existing crossregulation between Tregs and Th17 cells has been suggested 

and Tregs could be promoting Th17 cells by providing TGFβ and/or limiting IL-

2 availability as IL-2 inhibits Th17 differentiation (Chen & Oppenheim, 2014; 

Chen et al., 2011; Moore-Connors et al. 2013). γδ T cells are ontogenetically 

different from αβ T cells. They arise during embryonic development and do not 

undergo a differentiation process known for αβ T cells. However, TGFβ has 

been suggested to play a role, particularly in the thymic development of IL-17 

producing γδ T cells (Do et al., 2010). As we have demonstrated in Chapter 3, 

many dermal γδ T cells express the IL-23R in steady state tissues. These 

invariant T cells do not need to undergo a differentiation programme and can 

immediately respond to innate signals (Do et al., 2010; Haas et al., 2012). 

However, it is not clear what additional signals γδ T cells receive in the tissues 

to become fully activated. It would be of interest to investigate if and how Tregs 

could contribute to the activation status and cytokine production of γδ T cells in 

tissues. 

 

Strikingly, 6 pathways identified in our microarray analyses matched to 

interferon-regulated processes. Two pathways were related to production and 

signalling of IFN-γ, confirming the increased IFN-γ production that was 

observed in the absence of Tregs. 

IFN-γ secreting T cells are elevated in the blood and plaques of psoriatic 

patients (Austin et al., 1999). Interestingly these cells were mainly found in the 

epidermis. This is similar to findings in a recently introduced mouse model of 
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psoriasiform inflammation using KC specific overexpression of H-Ras. The 

resulting inflammation was dependent on IFN-γ (Gunderson et al., 2013). 

Similar to our results, this model showed a significant increase pathogenic 

CD8+ T cells. Tc1 cell involvement in psoriasis is further supported by a recent 

study showing the presence of LL-37 restricted CD8+ T cells in psoriatic skin 

that produced IFN-γ upon antigen recognition (Lande et al., 2014). Together, 

the data presented in this chapter in the context of the literature highlight an 

important role for CD8+ T cell derived IFN-γ in psoriasis and psoriasiform skin 

inflammation. The imiquimod model in Treg sufficient mice does not 

recapitulate this aspect of the disease. It can be speculated that Tregs play a 

critical role in constraining this disease defining feature and warrants further 

investigation. 

 

Interestingly, the remaining four processes of the highlighted GO pathways all 

matched to IFN-I production or signalling pathways. IFN-I has long been 

suggested as a player in psoriasis (Nestle et al., 2005; van der Fits et al., 

2004; Yao et al., 2008). In a xenotransplant model using uninvolved patient 

skin, IFN-I drove the initial development of the psoriatic plaque (Nestle et al., 

2005). However, blocking antibodies for IFN-I did not prove successful in 

clinical studies (Bissonnette et al., 2010).   

IFN-I is known to drive Th1 and Tc1 responses (McNab et al., 2015). Multiple 

MHC class Ib molecules were upregulated in the Treg depleted skin, which is 

likely a consequence of IFN-I exposure in the tissue. This further suggests an 

increased presentation of self-antigens in the absence of Tregs that is 

supported by the striking increase in CD8+ T cells. Among the list of 
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differentially regulated genes, we identified Bst2 encoding PDCA-1. Under 

homeostatic conditions it is a marker of pDC, the primary cell type considered 

responsible for secreting IFN-I in early plaque formation (Nestle et al., 2005).  

 

Although this suggested an involvement of these professional interferon-

producing cells, they were not elevated in the skin tissue of Treg depleted 

mice. However, a significant increase in PDCA-1 expressing cells was evident 

in the skin and draining lymph nodes of the Treg depleted inflamed mice that 

were absent in Treg replete animals. Interestingly, these did not express any 

other markers associated with pDC, but expressed markers associated with 

mononuclear phagocytes and produced significant amounts of IFNα in the skin 

draining lymph nodes. Monocytes and monocyte derived cells are a potent 

source of IFN-I and are crucial in maintaining anti-viral responses to influenza 

(Cao et al., 2012). The selective increase in monocyte derived inflammatory 

macrophages in the absence of Tregs in the skin supports the possibility of 

MNP as a source of IFN-I. Furthermore, pDC depletion in the imiquimod model 

has not shown an impact on skin inflammation (Wohn et al., 2013). 

We were not able to identify an IFNα secreting population in the skin itself. This 

might be due to the often transient expression of IFN-I or could be due to the 

long isolation, culture, and staining process that could lead to cell death in 

highly activated cells. This of course can be equally true for pDC in the skin. 

However, the fact that the IFNα+ cells in the lymph node were Siglec H- and 

B220- points to a different source than pDC. The IFN-I signature was not 

detected at various time points in the lymph node. This could suggest that 

Ly6Chigh cells are already poised to produce IFN-I, but only due so once they 
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enter the skin tissue. The identification of the cellular source will be important 

to identify a pathway though which Treg cells can suppress IFN-I in the tissue. 

The AMP LL-37 is highly expressed in psoriasis and can form complexes with 

self-nucleotides that result in TLR activation and the secretion of IFN-I 

(Ganguly et al., 2009; Lande et al., 2007). Recently LL-37 restricted CD8+ T 

cells have been identified in patients suffering from psoriasis (Lande et al., 

2014). It should be further investigated if AMP-self-NA complexes are 

increased in the skin of Treg depleted mice. These could be the target of the 

expanded CD8+ T cells and trigger IFN-I from myeloid populations.  

 

Type I and type II IFNs play an important role in recognising and eliminating 

pathogens and are vital host-defence mechanisms. However, they must be 

tightly regulated to protect from excessive tissue damage and autoimmunity 

(Ivashkiv & Donlin, 2014; Larkin et al., 2013). Regulatory functions of IFN-I on 

Tregs have been demonstrated. Interferon beta can promote regulatory T cell 

differentiation and has been suggested as a mechanism of action in IFNβ 

therapy in multiple sclerosis patients (Vandenbark et al., 2009). In a T cell 

transfer colitis model, IFN-I signalling is important for the suppressive capacity 

of Tregs and without IFN-I signalling, Tregs were not able to prevent colitis 

(Lee et al. 2012). In contrast, addition of IFN-I to activated human PBMCs in 

vitro led to a decrease of Treg:Teff ratios and blockade of IFN-I receptor 

(IFNAR1) reversed this effect (Golding et al., 2010). Furthermore, in a model of 

LCMV infection Campbell and colleagues have demonstrated that IFN-I can 

restrain regulatory T cell function by inhibiting co-stimulation-dependent cell 
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activation and consequently promoted viral clearance by CD4+ and CD8+ T 

cells (Srivastava et al. 2014).  

The existing data show that IFN-I can have profound effects on Tregs. It can 

be speculated that this regulation is reciprocal and that Tregs can also restrain 

or promote IFN-I secretion. IL-10 is an important regulatory feature of tissue 

Tregs (Rubtsov et al., 2008), and the experiments in this chapter show that IL-

10R blockade causes increased ear thickness in the imiquimod model. 

However, blockade of this pathway did not recapitulate the αβ T cell expansion 

triggered by Treg depletion. Furthermore, genetic deficiency of IL-33 signalling 

did not impact on the skin inflammation. The mechanistic tools Tregs use to 

control the inflammation triggered by their absence warrants further 

investigation and could assist in elucidating the role of Tregs in psoriatic skin. 

 

In summary, the experiments described in this chapter identify a previously 

unappreciated role of Foxp3+ cells in restraining CD4+ and CD8+ T cell influx in 

the imiquimod model of psoriasiform skin inflammation. Furthermore, Tregs 

restricted the emergence of IL-12 driven Th1/Tc1 differentiation and 

consequently secretion of IFN-γ. This was accompanied by a decrease of IL-

23 and expression of IL-17 cytokines and receptors. Treg depletion further 

prevented the influx of γδ T cells, suggesting a distinct capacity of Tregs in 

controlling γδ and αβ T cells in the skin. The use of whole tissue 

transcriptomics led to in the identification of IFN-I as a key target of 

immunosuppression by Tregs. Further investigation pointed towards 

monocyte-derived cells being a likely source of IFNα.  
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Chapter 5. Identification and functional 

characterization of mechanisms controlled by Tregs 

 

5.1. Introduction 

 

Our studies presented in the previous chapters indicate that Tregs are crucial 

controllers of inflammation in the imiquimod model of psoriasiform skin 

inflammation. Those results highlight the capacity of Tregs to control CD8+ and 

CD4+ αβ T cells as well as type I and type II interferon secretion in the inflamed 

skin. Further experiments revealed an increase in inflammatory macrophages 

in the absence of Tregs. The final chapter of this thesis addresses the 

mechanistic basis of the observed changes and aims to test the hypothesis 

that Tregs control skin inflammation via restriction of MNP derived IFN-I. 

 

Tregs can limit CD8+ T cell expansion by limiting the availability of IL-2 

(McNally et al., 2011), thereby determining the fate of CD8+ Teff vs. memory 

generation (de Goër de Herve et al., 2012). In this context, Tregs influenced 

CD8+ T cell fate at very early activation stages. In chronic viral infections, 

Tregs promote CD8+ T cell exhaustion in a PDL-1 dependent manner and 

promote viral persistence (Penaloza-MacMaster et al., 2014). As previously 

discussed, CD8+ T cells are a feature of psoriasis where they predominantly 

accumulate in the epidermis. However, their precise contribution to disease 

and a potential relationship with regulatory T cells in affected patients has not 
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been described and warrants further investigation. CXCR3+ T-bet+ Tregs are 

capable of restraining Th1 driven inflammation (Koch et al., 2009). However, 

we were unable to detect T-bet expression in the Foxp3+ T cells in the skin at 

steady state and inflammation. This suggests that in our model, Tregs did not 

acquire these Th1 traits to control the increase of CD4+ Teff that became 

evident in a Treg depleted inflamed setting.  

 

Microarray analysis revealed that pathways regulating type I and type II 

interferon production and function were highly enriched in the skin tissue of 

Treg depleted inflamed mice. IFN-I are very potent inducers of immune 

responses and are beneficial as they promote clearance of infections. 

Conversely, chronically elevated levels can lead to impaired immune 

responses with resulting detrimental effects (González-Navajas et al. 2012). 

These seemingly contradictory effects highlight the complex 

immunomodulatory functions of IFN-I and suggest context and time dependent 

effects of IFN-I exposure. Most cell types, including both haematopoietic and 

non-haematopoietic populations, can produce IFN-I (Ivashkiv & Donlin, 2014). 

In addition to viral infections, these cytokines can also be induced in response 

to bacterial sensing and AMP-self-NA complexes via TLR-dependent pathways 

(Monroe et al., 2010).  

The role of IFN-I in chronic inflammation is not very well established. As 

mentioned previously, IFN-I is used to treat MS and associated with improved 

outcome in models of colitis (Vandenbark et al., 2009). IFN-I can promote 

suppressive functions by inducing IL-10 and PDL1 in chronic infections such 

as tuberculosis and thus contribute to delayed and decreased pathogen 
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clearance (Teles et al., 2013). However, generally IFN-I are attributed a 

pathogenic role in many autoimmune diseases. Autoimmune diseases such as 

systemic lupus erythematosus, systemic sclerosis and rheumatoid arthritis are 

associated with chronically elevated IFN-I responses (Hall & Rosen, 2010). 

These data suggest that IFN-I are likely to elicit different responses during 

different phases of disease, especially as many autoimmune diseases are 

characterized by remitting and relapsing patterns and also differ in their 

cytokine profile during these times. In psoriasis, IFN-I from pDC are important 

during the plaque initiation phase (Nestle et al., 2005). Patients undergoing 

interferon therapy are prone to develop psoriasis-like lesions at injection sites, 

which further supports the role of IFN-I in psoriatic plaque initiation (Afshar et 

al., 2013). However, clinical trials targeting IFN-I signalling did not demonstrate 

positive results in chronic plaque psoriasis (Bissonnette et al., 2010). This 

indicates that in this complex disease IFN-I potentially play different roles in 

chronic and acute lesions. As previously mentioned, IFN-I trigger a complex 

autocrine feedback loop that shuts down further IFN-I production and allows 

restoration of homeostatic conditions following infection. However, the role of 

Tregs in control of IFN-I production has not been addressed. 

 

The data we have presented so far suggest that Tregs restrain IFNs from 

exerting potentially harmful effects in skin inflammation. In this chapter we aim 

to identify which of the pathways activated in the absence of Tregs are crucial 

for the exacerbation of disease. We tested the hypothesis that IFN-I and IFN-γ 

are crucial for the inflammation in the absence of Tregs and set out to identify 

the cellular source of IFN-I in this setting. 
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5.2. Results 

 

5.2.1. IFN-I drives inflammation in absence of Tregs 

 

In order to assess the role of IFN-γ, we injected a cytokine neutralizing 

monoclonal antibody before and during imiquimod treatment (Figure 5.1 

scheme). Neutralizing IFN-γ in Treg depleted imiquimod treated mice had no 

significant effect on ear thickness (Figure 5.1A). Furthermore, histology of the 

ear showed substantial leucocyte infiltration in the dermis and epidermis that 

was similar to the Treg depleted imiquimod treated control group (Figure 5.1B).  

To address the role of IFN-I we used a monoclonal antibody that blocked the 

interferon-alpha/beta receptor alpha chain (IFNAR1) and thus blocked the 

effects of IFN-I (Figure 5.1 scheme). Blocking of IFNAR1 reversed the 

phenotype provoked by the absence of Foxp3+ cells and imiquimod treatment 

(Figure 5.1 and 5.2). The ear thickness of the anti-IFNAR1 injected Treg 

depleted imiquimod treated group was similar to the Treg sufficient imiquimod 

treated control group and significantly lower than the IgG injected Treg 

depleted imiquimod treated group (Figure 5.1A). Blockade of IFNAR1 

ameliorated the cellular and histological changes of the ear seen in Treg 

sufficient imiquimod treated animals (Figure 5.1B).  

The splenomegaly observed in the Treg depleted imiquimod treated group was 

significantly improved by the addition of anti-IFNAR1 antibody and was similar 

to the Treg sufficient imiquimod treated control group (Figure 5.2A).  
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CD8+ T cells in the tissue were also significantly decreased by blockade of 

IFN-I signalling (Figure 5.2B). However, anti-IFNAR1 treatment did not change 

the numbers of CD4+ Teff in the skin (Figure 5.2C).  

Together, these data show that IFN-1 but not IFN-γ enhance immune 

pathology in Treg depleted imiquimod treated mice.  
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Figure 5.1. Blockade of IFN-I signalling reverses exacerbated inflammation 
 
B6 Foxp3hCD2 mice were injected with depleting and blocking antibody or IgG control according 
to scheme. Anti-hCD2: 500µg /dose i.v. 250µg/dose i.p., anti-IFNAR1 1mg, anti-IFN-γ 500 
µgD-1, 250µg D3&6. Imiqimod (Aldara) was applied to each ear for 7 consecutive days or left 
untreated. Mice were sacrificed on day 7, tissue was harvested and processed for histology 
assessment.  
 
(A) Ear thickness measured over the imiquimod treatment period 
 
(B) Representative photomicrographs of H&E stained ear tissue 
 
Symbols represent means; error bars SEM. Statistical significance was determined using two-
way Anova or one-way Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 
independent experiments with n≥4. 
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Figure 5.2. Skin histology and Teff infiltration after IFNAR1 blockade 
 
B6 Foxp3hCD2 mice were injected with depleting and blocking antibody or IgG control according 
to scheme in figure 5.1. Anti-hCD2 500ug/dose i.v. 250ug/dose i.p., anti-IFNAR1 1mg, 
Imiqimod (Aldara) was applied to each ear for 7 consecutive days or left untreated. Mice were 
sacrificed on day 7, tissue was harvested and enzymatically digested and single cell 
suspension was stained with surface antibodies prior to analysis by FACS. 
 
(A) Spleen weight of indicated groups 
 
(B) CD4+ Teff infiltration to the skin 
 
(C) CD8+ Teff infiltration to the skin 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 independent 
experiments with n≥4. 
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5.2.2. Interferon signalling controls the activation status and influx 

of monocytes and macrophages 

 

Blocking IFN-I signalling had a profound effect on the histology and 

inflammatory response and restored the phenotype seen in Treg sufficient 

skin. In Chapter 4, we saw a change in frequency of infiltrating monocytes and 

inflammatory macrophages in the Treg depleted inflamed skin. We next set out 

to investigate the impact of anti-IFNAR1 blockade on MNP changes. 

We used the gating strategy introduced in Chapter 4 and gated on live cells, 

excluded neutrophils (Ly6G), and T cells (CD3), followed by gating on 

CD45+CD11b+CD64+ cells. We then used Ly6C+ and MHCII+ expression to 

distinguish between recently extravasated monocytes (P1), inflammatory 

monocytes (P2) and moDC (P3) (Figure 5.3A bottom right).  

In all three populations IFNAR1 blockade was sufficient to reverse the PDCA-1 

expression we observed in inflamed tissue in the absence of Tregs (Figure 

5.3A). Furthermore, blocking IFN-I signalling reversed the increase in 

inflammatory monocytes as well as the decrease in recently extravasated 

monocytes caused by Treg depletion (Figure 5.3B). 

Together, these data suggest that IFN-I is mediating the inflammatory 

phenotype of myeloid cells in the Treg depleted inflamed skin. 
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Figure 5.3. Blockade of IFN-I signalling reverses MNP phenotype and frequencies 

B6 Foxp3hCD2 mice were injected with depleting and blocking antibody or IgG control according 
to scheme in figure 5.1. Anti-hCD2: 500µg /dose i.v. 250µg /dose i.p., anti-IFNAR1 1mg, 
Imiqimod (Aldara) was applied to each ear for 7 consecutive days or left untreated. Mice were 
sacrificed on day 7, tissue was harvested and enzymatically digested and single cell 
suspension was stained with surface antibodies prior to analysis by FACS. 
 
(A) Representative histograms of PDCA-1 expression on myeloid populations gated 

according to FACS plot on bottom right. P1 extravasated monocytes, P2 inflammatory 
monocytes, and P3 moDC 

 
(B) Frequency of myeloid populations P1, P2 and P3 gated according to FACS plot on 

bottom right of figure A 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 independent 
experiments with n≥4. 
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5.2.3. CD4+ T cell help is required for Treg controlled inflammation 

 

We next investigated whether CD4+ T cell help is required for aggravated 

inflammation or if CD4+ T cells are increased due to the increase in APC-

derived inflammatory cytokines and chemokines. Therefore we depleted CD4+ 

cells in the imiquimod model and compared CD4 depleted with Treg depleted 

animals (Figure 5.4 scheme). The ear thickness as well as the histology of the 

CD4 depleted group was similar to the Treg sufficient group (Figure 5.4A and 

B). Furthermore, in the absence of total CD4+ T cells, CD8+ T cells were not 

significantly increased compared to the Treg sufficient treated group. We 

confirmed that depletion of CD4+ Treg and Teff cells was achieved (Figure 

5.4D and E). However, further experiments including a double depletion of 

Foxp3 and CD4 to investigate an effect of CD4 depletion resistant Tregs 

should be conducted. 

Together these data show that depletion of total CD4 expressing cells did not 

lead to a similar phenotype of amplified inflammation seen when Foxp3+ cells 

are depleted. This suggests that CD4+ T cell help is necessary for the 

inflammation seen in the absence of Tregs. 
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Figure 5.4. CD4+ T cell help is required for IFN-I induced exacerbation 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody (250µg each), anti-CD4 
depleting antibody (200µg each) or IgG control according to scheme. 20.8mg of Imiqimod 
(Aldara) was applied to each ear for 7 days or left untreated. Mice were sacrificed on day 7 of 
treatment and single cell suspension from the ear was stained with surface antibodies prior to 
analysis by FACS.  
 
(A) Ear thickness relative to values measured on day -1 
(B) Representative photomicrographs of ear histology on day 7 
(C) Total CD4+ and CD8+ T cell numbers in the skin  
(D) CD4+ Foxp3+ (Treg) cells and CD4+ Foxp3-  Teff in the skin 
 
Data represent means; error bars SEM Statistical significance was determined using two-way 
Anova or one-way Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 
independent experiments with n≥4. 
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5.2.4. CD8+ T cells mediate skin inflammation suppressed by Tregs 

 

As shown in Chapter 4, CD8+ T cells expand in Treg depleted imiquimod 

treated skin where they aquire a Tc1 phenotype, express T-bet and secrete 

IFN-γ and make up the majority of T cells in the inflammatory infiltrate. To 

address the role of CD8+ T cells in the Treg depleted skin inflammation we 

used an antibody depletion approach and administered an anti-CD8 

monoclonal antibody before and during imiquimod application and Treg 

depletion in the Foxp3hCD2 reporter strain (Figure 5.5 scheme). 

Ear thickness in mice with combined Treg and CD8+ T cell depletion was 

equivalent to that of Treg sufficient, imiquimod treated animals, indicating 

restoration of the normal imiquimod induced phenotype. This was also evident 

in the histology (Figure 5.5B). CD8 depletion did not change the total numbers 

of CD4+ T effector cells, which remained at a similar level to Treg depleted skin 

(Figure 5.5C and D). These experiments confirmed that CD8+ T cells are a 

crucial population mediating inflammation in the absence of Tregs.  
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Figure 5.5. CD8+ T cells mediate IFN-I dependent inflammation in the absence of Tregs 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody, anti-CD8 depleting 
antibody or IgG control. 20.8mg of Imiqimod (Aldara) was applied to each ear for 7 consecutive 
days or left untreated. Mice were sacrificed on day 7 of imiquimod treatment, ears harvested 
and processed for histology and enzymatically digested. Single cell suspension from the ear 
was stained with surface antibodies prior to analysis by FACS.  
 
(A) Ear thickness relative to values measured on day -1 
(B) Representative photomicrographs of ear histology on day 7 
(C) Total CD8+ and CD4+ T cell numbers in the skin  
(D) Total numbers of CD4+ Foxp3+ (Treg) cells and CD4+ Teff in the skin 
 
Data represent means; error bars SEM. Statistical significance was determined using two-way 
Anova or one-way Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 
independent experiments with n≥4. 



 202 

5.2.5. CD8+ T cells in the skin are highly proliferative, but do not 

originate exclusively from resident cells  

 

CD8+ T cells in the steady state skin are mostly of memory phenotype (Clark, 

2015). We wanted to establish if Tregs are controlling the expansion of a pre-

existing CD8+ T cell pool in the skin under inflammatory conditions. For this we 

injected 5x106 CFSE labelled naïve (CD44-CD62L+) CD45.1+CD8+ T cells i.v. 

into B6 Foxp3hCD2 reporter mice. We assessed the skin, spleen, and lymph 

nodes for T cell expansion at day 7 of inflammation. 

We were unable to detect any of the injected cells in the skin of mice in the 

untreated group and also did not recover them from imiquimod treated Treg 

sufficient skin (Figure 5.6A). However, we observed an influx into the skin 

under Treg depleted imiquimod treated conditions. The percentage of CD45.1+ 

cells among CD8+ T cells was similar in the spleen, draining lymph nodes, and 

skin in this group (Figure 5.6A and B). CD8+ T cells were proliferating in the 

spleen and the lymph nodes; however, the CD8+ T cells that migrated to the 

skin showed significantly greater proliferation based on CSFE dilution (Figure 

5.6C). However, if the CD8+ T cells found in the skin proliferated after or before 

entering the tissue remains to be determined. Together these results suggest 

that CD8+ T cells are recruited to the skin from the periphery and are highly 

proliferative. 
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Figure 5.6. The CD8+ T cell infiltrate doesn’t exclusively originate from skin resident 
precursors 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody. 20.8mg of Imiqimod 
(Aldara) was applied to each ear for 7 consecutive days or left untreated. Simultaneously with 
the first application, 5x 106 CFSE labeled CD45.1 CD44-CD62+ CD8+ T cells were injected i.v. 
Mice were sacrificed on day 7 of imiquimod treatment and single cell suspension from the ear, 
spleen and draining lymph nodes were stained with surface antibodies prior to analysis by 
FACS.  
 
(A) Representative FACS plots of CD45.1+ cells of total CD8+ T cells in the skin 
 
(B) Frequency of CD45.1+ cells of total CD8+ T cells in indicated organs 
 
(C) Frequency of CFSE negative cells and representative histogram of CFSE intensity at 

day 7 in the indicated organs 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 of 2 independent 
experiments with n≥3. 
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5.2.6. Absence of Tregs triggers epidermal CD8+ T cell infiltration 

 

As shown in Chapter 3, Tregs increase significantly during imiquimod-induced 

inflammation and Foxp3+ cells also migrated into the epidermis of the inflamed 

skin. We therefore investigated where CD8+ T cells located to in the absence 

of Tregs in inflamed skin. We sorted naïve (CD44-CD62L+) CD8+ T cells from 

B6 CD2dsRed mice and injected 3.5x106 cells i.v. into B6 Foxp3hCD2 reporter 

mice. We depleted Tregs via anti-hCD2 antibody injection as previously 

described and treated the mice with imiquimod for 7 days. We then used in 

vivo imaging to assess the location of the CD8+ T cells in the skin.  

The transferred CD8+ T cells largely located to the epidermal space (Figure 

5.7A and B). As we showed in the previous experiment, naïve T cells homed to 

the skin draining lymph nodes, the spleen, and the skin equally. However, in 

Treg sufficient skin, no transferred CD8+ T cells migrated to the ear (Figure 

5.6A, imaging data not shown). After the in vivo imaging, we analysed single 

cell suspensions from the spleen of the mice and found dsRed+ cells 

represented 3.08 ± 1.32 % of all CD8+ T cells. Taking this into consideration, 

the epidermal space of the imaged ears is tightly packed with CD8+ T effector 

cells. These data show that Tregs are locating to the same space that Tc1 

cells are taking up in their absence. This suggests Tregs are preventing CD8+ 

T cells from entering the epidermal space. 
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Figure 5.7. Location of CD8+ T cells in the inflamed skin 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody. 20.8mg of Imiqimod 
(Aldara) was applied to each ear for 7 consecutive days or left untreated. Simultaneously with 
the first application, 3x 106 CD44-CD62+ CD8+ T cells obtained from B6 CD2dsRed spleens were 
injected i.v. Mice were imaged on day 7 of imiquimod treatment 
 
(A) Sagittal view of Treg depleted ears. CD8+ T cells visible in red. Hair follicles (black) 

with autofluorescent hair (green) 
 
(B) Transverse view of Treg depleted ears. CD8+ T cells visible in red (from B6 

CD2dsRedmice), hair (autofluorescent, green), collagen (second harmonic generation, 
blue) and stratum corneum (autofluorescent, blue/green) 

 
Data are representative of 1 of 3 imaged mice in one single experiment. 
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5.2.7. Phagocytic cells mediate IFN-I triggered inflammation 

 

So far we have shown that Tregs control an IFN-I driven skin inflammation that 

depends on CD4+ and CD8+ Teff. We have further identified CD45+SiglecH-

PDCA-1+Ly6C+ cells as the main IFNα producing cells in the lymph node but 

did not find any IFNα secretion in cells extracted from the skin (Chapter 4). 

These data led to the hypothesis that a mononuclear phagocytic population 

could be responsible for the IFN-I signature we observed in the tissue. 

An effective method to deplete phagocytic cells is via administration of 

dichloromethylene-bisphosphonate (clodronate) liposomes (Rooijen & 

Hendrikx, 2010). Systemic depletion can be achieved by either intravenous or 

intraperitoneal injection of liposomes. In order to avoid injecting liposomes and 

monoclonal antibodies via the same route on the same day, we depleted 

phagocytic cells by administration of 0.2 ml of clodronate liposomes i.p. 12 

hours after anti-hCD2 injections (Figure 5.8 scheme).  

Clodronate administration prevented the increase of ear thickness in the Treg 

depleted imiquimod treated group. The fold-change was similar to that 

observed in Treg sufficient treated animals (Figure 5.8A). Histological 

assessment of the ear tissue showed a decrease in dermal and epidermal 

thickness and a decrease in scale thickness when clodronate was 

administered. Furthermore, the dermo-epidermal junction showed a less 

disrupted architecture when compared to PBS liposome treated mice (Figure 

5.8B). The histology showed similar infiltrates and thickness in the Treg 

sufficient groups that were treated with clodronate or PBS liposomes (Figure 

5.8B).
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Figure 5.8. Phagocytic cells are driving IFN-I mediated exacerbation 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and clodronate or 
vehicle liposomes according to scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear 
for 7 consecutive days or left untreated. Mice were sacrificed on day 7 of imiquimod treatment 
and processed for histology. 
 
(A) Ear thickness relative to values measured on day -1 
 
(B) Representative photomicrographs of ear histology on day 7 
 
Symbols represent means; error bars SEM. Statistical significance was determined using two-
way Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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Clodronate injections led to a significant reduction in overall inflammation and 

infiltration into the skin. Therefore, we investigated which cells were reduced in 

the skin (Figure 5.9A). CD11b+ CD64+ skin cell numbers were significantly 

reduced and contained recently extravased monocytes (P1), inflammatory 

monocytes (P2) and moDC (P3). In order to identify the reduced populations 

CD11b+ CD64+ cells were subgated (Figure 5.9B). Ly6C+ MHCII- monocytes 

(P1) and Ly6C+MHCII+ inflammatory monocytes (P2) were significantly 

reduced by clodronate injections (Figure 5.9C). 

There were no differences in pDC numbers between imiquimod treated 

animals that received vehicle or clodronate injections (Figure 5.10A). The 

frequency of pDC was increased in the clodronate treated groups, reflecting 

the reduced phagocyte population (Figure 5.10B). However the frequency of 

pDC in the draining lymph nodes between untreated, imiquimod treated Treg 

sufficient and imiquimod treated Treg deficient animals were not different 

(Figure 5.10B). 

Spleen weight was not significantly different between the Treg sufficient 

imiquimod treated animals and the Treg deficient treated animals that received 

clodronate (Figure 5.11A). CD45+ cells infiltrated the skin at similar numbers in 

clodronate injected Treg deficient imiquimod treated animals and vehicle 

injected Treg sufficient imiquimod treated animals (Figure 5.11B). Furthermore, 

the influx of CD8+ T cells as well as CD4+ Foxp3- T cells was significantly lower 

in the clodronate vs. vehicle injected and imiquimod treated groups when 

Tregs were depleted (Figure 5.11D). 
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Figure 5.9. Clodronate treatment efficiently reduces CD11b+ myeloid cells 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and clodronate or 
vehicle liposomes according to scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear 
for 7 consecutive days or left untreated. Mice were sacrificed on day 7 of imiquimod treatment 
and processed for histology. 
 
(A) Total cell numbers of CD45+Ly6G-CD19-CD11b+CD64+ cells  
 
(B) Gating strategy of (A) to identify monocyte derived cell subsets used in C 
 
(C) Total sells of monocyte derived cell subsets: P1 Ly6C+MHCII-, P2 Ly6C+MHCII+, and 

P3 Ly6C-MHCII+ 

 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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Figure 5.10. Clodronate treatment does not deplete pDC 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and clodronate or 
vehicle liposomes according to scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear 
for 7 consecutive days or left untreated. Mice were sacrificed on day 7 of imiquimod treatment 
and processed for histology. 
 
(A) Total cell numbers of pDC (CD45+Ly6G-CD19-CD11b-CD11c+PDCA-1+SiglecH+cells) 

in the skin draining lymph nodes 
 
(B) Frequency of pDC (CD45+Ly6G-CD19-CD11b-CD11c+PDCA-1+SiglecH+cells) in the 

skin draining lymph nodes 
 
(C) Representative FACS plots of CD45+Ly6G-CD19-CD11b-CD11c+ cells 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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Figure 5.11. Phagocytic cells are driving IFN-I mediated exacerbation of inflammation 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and clodronate or 
vehicle liposomes according to scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear 
for 7 consecutive days or left untreated. Mice were sacrificed on day 7 of imiquimod treatment, 
organs harvested and single cell suspension from ears stained with surface antibodies prior to 
analysis by flow cytometry  
 
(A) Spleen weight of indicated groups on day 7 of treatment 
 
(B) Total CD45+ cells in the ears of indicated groups on day 7 of treatment 
 
(C) Total CD8+ T cells in the ears of indicated groups on day 7 of treatment 
 
(D) Total CD4+ T cells in the ears of indicated groups on day 7 of treatment 
 
Data represent means; error bars SEM. Statistical significance was determined using one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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Consistent with these results, in RT-qPCR performed on mRNA from whole 

skin tissue showed that the administration of clodronate liposomes significantly 

reduced the IFN-I signature in the skin (Figure 5.12A). In addition, transcription 

of Tbx21 (T-bet), Il12a (IL-12) and Ifng (IFN-γ) was significantly reduced 

(Figure 5.12B). Furthermore, the mRNA for the chemokines CCL5, CXCL9 and 

CXCL10 were also reduced to levels observed in Treg sufficient imiquimod 

treated skin (Figure 5.12C). Together these data demonstrate that depletion of 

phagocytic cells via clodronate liposomes prevents the phenotype observed in 

Treg depleted imiquimod treated mice.  
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Figure 5.12. Clodronate administration abrogates IFN-I signature in the skin 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and clodronate or 
vehicle liposomes according to scheme in figure 5.8. 20.8mg of Imiqimod (Aldara) was applied 
to each ear for 7 consecutive days or left untreated. Mice were sacrificed on day 7 of 
imiquimod treatment and RNA extracted from ear tissue. 
 
(A) Whole skin tissue mRNA expression of IFN-I induced genes relative to Hprt 
 
(B) Whole skin tissue mRNA expression of Tc1/Th1 associated genes induced genes 

relative to Hprt 
 
Data represent means; error bars SEM. Statistical significance was determined one-way 
Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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5.2.8. Depletion of pDC does not alter skin inflammation  

 

Plasmacytoid DC are a potent source of IFN-I and on a per cell basis can 

secrete higher amounts than other cell types (Swiecki & Colonna 2015). In 

Chapter 4, we demonstrated that pDC were not infiltrating the skin at day 7 of 

inflammation and that pDC were not the source of IFNα. However, as 

clodronate administration can also affect pDC numbers, we were not able to 

rule out that pDC could be of importance in the early phases of the Treg 

depleted inflammation. PDCA-1 is a reliable pDC marker at homeostatic 

conditions but can be upregulated on cells when they are exposed to IFN-I 

(Blasius et al., 2006).  

We administered a depleting anti-PDCA-1 antibody 48 and 24 hours prior to 

imiquimod application to rule out depletion of any further populations that 

upregulated PDCA-1 during inflammation (Figure 5.13 scheme). PDCA-1 

depletion prior to imiquimod treatment did not alter the ear thickness or 

histological phenotype of Treg depletion and imiquimod treatment (Figure 

5.13A and B). Furthermore, we did not see a significant decrease in spleen 

weight. Similarly, infiltrating leukocytes were not reduced and CD8+ T cells in 

the skin tissue remained at a high level compared to the IgG treated group 

(Figure 5.13C-E). Although the efficiency of the used antibody has been shown 

in multiple studies, we were not able to perform a control group to assess pDC 

numbers at the initiation of Imiquimod treatment. This should be highlighted 

when interpreting these preliminary results. In brief, these data show that 

depletion of pDC prior to onset of inflammation did not impact on the 

inflammatory phenotype controlled by Tregs in psoriasiform inflammation.
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Figure 5.13. PDCA-1 depletion prior to imiquimod treatment does not alter interferon 
dependent inflammation 
 
B6 Foxp3hCD2 mice were injected with anti-hCD2 depleting antibody or IgG and anti-PDCA-1 
antibody according to scheme. 20.8mg of Imiqimod (Aldara) was applied to each ear for 6 
consecutive days or left untreated. Mice were sacrificed on day 6 of imiquimod treatment, 
organs harvested and single cell suspension from the ear was stained with surface antibodies 
prior to analysis by FACS.  
 
(A) Ear thickness relative to values measured on day -1 
 
(B) Representative photomicrographs of ear histology on day 6 
 
(C) Spleen weight of respective groups 
 
(D) Total CD45+ cells in the ears of respective groups 
 
(E) Frequency of CD8+ T cells in the ears of respective groups 
 
Data represent means; error bars SEM. Statistical significance was determined using two-way 
or one-way Anova with Bonferroni post-hoc test. Data are representative of 1 experiment (n≥4) 
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5.3. Discussion  

 

The principal objective of the experiments conducted in this chapter was to 

identify which of the observed changes in Treg depleted imiquimod treated 

skin are crucial to the exacerbated inflammation and changed inflammatory 

infiltrate in the skin. 

 

We investigated if type1 and type 2 IFNs are responsible for the exacerbated 

inflammation. Neutralization of IFN-γ showed no changes to tissue or systemic 

inflammation in Treg deficient imiquimod treated mice. IFN-γ is a potent 

proinflammatory cytokine that is crucial for effective pathogen defence. It is 

elevated in psoriasis and several other autoimmune diseases (Lin & Young, 

2013). Psoriasis is associated with a strong IFN-γ signature and was long 

regarded as a Th1 disease. This view has shifted since the discovery of IL-23 

and description of Th17 cells and the successful treatment of psoriasis with 

drugs interfering in this pathway. Nevertheless, levels of IFN-γ in the blood of 

patients correlate with the severity of psoriasis and are reduced by successful 

therapy (Abdallah et al., 2009). Furthermore, IFN-γ associated gene signatures 

are elevated in psoriatic skin (Liu et al., 2007). However, the exact contribution 

of IFN-γ remains to be defined. IFN-γ and TNF-α can act in synergy to activate 

adhesion molecules and chemokines that facilitate leukocyte recruitment to the 

skin. IFN-γ promotes keratinocyte proliferation and expression of activation 

markers (Nickoloff & Nestle, 2004; Uyemura et al., 1993). A recently published 

study used a mouse model overexpressing RAS in suprabasal KCs that 

resulted in a psoriasis-like phenotype (Gunderson et al., 2013). The skin 
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infiltration was driven by CD8+ T cells and could be rescued by neutralizing 

IFN-γ. Interestingly this study also reported infiltration of CD8+ T cells into the 

epidermis, a prominent feature of human disease. The epidermal CD8+ T cell 

infiltrate was also triggered by Treg depletion in the imiquimod model. It is 

likely that CD8+ T cells in psoriatic plaques are mainly IFN-γ secreting 

epidermal CD8+ T cells (Gunderson et al., 2013). These data warrant further 

analysis of the activation profile of KC and other epidermal cells in the 

epidermis under neutralization of IFN-γ in the Treg depleted imiquimod model. 

To date, no human data with anti-IFN-γ treatment in psoriasis is available. This 

would be of interest as it could assist the understanding of how Tregs could 

influence IFN-γ-driven changes in psoriasis.  

 

IFN-I singling was abrogated by administration of a blocking antibody to 

IFNAR1, a crucial component of the IFNα/β receptor. Normalization of ear 

thickness, leukocyte infiltration and activation profile of αβ T cells as well as 

MNP to levels in Treg replete skin was observed. Reports from patients who 

develop psoriatic plaques near injection sites of therapeutic IFNα further 

support the role of IFN-I in psoriatic skin inflammation (Afshar et al., 2013). As 

described in Chapter 4, an increase in CD11b+Ly6C+MHCII+ inflammatory 

monocytes was observed in the absence of Tregs in the inflamed skin. The 

transcriptomes of the different pools of monocyte derived cells in the skin have 

been recently investigated (Tamoutounour et al., 2013). This study showed 

that in a model of CHS, inflammatory monocytes expressed several IFN-

stimulated genes such as Irf7 and Ifit2, which was attributed to their capacity to 

produce IFN-I in the skin. The authors used phenotypic and transcriptomic 
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comparisons and showed that the Ly6C+MHCII+ inflammatory monocytes were 

an intermediate population of recently extravasated Ly6C+MHCII- monocytes 

and Ly6C-MHCII+ moDC. The data presented in the experiments here used a 

similar gating approach to Tamoutounour et al. The expanded population we 

observed in this and the previous chapter displays the same surface markers 

as the inflammatory monocyte population with the strongest IFN-I signature in 

the cited study. Investigation of genes associated with IFN-I production in 

sorted populations of skin MNP in the imiquimod model would therefore be of 

paramount interest in assessing their contribution to the phenotype in Treg 

depleted inflammation. 

Uptake of clodronate containing liposomes via phagocytosis leads to apoptosis 

of phagocytic cells. Experiments conducted using clodronate depletion 

reversed the systemic as well as the tissue specific inflammation in Treg 

depleted imiquimod treated mice. Clodronate injections significantly reduced 

the overall CD45+CD11b+CD64+ MNP and in particular the Ly6C+MHCII+ 

population. Furthermore, clodronate depletion reversed the IFN-I signature in 

the skin and normalized levels of Th1/Tc1 driving cytokines, transcription 

factors, and chemokines in the skin. However, clodronate treatment did not 

impact on pDC in the skin draining lymph nodes. The importance of MNP in 

psoriasiform inflammation is further supported by the paramount role of 

macrophages in two different mouse models of psoriasis (Stratis et al., 2006; 

Wang et al., 2006). In summary, this data suggest that Tregs control skin 

inflammation by restraining inflammatory MNP, who drive an IFN-I dependent 

exacerbation of inflammation. Experiments such as in vitro co-culture of these 

two populations and targeted in vivo depletion of Ccr2 expressing cells should 
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be conducted to investigate how Tregs can control this accumulation of 

inflammatory monocytes in the skin  

 

IFNα/β from pDC can contribute to psoriasis plaque formation (Nestle et al., 

2005). The imiquimod model of psoriasiform inflammation used here is 

dependent on daily application of the TLR7 agonist imiquimod. pDC are highly 

reactive to TLR stimulation and produce large amounts of IFN-I (Lai & Gallo, 

2008). However, previous studies have shown that depletion of pDC in the 

imiquimod model does not improve the imiquimod-induced skin inflammation 

and lack of IFN-I signalling by blocking or genetically depleting IFN-I shows 

little effect (Wohn et al., 2013). The imiquimod model has many similarities but 

also fundamental differences with human plaque psoriasis. These studies 

suggest that pDC in the imiquimod model play a different role than in human 

plaque psoriasis. The data presented in Chapter 4 further supports this 

difference, as we have shown that pDC depletion does not impact on the 

imiquimod-induced inflammation observed in the absence of Tregs. However, 

the pDC depletion experiment was only performed once and data was 

obtained on day 6 after imiquimod treatment. Further experiments should be 

performed before ruling out that pDC could contribute to the IFN-I driven 

inflammation in the Treg depleted imiquimod treated skin.  

 

CD8+ T cells are significantly expanded in the absence of Tregs and are crucial 

effector cells in the inflammation observed. Depletion of CD8+ T cells reversed 

the excessive skin infiltration and reduced ear thickness. The inflammation 

seen in the absence of Tregs was at least in part dependent on CD4+ T cell 
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help. Depletion of CD4 expressing cells did not phenocopy the inflammation 

observed in the Treg depleted group. However, in CD8+ and Treg depleted 

skin CD4+ T effector cells were still elevated, supporting that CD4+ T cells are 

necessary but not sufficient in the observed exacerbation of inflammation. IL-2 

from CD4+ T cells could be contributing to the CD8+ T cell expansion observed 

(Boyman & Sprent, 2012). The presence of Tregs could restrict IL-2 availability 

to CD8+ T cells and this could be one of the mechanisms responsible for the 

exacerbated inflammation observed in their absence. Experimental blockade of 

CD25 could address this possibility. Further, changes in IL-2 levels in the 

different depletion setting should be measured and the role of CD4+ T cell help 

in this setting should be explored further.  

 

The data presented in Chapter 5 strengthens the link between IFN-I and Tregs 

in psoriasiform skin inflammation that was observed in Chapter 4. Our data 

together with further experiments could facilitate the understanding of the 

complex regulation of IFN-I in the acute phase of psoriatic plaque formation. 

The imiquimod model could assist in the identification of the time period during 

which Tregs are most important in psoriasis. Like other chronic and 

autoimmune diseases psoriasis is a long-term inflammation with phases of 

different disease activity (Lowes et al., 2014; Perera et al., 2012). The 

imiquimod model involves a 5-7 day application of imiquimod and hence is 

more comparable to acute plaque formation than long-term chronic plaques 

that patients often suffer from. A limitation of patient based research is the 

restricted access to tissues and many patient based studies use PBMCs for 

their investigations. This might fail to reflect the responses in the tissue and 
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imaging approaches are often descriptive and fail to address functionality. 

Furthermore, differences in duration of disease between individual patients 

studied as well as in individual plaques examined can pose a further challenge 

in the interpretation of results.  

To date, the role of Tregs in psoriasis is not very clear. Tregs in the imiquimod 

model have a protective function and their absence leads to exacerbated 

disease. However, these data also raise critical new questions that involve the 

exact mechanism how Tregs control IFN-I mediated disease exacerbation. 

Further experiments will be necessary to identify the precise pathways Tregs 

use to control psoriasiform inflammation. 

In summary, the data presented in this chapter demonstrates that Tregs 

control inflammation via regulation of MNP-derived IFN-I and suppression of 

CD4+ and CD8+ T effector populations.  
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Chapter 6. General Discussion 

 

Regulatory T cells are important for tissue homeostasis and control of 

inflammation. Genetic defects in Foxp3 lead to the detrimental IPEX syndrome 

in which the skin is typically one of the first organs where symptoms arise in 

subjects affected by this disease. However, little is known about the 

contribution of Tregs to skin homeostasis and especially if and how they 

contribute to inflammatory diseases of the skin. Psoriasis is a multi-factorial 

disease and its pathogenesis is dependent on T cells. Nonetheless, the role of 

regulatory T cells in psoriasiform inflammation so far has been insufficiently 

addressed. The experiments presented in this thesis aim to investigate the 

phenotypic and transcriptomic characteristics of skin resident Tregs under 

homeostatic and psoriasis-like inflammatory conditions. It is within this context 

that I identified a novel role for regulatory T cells in controlling acute 

psoriasiform skin inflammation by harnessing IFN-I and CD8+ and CD4+ T cell 

activation in the tissue. 

 

In the steady state skin, thymic-derived Tregs constitute the majority of the 

CD4+ T cells. Tregs express a variety of surface molecules associated with 

high suppressive capacity. Microarray analyses revealed skin Tregs are 

equipped with an array of transcripts that have previously been characterized 

in other tissue derived regulatory T cells. Furthermore, this approach revealed 

several unique features of skin resident Tregs. Future experimental 

approaches will aide our understanding of the significance of these changes.  
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Studies of Tregs in psoriasis have suggested that they adapt an unstable Treg 

phenotype that could contribute to disease maintenance. Here we used an 

experimental approach to address the role of Tregs in a model of psoriasiform 

skin inflammation. Similar to human psoriasis, the imiquimod model is 

dependent on IL-23 and blocking of the IL-23/IL-17 axis reduces inflammation, 

thus making it a widely accepted and used model. The experiments revealed 

an increase in skin Tregs under inflammatory conditions and analysis of their 

transcriptome suggests that Tregs maintain a highly suppressive state during 

imiquimod-induced skin inflammation as evidenced by increased expression of 

Lag3 and similar levels of Il10, Tgfb1,Ctla4, and others. Further, no change 

was observed in transcription factors and cytokines associated with Treg 

conversion or instability. 

 

Treg depletion experiments in the imiquimod model of psoriasis-like 

inflammation revealed that Tregs are crucial for dampening inflammation. 

Absence of Tregs caused significantly increased leukocyte infiltration into the 

tissue and consequently a marked increase in ear thickness. CD8+ T cells 

were the most prominent infiltrate in Treg deficient inflamed skin, a population 

that is rare in steady state and Treg replete imiquimod treated skin. CD8+ T 

cell-infiltrates into the epidermis are a characteristic of human psoriasis and 

Treg depletion mimicked this pathological feature. A transcriptomic approach 

revealed that Tregs mainly control events 3 days after treatment initiation, 

which coincides with the visible and measurable changes in the inflammatory 

process. The depletion of Tregs revealed increased levels of IL-12 in the tissue 

and a Th1/Tc1 dominated skin infiltrate. IL-23 responsive dermal γδ T cells 
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drove the imiqumod-induced inflammation in the presence of Tregs via 

secretion of IL-17 and IL-22 (Cai et al., 2011; Van Belle et al., 2012; van der 

Fits et al., 2009). However, these cells and the associated cytokines were 

significantly decreased when Tregs were depleted. This suggests that Tregs in 

the imiquimod model are controlling Tc1 and Th1 cells, but not IL-17-producing 

dermal γδ T cells. The distinct contribution of IL-12 and IL-23 in the Treg 

depleted setting could help in our understanding of the role of IL-12 in psoriatic 

inflammation and warrants further investigation.  

 

Furthermore, prominent gene signatures of type I and type II interferon were 

evident in the skin at the later stages of the inflamed Treg depleted mice. IFN-I 

and IFN-γ are both implicated in the pathogenesis of psoriasis, however their 

precise role is still elusive. Blockade of IFN-I signalling compensated for the 

absence of Tregs, ameliorated overall tissue inflammation, and markedly 

reduced cell infiltrates. However, neutralizing IFN-γ did not lead to significant 

changes in inflammation. The experiments presented here suggest that the 

most likely cell type responsible for the IFN-I driven inflammation were 

Ly6C+MHCII+ inflammatory monocytes. This population was significantly 

increased in the skin in the absence of Tregs. In addition, clodronate 

administration caused a clear reduction in these cells and prevented the 

excessive inflammation observed upon Treg depletion. While the presented 

data provide evidence for the role of Ly6C+MHCII+ inflammatory monocytes 

and their potential capacity to produce IFN-I, the exact mechanism how Tregs 

control this population needs to be further investigated. 
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Collectively, this study suggests that Tregs control myeloid derived IFN-I and 

consequent CD4+ and CD8+ T cell activation that drive initiation and 

exacerbation of skin inflammation. Although the imiquimod model does not 

recapitulate all aspects of human psoriasis, many pathways are similar. The 

imiquimod model is an acute model and could be regarded a good indicator of 

processes occurring in early plaque formation, which has proved difficult to 

study. It can be speculated that Tregs are of distinct importance at various time 

points throughout inflammation and our data suggest that Tregs play an 

important role in early disease during plaque development. This possibility 

warrants further investigations with patient samples that will aide our 

understanding of the pathophysiological process of psoriasis and could lead to 

targeted therapeutic intervention at different time points in the disease. 
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Figure 6.1. Working model - Tregs control skin inflammation in the imiquimod model of 
psoriasiform skin disease 
 
At homeostatic conditions, Tregs constitute the majority of CD4+ T cells in the skin. Epidermal 
γδ T cells are the main population of T cells in the skin and low numbers of dermal γδ T cells 
are present in the dermis. 
Imiquimod treatment drives an IL-23-dependent IL-17 and IL-22 driven inflammation. Dermal 
γδ T cells are the main T cell population, and Treg cells increase significantly in the dermis and 
the epidermis.  
In absence of Tregs, Imiquimod induced inflammation is driven by inflammatory monocyte 
derived IFN-I and is accompanied by increased levels of IL-12 and decreased levels of IL-23. 
αβ T cells produce significant amounts of IFN-γ and TNF-α and increased tissue levels of 
perforin and granzymeB are likely to contribute to the increased tissue inflammation. 
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Supplementary Data 

 
Supplementary Table 1 
Probe ID log 2 fold change adj. p value gene 

4120753 4.64074 0.000714676 LMNA 
1260632 4.41108 0.004935349 IL10 

650711 4.34991 0.000144248 DGAT2 
7400044 4.05183 0.010147063 FOSL2 
5220279 3.96709 0.003631708 MT1 
3370377 3.58853 0.001551317 GADD45B 
5420739 3.34850 0.001216186 FES 
3130630 3.34746 0.001086164 CDKN1A 
2350017 3.32895 0.011202546 HSPA1A 
1990373 3.30481 0.031243361 AREG 
6520075 3.29900 0.041834984 IER3 
6250373 3.27250 0.008983499 CREM 
3290427 3.19922 0.009108712 SLC15A3 
6270131 3.14112 0.011060061 2310009N05RIK 

630730 3.10921 0.000701651 IGK-C 
7160167 3.07671 0.000291855 EMP1 
3840521 2.97792 0.007863907 NFIL3 
4590341 2.92250 0.004199830 AI115600 
2750326 2.86629 0.025623378 EGLN3 
6840112 2.85805 0.000334940 UAP1 

580746 2.83529 0.006289940 RASGRF1 
4150592 2.82555 0.016747600 DGAT1 

460754 2.79178 0.032521537 TFF1 
3870291 2.77687 0.009745488 IL1RL1 
6480554 2.72307 0.004233032 BC023892 
4570368 2.69183 0.009466080 1300002F13RIK 

60603 2.66449 0.005040264 HAVCR2 
5700014 2.63538 0.002071210 KLRG1 
1300373 2.62268 0.000482653 TNFRSF9 
2100358 2.57697 0.000217816 MAP2K3 
1090228 2.57397 0.000256681 5430432M24RIK 
6020400 2.56983 0.003397973 SAMSN1 

630192 2.55322 0.000232010 MPP7 
1580349 2.55254 0.000009375 1810006K23RIK 
2260471 2.54662 0.002930829 CRIP2 

510474 2.54147 0.006145506 LGALS3 
2000139 2.51686 0.000554560 CENPL 
3890022 2.49909 0.022701862 NDRL 
1090438 2.49588 0.000244609 ATF3 
1090112 2.47535 0.013972166 ADARB1 
4290324 2.46637 0.001198205 9130404D14RIK 
2600377 2.45702 0.006943586 EBI2 
6660039 2.45410 0.005263016 MAD 
6330195 2.42786 0.000009375 CAMK2N1 
6940451 2.42337 0.013740963 MYADM 
2360703 2.41509 0.001923996 ITGA3 
6100494 2.41242 0.004317141 2610300B10RIK 
6940037 2.41134 0.027571046 LTF 
1450095 2.40515 0.000079564 ICAM1 
6330377 2.36737 0.000404168 GADD45G 
4120703 2.35626 0.000933265 VCL 
4850079 2.34091 0.000235407 KIF23 
2360343 2.32480 0.006943586 C330006P03RIK 
5050008 2.29501 0.000006874 SMOX 
6760209 2.29159 0.014714914 RAB26 
6960189 2.28414 0.000009375 FURIN 
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1690091 2.23949 0.000118297 VIM 
3190379 2.23932 0.019072747 SYTL3 
6620187 2.23051 0.026398092 NDRG1 
4220239 2.21635 0.001634702 COQ10B 

840673 2.21397 0.001178227 LMNB1 
360674 2.20715 0.001270564 TRP53INP2 

4290152 2.16555 0.004199830 2310016C08RIK 
5720523 2.12322 0.000079787 S100A11 
3140041 2.11337 0.001138515 2310046K01RIK 
6270181 2.09278 0.020199312 DUSP4 
4230348 2.08068 0.000191088 CEBPB 
4230402 2.07209 0.024463933 LTB4R1 
7330278 2.04930 0.007645409 LGALS1 
7330228 2.02345 0.000009782 2810439F02RIK 
2470086 2.01625 0.003802097 SLC39A4 
4830612 1.99799 0.013972166 1110018K11RIK 
1070484 1.99107 0.027553444 HSPA2 
4010082 1.98601 0.001923996 CTGF 
1340301 1.98492 0.000232010 MIF4GD 

430523 1.97343 0.004003341 TNFAIP3 
5900370 1.96997 0.000728170 LOC381140 

270341 1.96913 0.013198442 EMB 
2760341 1.96896 0.018980144 6230400I06RIK 
3360520 1.96843 0.003191079 TMEM49 
4880138 1.96584 0.000099042 CD44 

160390 1.96425 0.000009375 IL2RA 
630707 1.94985 0.039676977 RAPGEF3 

3870270 1.93766 0.019072747 BC004022 
6510463 1.93375 0.045698757 ANTXR2 
4290403 1.93336 0.002660100 ZFHX1A 
3420600 1.92791 0.007620567 1110060I01RIK 
2450239 1.92524 0.000334940 ICOS 
3840324 1.90834 0.000096191 BLCAP 
4880288 1.90815 0.000703866 SYTL3 
5310050 1.90722 0.000334940 JAK2 
5960471 1.89688 0.000561805 X83328 
1470121 1.89681 0.001324684 SDC4 
5550035 1.89613 0.001176224 RRAD 
2900373 1.89264 0.000666109 1190002H23RIK 
3800274 1.88699 0.005252639 SKIL 
1990639 1.88688 0.014357784 APAF1 
3360338 1.86701 0.000305615 II 
3120014 1.86381 0.003010695 JUNB 
1710400 1.85579 0.043883471 2810439F02RIK 
3450370 1.85378 0.007882696 TUFT1 
3310474 1.85044 0.022028327 SGIP1 
1260164 1.85042 0.003191079 ASNS 

670608 1.83939 0.010209972 ELOVL6 
1470465 1.82747 0.003454357 CALCA 
5130156 1.81534 0.018635615 CCRL2 
4070020 1.81334 0.000142613 BCL3 
2360711 1.78802 0.000099042 4930519N16RIK 

520102 1.78745 0.010219882 9130604K18RIK 
6840121 1.78449 0.019072747 ODC1 

160519 1.77411 0.000869098 TMEM65 
5290360 1.76476 0.000275886 PICALM 
1710193 1.76161 0.029510041 GJA1 
1660504 1.75147 0.002948735 IL7R 
4900519 1.75120 0.007462814 SGK 
7200242 1.74961 0.002742171 HAK 
5570240 1.74478 0.008533524 BB128963 
5670722 1.74477 0.000283496 HSPB1 
6100520 1.74381 0.001353700 CNNM2 
6220026 1.73018 0.001312273 ZFP36 
3140500 1.72095 0.003656342 H2AFZ 
6020224 1.71122 0.006511882 IL4I1 
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5260195 1.71059 0.007834379 ISY1 
5670687 1.70315 0.019534045 GPR65 
3450470 1.70117 0.000183195 SERINC1 
6220037 1.69740 0.001719207 BC019206 
4560619 1.69340 0.000342477 SQSTM1 
3180156 1.68600 0.002054283 TNFRSF18 
4900142 1.68404 0.001780381 MAPKAPK2 
6660653 1.68299 0.002505005 BAG3 
2480372 1.68292 0.019072747 PLCD1 

730193 1.68160 0.000079564 KIT 
520121 1.67528 0.001399696 RAB6IP1 
610463 1.67459 0.048896696 NPN3 

6200367 1.66954 0.023695807 NCAPH 
3710242 1.66719 0.000708768 ARPC3 
1230341 1.66515 0.000426990 BHLHB2 
2070427 1.66221 0.000961444 CDC42BPB 
5820626 1.65665 0.001439777 TMBIM1 
1230681 1.65613 0.003359422 LOC268569 
2480241 1.65153 0.000367096 MUC1 
4220162 1.64936 0.022000847 STX11 

160035 1.64860 0.001040147 BATF 
4040382 1.64467 0.004468565 LOC240672 
2190743 1.64354 0.019343889 OSBPL3 
2510164 1.63204 0.032972619 TRAF1 
6370204 1.63021 0.000945620 TAGLN2 

290358 1.62417 0.020741182 GCNT1 
670360 1.62348 0.013633498 2310057H16RIK 

2490201 1.61735 0.007628112 GNA13 
7550053 1.61656 0.032012956 GAD1 
6650458 1.61578 0.001357448 NFKBIZ 
4390564 1.61576 0.001037272 ORMDL3 
6840594 1.60920 0.001828797 RGS1 
4070184 1.60230 0.000717670 BIRC2 
1940288 1.60049 0.013090157 D830014E11RIK 
4210192 1.60006 0.043608796 EHD4 

60553 1.59653 0.002299262 GBP4 
1230722 1.58791 0.001599140 WSB1 
2900594 1.56569 0.002595365 2810405I11RIK 
3290747 1.56244 0.000431852 BEX2 

770577 1.55764 0.001021362 ARHGAP21 
580685 1.55410 0.001282865 TGN 

7040619 1.55101 0.011564491 CLIC4 
3460296 1.54338 0.031460892 ANXA2 
4850682 1.54180 0.001218239 TGIF 

940129 1.54125 0.000342477 4930486L24RIK 
6100132 1.53879 0.004811412 2610024H22RIK 
2230463 1.53771 0.002004059 TNFRSF1B 

540647 1.52615 0.003099525 CD69 
630706 1.52511 0.000232010 HEMK1 

3420086 1.52450 0.019072747 2610024E20RIK 
3360653 1.52321 0.001159526 OSTF1 
5360477 1.52226 0.000009375 MAPKAPK3 
6350044 1.51969 0.030843615 SLC2A1 
3060647 1.50853 0.000276034 RELB 
5080326 1.50488 0.010524278 S100A6 

240168 1.50316 0.001980830 CMKBR2 
4880187 1.49213 0.001778407 ERDR1 
5690270 1.49147 0.039755072 COL18A1 
3310577 1.48842 0.023901775 GNA15 
5890221 1.48318 0.000482270 FAS 
3170689 1.48144 0.004199830 AXUD1 
5340446 1.47650 0.034462946 6330439P19RIK 

670647 1.47267 0.001032998 RGS9 
10768 1.47071 0.000059952 GM2A 

7040044 1.46843 0.001728403 TRF 
5670259 1.46512 0.014496712 5033421J10RIK 



 268 

1010397 1.46423 0.001754877 IRF4 
6420762 1.46087 0.001981929 A530026H04RIK 
6560477 1.46023 0.039476752 STK2 
2070307 1.45740 0.004426953 GOT1 
3400014 1.44726 0.043883471 SLK 
4880253 1.44385 0.018196473 JMJD3 
3890767 1.43562 0.038427759 SV2C 
5820292 1.42670 0.027553444 BC026744 
2140148 1.41942 0.031629101 COL17A1 
3890102 1.41843 0.001334514 MRPS6 
3890673 1.41216 0.001334514 3830408P04RIK 
4900053 1.41175 0.004426953 IER5L 
6620131 1.41139 0.000703866 TNIP2 
7650242 1.40918 0.008163435 IL18R1 
1500722 1.40606 0.000122598 PLD3 

510368 1.40347 0.018073026 FOS 
5490561 1.40303 0.044645660 SLC25A19 
5700168 1.40254 0.009548321 VAMP3 
5870671 1.39804 0.000717670 D11BWG0414E 
1850725 1.39778 0.000255073 SDCBP2 
1690537 1.39400 0.001873789 ALDOA 
3460026 1.39328 0.028797154 LOC269941 
4890113 1.39048 0.003631708 PNP 
4150463 1.38628 0.005714380 MRPL33 
1770424 1.38468 0.001983180 EPB4.1L2 
3940333 1.37912 0.029629771 RNF36 
6420040 1.37839 0.008573273 SRC 
4250066 1.37751 0.027227711 GGTA1 
3520114 1.37070 0.027755893 BRRN1 
2600301 1.37060 0.001344471 1810007I17RIK 
2070274 1.36435 0.014897209 APP 
1170474 1.35673 0.001922028 FBXO33 
4880112 1.35589 0.001117080 TDE2 
4150669 1.35568 0.005291033 AW742319 
2070615 1.34901 0.000463340 ANXA11 
5130139 1.34761 0.003309434 TGFB1 
5870201 1.34701 0.011304223 MYO1E 
1780524 1.34029 0.005039803 TFRC 
4540070 1.34012 0.005285140 1600019D15RIK 

620372 1.33585 0.027761552 SPHK1 
3310270 1.33348 0.010785737 SLC19A2 
4200086 1.32832 0.033283246 AEBP2 

780475 1.32659 0.046104171 PRC1 
2370039 1.32307 0.014288110 GPR171 
5490452 1.32165 0.003104600 GALNT2 

380035 1.32044 0.001545687 2810026P18RIK 
4610373 1.32021 0.010886400 ICSBP1 
6400017 1.31866 0.002375381 HIST1H2BC 
4010348 1.31849 0.028586480 COL4A3BP 

150022 1.31649 0.000793098 NFKBIA 
6480703 1.31368 0.019038495 BTG1 
1770458 1.31106 0.002897957 SLAMF1 
3460468 1.31080 0.001890732 NPTN 
1510739 1.30694 0.002375381 KAI1 
2630647 1.30688 0.001157031 PREP 
4280471 1.30675 0.045926115 TLCD1 
4810487 1.30365 0.045340761 SNAG1 
6560327 1.30293 0.000703866 LAMP2 
3400491 1.30248 0.002014415 CLIC4 
4480543 1.29713 0.018907499 MTF1 
6270682 1.29528 0.027300973 SLC15A2 
3310215 1.29204 0.000144248 1200016E24RIK 

20079 1.29144 0.011192052 PTP4A1 
2190544 1.28618 0.000473214 YWHAH 
4150682 1.28449 0.030738152 0610009F02RIK 
4070706 1.28409 0.001463719 PDE4D 
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110026 1.28363 0.046647622 A930004K21RIK 
1050541 1.27868 0.000178800 RHEB 
5700017 1.27232 0.007882696 ITGAE 
6060564 1.27150 0.002392428 ARRDC4 
4050112 1.27034 0.018575821 GLRX 
1850270 1.26873 0.002394733 HSPA8 
2850482 1.26834 0.006130384 CIAPIN1 

150164 1.26767 0.002003822 SAMD11 
2370189 1.26682 0.000945620 LOC218482 
4200100 1.26532 0.025568331 DUSP1 
3290202 1.25925 0.001526116 1110008P08RIK 
7200403 1.25820 0.004021025 EG622339 
6980021 1.25594 0.001389757 PLP2 
5690181 1.25382 0.000394228 DNAJA4 
3420037 1.25137 0.013434867 CDR2 
6280504 1.25002 0.000068309 CRSP9 
6450349 1.24986 0.016079834 ANKRD6 

150458 1.24868 0.022034960 TRP53RK 
2630605 1.24811 0.016163278 F730031O20RIK 

430044 1.24790 0.050265008 TEX2 
1990377 1.24299 0.028110511 N4WBP5-PENDING 
1440192 1.24202 0.002936639 RAB8B 
7150377 1.24098 0.000706279 CD83 
6520240 1.23981 0.014288110 1110059G02RIK 
1400170 1.23886 0.004671474 AA407930 
2000747 1.23748 0.000083553 TNFRSF4 
2350139 1.23303 0.024293609 DENR 
4040440 1.23261 0.000482653 TNFAIP8 
2940138 1.23203 0.000817764 CTLA2B 
2370630 1.22989 0.001374811 2610204M08RIK 
3360669 1.22847 0.004468565 H3F3A 
1850494 1.22215 0.015042846 3300001A09RIK 
4880600 1.21344 0.024238008 CSNK1G3 
5080634 1.20607 0.009105953 PPP1R3B 
4260333 1.20549 0.025623378 NDFIP1 
7200519 1.20185 0.024641864 CENPA 
1500706 1.19952 0.020264731 STIP1 
2680035 1.19921 0.002911434 AI849286 
3290008 1.19873 0.018389352 SH3MD2 
6580553 1.19256 0.004624219 STAT3 
6840270 1.18879 0.019291555 4930431B09RIK 
5560603 1.18737 0.023225275 A630072M18RIK 
5360047 1.18654 0.000831537 ATP6V0D1 
2070537 1.18474 0.000872699 EBI3 

150066 1.18302 0.000362087 1810055G02RIK 
2340364 1.18272 0.000067798 SLC25A3 
4180369 1.18002 0.008624703 SYAP1 
5560328 1.17972 0.012659920 MYD116 
6980064 1.17914 0.003040363 9130427A09RIK 
3310672 1.17870 0.002299262 NR1D1 
2600446 1.17522 0.000367096 EIF4EL3 
7550041 1.17468 0.000450230 ATP6V0A1 
6350086 1.17162 0.038453175 SLC6A8 
3170477 1.16921 0.013042947 TAX1BP3 
4150184 1.16865 0.002375381 ELOVL5 
1430445 1.16828 0.003022594 PPP1R10 
4390026 1.16748 0.007146668 LOC218814 
1030152 1.16109 0.010679911 IFNGR1 
3830291 1.15939 0.004199051 VPS29 
6420520 1.15686 0.033666673 FOSB 
1690719 1.15262 0.001808841 LGMN 
2320168 1.15246 0.019072747 CATNAL1 
2070563 1.15031 0.002684685 POR 
1770201 1.14894 0.049427606 SERINC3 
2850609 1.14790 0.036839820 FAIM 
6760546 1.14532 0.003517968 RBBP5 
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3180739 1.14076 0.004875067 VDR 
520072 1.13827 0.045711649 H2-EB1 

6060452 1.13785 0.012153101 FGFR2 
3940129 1.13780 0.004021025 MELA 
7330719 1.13681 0.016685967 2010012F05RIK 
3420372 1.13540 0.002916771 TGOLN1 
3140646 1.13215 0.008310143 IRF5 
1240538 1.13116 0.011227768 P2RY14 

160392 1.12960 0.000204685 CXCR4 
5720494 1.12821 0.001334514 LINCR 
1030497 1.12783 0.020732261 IRAK3 
4920196 1.12550 0.002776564 D330008I21RIK 
6560465 1.12549 0.013972166 LOC238836 
5560288 1.12549 0.030508388 CTLA4 
1400041 1.12408 0.027113430 GBP2 
5960594 1.12235 0.001987910 LIN54 
5270132 1.12192 0.005332682 PDE8A 
4780066 1.11652 0.010936511 CSRP1 
2690259 1.11603 0.000296765 WBP5 
6510112 1.11404 0.001780381 YBX3 
5290017 1.11098 0.002394733 CASP4 
6510142 1.11044 0.036913151 D730019B10RIK 
3710563 1.10980 0.009105953 SYTL2 
1030519 1.10888 0.000232010 ID2 
4120524 1.10769 0.030382779 C130033B18RIK 
1690768 1.10497 0.002392428 CCL5 
2120286 1.10343 0.011108317 MFGE8 
4900470 1.09595 0.004706008 4833438C02RIK 
4480180 1.09594 0.000812100 PHLDA1 
2850487 1.09587 0.003397973 EIF1A 
4050619 1.09556 0.000342477 STAT5A 

510367 1.09438 0.001392577 SPHK2 
670554 1.09186 0.001156726 CHRNB1 

4540500 1.08474 0.001977710 TFIP11 
5820168 1.08469 0.007873483 BCL2L11 
5420441 1.08392 0.019586584 TRAF3 
2760053 1.08163 0.001178227 6430704N06 
2970703 1.08085 0.004796886 MLF1 
4200017 1.07982 0.008685430 CISH 
5340121 1.07936 0.007628112 1500003O03RIK 
5260201 1.07386 0.014230433 TRP53INP1 
7100608 1.07347 0.006377802 2310032D16RIK 

870707 1.07264 0.013972166 BCL6 
4040037 1.07120 0.000178800 TPM4 
2570368 1.06666 0.001917324 GLUD1 

620360 1.06651 0.005427358 D530030D03RIK 
3290020 1.06571 0.006765216 GAPD 
5050427 1.06169 0.001137066 LAMC1 
3420689 1.06116 0.005516518 AP3S1 
1770541 1.06038 0.000144248 TNFRSF12A 

160142 1.05992 0.006511882 ARPP19 
3830377 1.05915 0.033097557 IQGAP1 
1260039 1.05828 0.000787843 NR1D2 
1580008 1.05744 0.002193463 AIM1 
7560093 1.05546 0.010579954 NOL10 
7210687 1.05477 0.019320393 APOE 
3780291 1.05464 0.001710999 PKM2 
7650152 1.05389 0.049101202 GPR146 
5390239 1.04586 0.009091845 KPNA1 
1990270 1.04422 0.036459079 2610318C08RIK 
3520221 1.04321 0.001117080 LXN 
7400187 1.03812 0.037976417 9430034D17RIK 
7610451 1.03411 0.017829353 BZRAP1 
2480072 1.03410 0.007264106 GPX4 
3130707 1.03285 0.003918310 PDGFB 
7200259 1.03117 0.000743324 TMEM43 
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3190685 1.02718 0.002299262 LDH1 
3370239 1.02537 0.009109680 E130118D18RIK 
5900070 1.02383 0.004624219 GATA3 
7380364 1.02236 0.001466715 CARHSP1 
4830477 1.02209 0.013144245 2810410P22RIK 
3420497 1.02032 0.047504226 DCTN4 
2760750 1.01756 0.007296981 MREG 
5810521 1.01711 0.018459336 ATP6AP2 
2030358 1.01436 0.000706935 BTG1 
6650750 1.01421 0.002309325 9130011J04RIK 
2140433 1.01283 0.002665788 GI_6679936_REF_NM_008084.1__328 
2320201 1.01200 0.001536253 TRIP10 
2190239 1.01185 0.005548012 MORF4L2 
1980373 1.00943 0.034997584 MYLC2B 
5360685 1.00882 0.019586584 IGFBP7 
6110037 1.00839 0.016682843 PLD3 

290576 1.00829 0.014630024 DHRS1 
2340358 1.00697 0.032840029 IMPA2 
5260315 1.00373 0.007845959 A830080D01RIK 

540398 1.00247 0.000706279 E130012A19RIK 
3800390 1.00194 0.002970767 SCL00238693.1_37 
1230040 1.00187 0.036235448 5730525O22RIK 
6130138 1.00181 0.001710999 RAI12 
5360707 -3.29580 0.000096206 SELL 
4590136 -3.20661 0.000478357 ACTN1 
6200719 -3.15013 0.000071099 ACAS2L 
6400463 -2.98498 0.001319751 GALNT10 
3400747 -2.86419 0.000701651 IGFBP4 
6620458 -2.81187 0.001085583 PACSIN1 
1580528 -2.68492 0.000454023 USP18 
4260609 -2.60304 0.000703866 NME7 
6650626 -2.45556 0.000453740 A130090K04RIK 

770669 -2.44051 0.002678931 A130092J06RIK 
7040195 -2.42926 0.001296483 GPR83 
3520746 -2.38881 0.001156726 SLFN1 
7040446 -2.38588 0.000010012 GFI1 
3930370 -2.37942 0.000705321 A130065C13RIK 
4070402 -2.37565 0.000348871 EG241041 

670204 -2.32067 0.000342477 IAN3 
4900719 -2.26282 0.000114283 A930008A22RIK 
2570154 -2.25263 0.000489964 CARD4 
6900465 -2.25142 0.000602405 PLCB2 
2710341 -2.24769 0.001981929 NSG2 
6450520 -2.24704 0.003947197 7530408C15RIK 

60639 -2.24307 0.000804742 SBK 
7330292 -2.21129 0.000602405 MGST2 
4220139 -2.15019 0.000391771 BC006933 

130215 -2.14607 0.000706279 ATP1B1 
3440646 -2.14159 0.000176863 PRKCB 
2370465 -2.13968 0.000044421 5330403D14RIK 
1570133 -2.13895 0.006028698 CTSW 
1090647 -2.13136 0.000945620 9830148G24RIK 
5340369 -2.12911 0.002386970 LRMP 
6860544 -2.12270 0.001218239 9330140K16RIK 
2190632 -2.12175 0.001058920 1110028E10RIK 
1030133 -2.11462 0.018211938 TUBB2B 
6940187 -2.09454 0.002425623 NRP 
5270167 -2.08148 0.000506832 6330442E10RIK 
5130343 -2.07827 0.000120156 GTF2I 
1430368 -2.07055 0.000021054 ST6GAL1 
6650477 -2.06222 0.000303917 IAN6 
7510452 -2.02937 0.001355808 ICAM2 
1470605 -2.02096 0.005133740 D11ERTD759E 
3060546 -2.01636 0.001032998 DPP4 
5570358 -1.99590 0.001117080 BCL2 
6100674 -1.99184 0.000114283 AI875142 
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3190722 -1.99054 0.008812744 5830496L11RIK 
2600471 -1.98724 0.002581857 D630014A15RIK 
4040435 -1.98358 0.011497165 NDG2 
2810541 -1.93530 0.000324114 HCPH 
4640463 -1.92945 0.001109140 EVL 
6450687 -1.92776 0.002652854 ABI3 
5720239 -1.91137 0.001058920 INPP5F 

940102 -1.90759 0.002867770 PSCD3 
1010138 -1.89041 0.005451348 IGH-6 
5340278 -1.88099 0.005205966 IGH-6 
5960746 -1.87240 0.001117080 FOLR4 

830377 -1.86543 0.002079929 TSPAN32 
5390440 -1.83612 0.003533045 LOC269401 
2970528 -1.81067 0.005272979 FMNL3 
6860022 -1.80338 0.000632640 DTX1 
5550671 -1.80099 0.002299262 LY6C 
4280402 -1.78318 0.003099525 EPHX1 
1660541 -1.77253 0.000021973 2610009I02RIK 
2370041 -1.77090 0.000703866 AU040320 
2810040 -1.75146 0.000482653 D14ERTD668E 
2900592 -1.74540 0.001536926 SFXN1 
1990152 -1.73420 0.000871928 PRMT3 
2900474 -1.73360 0.002726847 LTA 
4010243 -1.72704 0.005177536 RAMP1 
4120538 -1.72455 0.000099042 RASA3 
4250681 -1.72144 0.001259260 GART 
5670634 -1.71965 0.012362523 SYNPO 

70221 -1.70393 0.014206043 MTAP7 
4290133 -1.70276 0.002616467 0610025L06RIK 
4560731 -1.69760 0.017154332 1110014O20RIK 

70717 -1.69297 0.001117080 CD96 
4540767 -1.69077 0.001032998 TSNAX 
2600132 -1.68931 0.040853350 NOC2L 
2260332 -1.67818 0.031369195 TNRC6C 

870519 -1.67506 0.000787843 PPM1F 
4050653 -1.67455 0.002499441 PITPNM2 
2370484 -1.67403 0.026600306 9930033H14RIK 
6980672 -1.67399 0.000851334 BTLA 

730458 -1.66636 0.009030125 SEPT9 
510687 -1.66248 0.000334940 6720425G15RIK 

1340450 -1.66223 0.005822986 D6ERTD245E 
4490224 -1.65991 0.000144248 LOC241041 
7510008 -1.64388 0.012815754 0610039P13RIK 
3450072 -1.64373 0.001570082 ZFP261 
5690246 -1.64195 0.000217816 GBP1 
2350300 -1.63691 0.003104600 HIVEP3 
4760129 -1.62403 0.004101185 CAMTA2 
7650240 -1.62398 0.004077143 6720458F09RIK 
3140056 -1.61637 0.000701651 4732472I07RIK 
6590187 -1.61063 0.008513196 DGKZ 
7160474 -1.60915 0.005323707 ARHGAP4 
4480468 -1.60001 0.009174152 ARHGEF3 
1660039 -1.59048 0.003099525 SLC14A1 
2690102 -1.58738 0.016163278 FNTB 
4150196 -1.58398 0.007873483 COX10 
2470753 -1.57453 0.002299262 AI415330 
5490358 -1.56948 0.001418036 KLHL6 
1990014 -1.56682 0.001021362 MAST3 
2450064 -1.55856 0.001832155 PSMB9 

130008 -1.55344 0.000009375 ARHGEF18 
4060437 -1.54522 0.001251393 GNB1L 
2750521 -1.53919 0.000804742 2510005D08RIK 
2680402 -1.53403 0.003966788 2210408F11RIK 
1740020 -1.52567 0.003370710 5730419I09RIK 

160463 -1.52532 0.002826454 LGALS3BP 
7550730 -1.52302 0.001599140 DGKD 
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6200630 -1.51837 0.002003822 ARMCX2 
1340193 -1.51382 0.000911091 PHF11 
1580170 -1.50955 0.001021362 PRKCQ 
4490014 -1.50631 0.000662761 KLHL17 

110554 -1.49479 0.000623898 OSBPL5 
4060239 -1.48815 0.008036082 PLEKHG2 

150433 -1.47915 0.024641864 GIMAP1 
610491 -1.47831 0.016035902 D12ERTD553E 
870156 -1.47407 0.005923921 B830021E24RIK 

1230703 -1.47369 0.000554560 NUP210 
5870470 -1.45839 0.001198205 ARHGAP9 
6520192 -1.45000 0.000178800 EXOSC7 

70392 -1.44345 0.001334514 NFATC1 
3850039 -1.43847 0.003918310 ZFP512 
2120086 -1.43846 0.010192847 PIP5K2B 
5670156 -1.43417 0.000362087 LOC625360 
6560703 -1.42356 0.028663078 H6PD 
2260424 -1.42302 0.000859940 PRKD2 
6770630 -1.42060 0.043263318 2210008I11RIK 
2850670 -1.41585 0.002140748 C030002B11RIK 
7330131 -1.41559 0.026629555 A630006E02RIK 
1070709 -1.41074 0.001536253 NEDD9 

20301 -1.40895 0.000426990 ELP3 
4640239 -1.40322 0.003432125 RPL22 

780524 -1.40196 0.018629896 STX1A 
3830601 -1.40159 0.002793778 ENO3 
6250672 -1.39791 0.009950680 PFKM 
1980209 -1.39751 0.007882696 ACTG2 

50091 -1.39713 0.000752629 BLR1 
6960608 -1.39417 0.005291033 ARHGEF1 
1110445 -1.39393 0.002216679 LOC380706 
1990021 -1.39303 0.006074133 LOC545007 
7400575 -1.39192 0.001040147 KCNAB2 
2340349 -1.39049 0.002026988 ALDH2 
7400092 -1.38814 0.023242529 A130070G01RIK 

730039 -1.37984 0.005363012 CSK 
6200543 -1.37781 0.004700230 2610528C06RIK 
3140102 -1.37290 0.020109444 PAOX 

620646 -1.37158 0.016490013 HVCN1 
360437 -1.36912 0.046198777 MAGED2 

1770239 -1.36850 0.001743380 RGS10 
6940079 -1.36279 0.002779879 CNP1 
6620446 -1.36105 0.000334940 IL27RA 
2060719 -1.35303 0.000689378 PHGDHL1 
2570754 -1.35254 0.002645806 SGPP1 
4050138 -1.34810 0.008489044 C230075L19RIK 
5090678 -1.34710 0.033334755 BC035291 
3060600 -1.34463 0.029371082 RAB6B 
4250270 -1.33760 0.004883249 PRKACB 
5310600 -1.33637 0.006519166 PDCD4 
1340373 -1.33330 0.014230433 TRB 
6420021 -1.33142 0.002914180 C030026E19RIK 
7400152 -1.32932 0.025624678 BRP16 

610315 -1.32720 0.010125173 BC058638 
2940441 -1.32626 0.007551121 D230007K08RIK 
4540278 -1.32526 0.003031083 2700061N24RIK 
3130433 -1.32165 0.000463340 2610511O17RIK 
6020609 -1.31617 0.000536192 SESN1 
4390682 -1.31592 0.024275784 C430002D13RIK 
2320541 -1.31538 0.006692532 CAR12 
5260204 -1.31356 0.007451221 PDLIM2 

10402 -1.31002 0.006980964 TRIM25 
4150008 -1.30540 0.001459791 IGF2R 
2810288 -1.30260 0.002193463 MBP 
1010528 -1.29779 0.013313989 DDEF1 

450491 -1.29739 0.026348735 NFATC1 
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4640047 -1.29667 0.002119593 ADD1 
7610092 -1.29574 0.004163048 UBTF 
7050717 -1.29494 0.004811412 LOH11CR2A 
2970332 -1.29212 0.043848937 KLF2 
7050364 -1.28696 0.001846782 FTO 
4780681 -1.28545 0.003412458 2700084L06RIK 
5670440 -1.28433 0.014357784 LBH 
2900445 -1.28425 0.001711311 RARSL 
1410554 -1.27275 0.001782673 TYKI 
6620767 -1.27130 0.032285254 ARID1A 
5860131 -1.27114 0.007128860 2310047A01RIK 
6940132 -1.27100 0.031976896 A230050P20RIK 
7400328 -1.26930 0.002827379 C130099A20RIK 
4070278 -1.26767 0.019390259 SLC12A6 
6760025 -1.26618 0.001226266 A930040G15RIK 
1570487 -1.26407 0.014246861 TLR7 
2340519 -1.26204 0.023064687 SEPT6 

380594 -1.25545 0.008573273 PLCL2 
5420484 -1.25446 0.002074155 5730455O13RIK 
5340180 -1.25070 0.016519917 WAS 

870154 -1.24781 0.022505017 H2-DMA 
3850112 -1.24744 0.001167585 DNAHC8 
1580309 -1.24488 0.001278887 HAP1 
3310278 -1.24273 0.004745827 2610318I18RIK 
2900307 -1.24248 0.020158166 5830405N20RIK 
3060162 -1.24096 0.000426990 PBX2 
3610056 -1.23964 0.014091058 PPIF 
5690192 -1.23655 0.009105953 A630077B13RIK 
2760445 -1.23638 0.011227768 9830160G03RIK 

540608 -1.23321 0.026591585 SUPT3H 
1510014 -1.23081 0.000703866 HEATR1 

620626 -1.23037 0.002826454 APEH 
3310538 -1.22288 0.002311694 PCBD2 
5130066 -1.21608 0.003483045 UBE1L 

10392 -1.21437 0.003060076 ANKMY2 
3290259 -1.21241 0.002826454 CDC23 
3140735 -1.21235 0.006377802 ZDHHC3 

20612 -1.21161 0.037141660 EGR3 
670050 -1.21007 0.011531159 A430107D22RIK 

1990204 -1.20962 0.019291555 RIN3 
2600072 -1.20873 0.006812814 GNE 
2230731 -1.20769 0.001981929 H2-T17 
4670706 -1.20195 0.014401946 9330134C04RIK 
6650364 -1.20129 0.006585779 DDX51 

430551 -1.20010 0.000244609 D6WSU176E 
3870608 -1.19968 0.002504925 CSRP2BP 
6350343 -1.19822 0.011522230 PSMB10 
4540736 -1.19651 0.003670848 CCS 

780221 -1.19629 0.001273500 H2-T9 
3310131 -1.19597 0.004426953 A630023P12RIK 
3370201 -1.19556 0.019586584 PRG4 
4180575 -1.18975 0.000342477 PPM1M 
4920746 -1.18942 0.020058507 AA408296 
1780037 -1.18933 0.027601632 BC030476 
1190446 -1.18872 0.000426990 GRHPR 
1340382 -1.18845 0.016317774 DGUOK 
2600026 -1.18717 0.009760350 REC8L1 
3190609 -1.18589 0.003099525 ZC3HDC5 
4640168 -1.18369 0.017415054 3110001D03RIK 

10730 -1.17933 0.000689378 5730406O18RIK 
240189 -1.17804 0.002897957 2610024N01RIK 

7610215 -1.17795 0.004935349 2810410A03RIK 
1820148 -1.17544 0.001983180 1200008N06RIK 

70243 -1.17290 0.024893600 9130221H12RIK 
4050328 -1.17279 0.008351348 MTAP 
1850437 -1.17150 0.001679907 ARMC3 
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160703 -1.16921 0.007873483 TIMELESS 
1090605 -1.16804 0.005262927 TSPYL3 
1340092 -1.16796 0.001117080 UNC13D 
2320296 -1.16248 0.001981929 TIMM10 
6100050 -1.16228 0.025118290 AI316807 
1470519 -1.16093 0.014938991 LOC433224 

830041 -1.15635 0.011203857 G22P1 
5550187 -1.15434 0.000589784 GANC 
2350274 -1.15277 0.007375123 IQCE 
3130750 -1.15136 0.026625048 UNG 
2850747 -1.14398 0.000212192 2810423O19RIK 
2060431 -1.14195 0.034871447 USP36 
2630543 -1.14120 0.002867770 NDRG2 
5390019 -1.13429 0.007040999 PLA2G4B 
2030524 -1.13120 0.005822986 5430437P03RIK 

650609 -1.13030 0.004505410 TPCN1 
7150349 -1.12763 0.022695425 2310079N02RIK 
4640008 -1.12695 0.004021025 SLC38A2 
1170022 -1.12464 0.020732261 RMND1 

360348 -1.12374 0.012768305 GSTA4 
7510020 -1.12292 0.021316544 IFIT3 
4570309 -1.12232 0.008488634 MYO9B 
4900632 -1.12101 0.030382779 DSCR1L2 
6940224 -1.12010 0.008827782 5730578N08RIK 

460220 -1.11965 0.004815142 SLC22A5 
2360554 -1.11961 0.017087036 PSTPIP1 
3310091 -1.11606 0.022605449 BC052040 
2650204 -1.11602 0.000653465 ABCA3 
3180068 -1.11404 0.026955972 AKR7A5 
5310091 -1.11332 0.005518964 ADD3 
4200224 -1.11229 0.004704403 HELB 
6110242 -1.10965 0.027256748 MUM1 
7610612 -1.10854 0.001048573 RFX1 
2340403 -1.10818 0.032922771 ZFP41 
4860598 -1.10656 0.007814274 MAP3K7IP1 
2140215 -1.10291 0.004023203 2010004M13RIK 
2970307 -1.10004 0.016500516 RHBDL2 
2480474 -1.09662 0.000554560 LOC380763 
2000128 -1.09588 0.005579017 DNAJA3 
7610450 -1.09459 0.004691459 ITPR2 
2970167 -1.09386 0.004687509 5830417I10RIK 
5870725 -1.09126 0.001645954 CCDC58 
4830703 -1.08953 0.005444675 SEC15L1 
7100300 -1.08881 0.046733774 TMC6 

150372 -1.08732 0.032935903 RASL11B 
2120400 -1.08727 0.000689378 PDCD11 
5270452 -1.08361 0.019586584 TIAM1 
5900347 -1.08349 0.011908053 PIGO 
1340671 -1.08032 0.002193463 RPA1 
4610170 -1.07286 0.018154300 E030002F19RIK 
1710332 -1.07189 0.001669104 6430706D22RIK 
3440463 -1.07184 0.003092285 GUCY1A3 
7050673 -1.07173 0.014669451 ZXDA 
3120470 -1.07073 0.001679907 2010110K16RIK 
4260400 -1.06895 0.007628112 1200013B08RIK 
1510753 -1.06522 0.004260026 CENTD1 
6290435 -1.06276 0.013261196 6530405K19 
5870669 -1.05896 0.001334514 A830007P12RIK 
3440112 -1.05879 0.009150319 NLK 
3780471 -1.05844 0.000703866 TCF7 
6350161 -1.05804 0.001977710 IFT140 

70386 -1.05541 0.003964512 SATB1 
1820470 -1.05400 0.004410674 KRBA1 
6510544 -1.05351 0.006793870 HDAC10 
4050400 -1.05269 0.023508071 ZYX 
2810494 -1.05154 0.007882696 E2F2 
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4390458 -1.05017 0.002175333 5830482F20RIK 
6480242 -1.04898 0.003049497 2700094F01RIK 
4280255 -1.04741 0.020679827 STATIP1 
6760167 -1.04733 0.006262031 H2-OB 
7000475 -1.04702 0.041490908 GEMIN4 
1240554 -1.04643 0.001325906 CALM3 
4060288 -1.04584 0.005427358 TRIM8 
1990546 -1.03760 0.014320834 1810037B05RIK 
1030577 -1.03628 0.001117080 SNN 
2690292 -1.03619 0.001058920 MAPK9 
2340167 -1.03596 0.010918783 RAD52B 
1260673 -1.03430 0.002936639 SCOTIN 
4640528 -1.03385 0.004021025 MACF1 
5690139 -1.03334 0.001326384 MANBA 
5310079 -1.03019 0.015371873 PRF1 
5560139 -1.03008 0.006377802 SRFBP1 
6330592 -1.02897 0.001796055 D11LGP2E 
5960341 -1.02810 0.002842643 MSRB2 
3310725 -1.02796 0.009143224 TK2 
1070451 -1.02776 0.002392428 PKN1 

360524 -1.02773 0.004807566 2700087H15RIK 
270711 -1.02729 0.036374206 GALGT1 

6280414 -1.02628 0.010322616 TBC1D5 
4210333 -1.02583 0.008877506 VAV2 
6590053 -1.02502 0.030473783 E2F6 
5870687 -1.02492 0.006908415 SLC29A1 
5390082 -1.02461 0.001984824 HMG20A 
3190021 -1.02450 0.022605449 KEAP1 

430037 -1.02290 0.000394694 1700012B18RIK 
4200543 -1.02129 0.045355612 VARS 
6860253 -1.01872 0.044520153 H13 
2030639 -1.01635 0.011250544 AI413582 
5220639 -1.01384 0.014950743 9530090G24RIK 
2570672 -1.01354 0.019586584 ATP2A3 
2650326 -1.01211 0.035411041 PML 

240259 -1.01125 0.012075098 LDH2 
6940719 -1.00978 0.002386970 TLR1 
2570131 -1.00833 0.004745827 DLG3 
1230731 -1.00547 0.028162289 SRF 

830598 -1.00501 0.012636929 CBX7 
7210706 -1.00426 0.003010695 CASP9 
4060647 -1.00250 0.019586584 2310038D14RIK 
7150066 -1.00220 0.042038057 KLF7 
1710524 -1.00038 0.028523528 9630009A08RIK 

 
Supplementary Table 1  
Genes differentially up- and down-regulated in skin resident Foxp3+ CD4 T cells 
 
Data was normalized as described in Chapter 2. Genes listed have a p value of >0.05 and a 
log2 fold change of >1 or <-1.
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Supplementary Table 2 
GO Biological Process Gene Log2 fold change 
response to molecule of bacterial origin IL10 5.510848933 
  TNFAIP3 2.310387466 
  CXCL2 1.745142578 
  BCL10 1.190850285 
  CD14 0.915551506 
  MALT1 0.681782785 
      
negative regulation of inflammatory response IL10 5.510848933 
  IER3 4.592142983 
  TNFAIP3 2.310387466 
  IL2RA 1.965295352 
  TNFRSF1B 1.735527323 
  NDFIP1 1.63289078 
  ZFP36 1.55451678 
  APOE 1.108747631 
  GATA3 0.958814405 
  KLF4 0.850839899 
  PRKCD 0.495460923 
  GBA 0.45631388 
      
response to lipopolysaccharide IL10 5.510848933 
  ICAM1 2.600533039 
  LITAF 2.559818682 
  JAK2 2.509710415 
  CEBPB 2.174583663 
  GCH1 2.145509267 
  MAPKAPK2 1.922787967 
  TNFRSF1B 1.735527323 
  MAPKAPK3 1.463212309 
  EDNRB 1.32629297 
  FOS 1.30477231 
  IRAK3 1.225360315 
  IL1B 1.221194429 
  SLC11A1 1.174948155 
  NFKBIA 1.163865702 
  LY96 1.123729507 
  CD14 0.915551506 
  DCN 0.865714576 
  SOD2 0.84841798 
 RPS6KA3 0.739192244 
  MYD88 0.607711801 
  F2R 0.558709632 
   
response to organic cyclic compound CDKN1A 3.957074717 
  ICAM1 2.600533039 
  CTGF 2.249487155 
  STAT3 1.628749676 
 JUNB 1.572843383 
  EDNRB 1.32629297 
  FOS 1.30477231 
  CD83 1.301491587 
  PDGFB 1.181095315 
  ALDOC 1.157237232 
  IL1RN 1.112170277 
  TGFB1 1.109684414 
  PPARG 1.069391269 
  CTNNA1 0.99146353 
  CDKN2B 0.736348963 
  HMGCS1 0.690690148 
  PRKCD 0.495460923 
  MMP14 0.476078159 
  ANXA1 0.407550727 
      



 278 

inflammatory response IL10 5.510848933 
  CXCL1 3.973657028 
   KLRG1 3.059304277 
 MAP2K3 2.639735502 
  CCRL2 2.377590894 
  LYZ 2.332776918 
  TNFAIP3 2.310387466 
  CEBPB 2.174583663 
  CALCA 2.164684112 
  CCR5 1.993330253 
  MAPKAPK2 1.922787967 
  NFKBIZ 1.801552266 
  KIT 1.797517567 
  CXCL2 1.745142578 
  TNFRSF1B 1.735527323 
  SPHK1 1.692398676 
  TNIP2 1.444616222 
  FOS 1.30477231 
  TNFRSF4 1.284423073 
  IL1B 1.221194429 
  CCL5 1.220827011 
  IRAK2 1.216237563 
  CXCR4 1.194343036 
  SLC11A1 1.174948155 
  LXN 1.157333577 
  LY96 1.123729507 
  TGFB1 1.109684414 
  GPR68 0.922868665 
  CD40 0.916588543 
  CD14 0.915551506 
  IL18RAP 0.799120371 
  MYD88 0.607711801 
  AXL 0.589872535 
  RIPK2 0.567359772 
  F2R 0.558709632 
  CXCR6 0.551977166 
  ANXA1 0.407550727 
  ADAM8 0.402672025 
  CYSLTR1 0.392248268 
      
negative regulation of apoptotic process IL10 5.510848933 
  IER3 4.592142983 
  HSPA1A 4.271202582 
  CDKN1A 3.957074717 
  CTSH 2.445150888 
  TNFAIP3 2.310387466 
  ASNS 2.205741648 
  CEBPB 2.174583663 
  CD44 2.051858082 
  SOCS3 2.025198399 
  BAG3 1.970503101 
  HSPB1 1.935619495 
  BCL3 1.921089542 
  MUC1 1.827500268 
  SQSTM1 1.75089083 
  BIRC2 1.692796893 
  SPHK1 1.692398676 
  FAS 1.492096849 
  FAIM 1.480572879 
  TNFRSF18 1.43849473 
  CIAPIN1 1.405237926 
  BCL6 1.354469769 
  POR 1.353316472 
  EDNRB 1.32629297 
  TNFAIP8 1.318220439 
  IL1B 1.221194429 
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   neg. regul, of apoptotic process (continued)  YBX3 1.168362889 
  NFKBIA 1.163865702 
  STAT5A 1.132292031 
 SPHK2 1.11592519 
 IL1RN 1.112170277 
 APOE 1.108747631 
  BNIP2 1.063031493 
  CTNNA1 0.99146353 
 PSEN2 0.932838745 
  CCNG1 0.932593338 
  PIM3 0.883137742 
  AHI1 0.880463978 
 IVNS1ABP 0.864173015 
  SOD2 0.84841798 
  IL6ST 0.827469528 
  PDCD10 0.793268633 
  RPS6KA3 0.739192244 
  UBE2B 0.724947125 
  GCLM 0.712683756 
  SSBP3 0.682843805 
  MALT1 0.681782785 
  UBC 0.623408736 
  CFL1 0.618178222 
  PEA15 0.607873333 
  MYD88 0.607711801 
  BCL2L2 0.605811822 
  MPO 0.600577169 
  TAX1BP1 0.593159614 
  AXL 0.589872535 
  PLK3 0.584531077 
  NUP62 0.574993022 
  RIPK2 0.567359772 
  IVNS1ABP 0.545180869 
  ITGAV 0.530208399 
  FHL2 0.521661273 
  CITED2 0.51822894 
  BECN1 0.501726639 
  HSPA1B 0.49996549 
  JTB 0.481804957 
  BNIP3L 0.466589597 
  YAP1 0.454233913 
  SIAH2 0.440391945 
  SH3GLB1 0.41359951 
  TRAF6 0.411871949 
  HSPD1 0.408050469 
  ANXA1 0.407550727 
  SOD1 0.402964135 
  ANXA4 0.368683735 
  BAG1 0.329535598 
  HPN 0.308715108 
  ARAF 0.062180391 
  IVNS1ABP 0.060189123 
 
Supplementary Table 2  
Significantly enriched GO biological functions in skin Tregs (discussed in Chapter 3) 
 
Data was normalized and analyzed as described in Chapter 2. 
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Supplementary Table 3 
Probe ID Log 2 fold change adj..p value gene 

130608 2.2404 0.0013 LAG3 
6940184 2.2091 0.0084 CCL4 

670204 1.9579 0.0069 IAN3 
5360707 1.9282 0.0129 SELL 
6200719 1.7316 0.0129 ACAS2L 
1990021 1.5335 0.0231 LOC545007 

70386 1.4440 0.0069 SATB1 
4540767 1.3840 0.0184 TSNAX 
2030139 1.3620 0.0152 GPR15 
6650626 1.3584 0.0449 IPCEF1 
1980209 1.3477 0.0450 ACTG2 
6650477 1.3211 0.0189 IAN6 
6290053 1.3081 0.0422 TRERF1 
3120091 1.2471 0.0198 NCK2 
3440646 1.2469 0.0184 PRKCB 
4920487 1.2305 0.0162 CKB 
5820739 1.1821 0.0063 GP49A 
1690719 1.1163 0.0159 LGMN 
2940356 1.1015 0.0181 SCL0001709.1_980 
4010402 1.0840 0.0365 GIMAP8 
2680168 1.0738 0.0411 GATS 
1820040 1.0655 0.0019 A430093F15RIK 

50059 1.0655 0.0248 AI504432 
3780403 1.0544 0.0022 TRERF1 
1230703 1.0465 0.0198 NUP210 
2710152 1.0303 0.0500 HTATIP2 
3310189 1.0289 0.0248 CST7 
4120538 1.0288 0.0126 RASA3 
5260731 1.0269 0.0312 PKP3 

630192 -2.3453 0.0039 MPP7 
1580349 -1.9726 0.0003 CAMK2N1 
6250193 -1.9044 0.0181 TXNIP 

60239 -1.7556 0.0068 DUSP6 
4120187 -1.6625 0.0063 SP6 
1090438 -1.5257 0.0193 ATF3 
4010082 -1.4697 0.0439 CTGF 
3290747 -1.3676 0.0069 BEX2 
7510020 -1.3476 0.0422 IFIT3 
6420762 -1.3397 0.0198 A530026H04RIK 
1300121 -1.2933 0.0365 MGAT4A 
7150377 -1.2544 0.0068 CD83 
6760546 -1.2511 0.0165 RBBP5 
1580187 -1.2499 0.0003 MAT2A 
1090093 -1.2294 0.0412 TTC3 
2850010 -1.2281 0.0068 CD86 
2600301 -1.2182 0.0181 TROVE2 
1050092 -1.2043 0.0159 SERPINA3G 
3370239 -1.1714 0.0283 E130118D18RIK 
3850017 -1.1477 0.0422 TGFBR1 
1710286 -1.1358 0.0310 ZFP420 
3780500 -1.1314 0.0378 GTF2IRD2 
6290133 -1.1313 0.0013 ENDOD1 

940129 -1.1296 0.0133 4930486L24RIK 
60056 -1.1103 0.0063 RNF185 

5690167 -1.1082 0.0152 MRPL49 
2850082 -1.0933 0.0353 ZFP869 
3840324 -1.0792 0.0149 BLCAP 
6200300 -1.0629 0.0410 ZFP874B 

Supplementary Table 3  
Genes differentially up- and down-regulated in skin resident CD4+Foxp3+ T cells from 
inflamed skin vs. homeostatic skin 
Data was normalized as described in Chapter 2. Genes listed have a p value of >0.05 and a 
log2 fold change of >1 or <-1. 
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Supplementary Table 4 
ID log2 fold change adj. p value gene 

10598 4.324011839 0.00000060689 CXCL9 
1690768 4.167377267 0.00000000001 CCL5 
1690079 4.075821647 0.00000000021 CD8B 
6290037 3.696799824 0.00000000006 IGTP 
4040035 3.656924455 0.00000000010 NKG7 
6860600 3.376265704 0.00000000021 GBP2 
2490653 3.199481506 0.00000000134 LOC240327 
1050092 3.113847065 0.00000000021 SERPINA3G 
3140209 3.109337027 0.00000000001 CXCL10 
4260463 3.099905073 0.00000020362 LOC382896 
7040170 3.083656817 0.00000000001 UBD 
1570133 3.043019412 0.00000000168 CTSW 

60553 3.025950496 0.00000000004 GBP4 
2570095 2.882793281 0.00000015684 PSMB8 
1090139 2.804948749 0.00000000168 IFI47 
5820608 2.791930776 0.00000000001 IRGM 

460221 2.790793772 0.00000004419 G1P2 
2230386 2.75930512 0.00000000010 AI481100 
1400220 2.670447515 0.00000000001 LOC215405 
1110445 2.641810892 0.00000000041 LOC380706 
1440681 2.537307452 0.00000007681 CD6 
1820541 2.504454431 0.00000000148 LCK 
4540082 2.482144936 0.00000007504 BC049975 
6590215 2.391289936 0.00000002543 H2-T22 
7510020 2.366374872 0.00000001276 IFIT3 
4830010 2.365404978 0.00000000137 OASL2 

450735 2.355606722 0.00000070218 GVIN1 
4260528 2.323640836 0.00000000021 STAT1 
4890279 2.318882601 0.00000015036 KLRD1 
4810204 2.2544998 0.00000030688 CD27 
5270398 2.249660798 0.00000000148 IFIT2 
2450064 2.247076195 0.00000000363 PSMB9 
2340044 2.202652121 0.00000000041 SLAMF8 
5550671 2.14917456 0.00000047856 LY6C 
3360138 2.144562951 0.00000003288 IRF1 
6330692 2.143968978 0.00000000168 GBP6 

520040 2.138688315 0.00000000554 AI451557 
7200100 2.057000464 0.00000006043 H2-T23 

610324 2.052508027 0.00151219939 CD3D 
5690192 2.037388615 0.00000020420 A630077B13RIK 
2970521 2.027883836 0.00000001998 PARP14 
2510138 2.012181869 0.00001938490 TCRB-V8.2 
1090647 2.007774108 0.00000000004 9830148G24RIK 

870446 2.007299664 0.00000000001 H2-T10 
1470605 1.993856521 0.00000000365 D11ERTD759E 
5130066 1.989621587 0.00000006210 UBE1L 
7400528 1.97986203 0.00000682656 IFI205 
5900520 1.97593721 0.00000000137 GBP5 
4490017 1.958115762 0.00000050890 TAP2 

160463 1.957100217 0.00000057370 LGALS3BP 
940747 1.932697662 0.00003829671 CD3G 

4640348 1.928453963 0.00000017502 EG630499 
6270682 1.917413938 0.04957533452 SLC15A2 
1580528 1.899895657 0.00000005043 USP18 
1170181 1.894466752 0.00182111118 CD52 
3890328 1.891030929 0.00000010279 OAS1G 
1740692 1.888521668 0.00000000248 TNFSF6 
6590239 1.885890977 0.00000957972 CD3E 
7650242 1.880134206 0.00000182052 IL18R1 
6940386 1.877768776 0.00000002354 H2-Q7 
5690246 1.871471392 0.00018981103 GBP1 

380672 1.87005962 0.00007605876 1810062O14RIK 
4760575 1.869389982 0.00001042221 SH2D2A 
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5870093 1.867864794 0.00000000018 TAP1 
2230731 1.864802052 0.00000000012 H2-T17 
3130292 1.843401697 0.00000299587 IDB2 
3190577 1.836028783 0.00000030688 SAMHD1 
4810575 1.830404694 0.00000029885 HK3 
7160047 1.829446418 0.01910096151 AA467197 
2750128 1.822943698 0.00000000804 H2-Q8 
2850092 1.809797992 0.00000000007 IFNG 
2810040 1.807185866 0.00000000021 D14ERTD668E 

830632 1.799594195 0.00007095263 FCRL3 
770669 1.798852489 0.00000345012 A130092J06RIK 
270717 1.795543436 0.00000001829 BC023741 

60221 1.794417531 0.00000006421 CD2 
5670398 1.783051819 0.00000000021 TRIM21 

540647 1.778658383 0.00020046863 CD69 
3130240 1.773579162 0.00000003987 H2-Q5 

780221 1.764155524 0.00000000015 H2-T9 
150138 1.762673164 0.00011661525 H2-DMA 

3060450 1.761207193 0.00000004227 OAS2 
1240646 1.747915956 0.00000241597 CCR5 
6180154 1.728439847 0.00000005043 ITK 
5810576 1.724974071 0.00000330603 CXCR3 
6220594 1.72490932 0.00000000343 STAT2 
6860040 1.718865184 0.00021744818 KLHL6 
5860243 1.709370326 0.00588698672 PLAC8 
6280221 1.694273391 0.00000048501 SP100 
3780736 1.68118055 0.00000002224 H2-K1 
7160246 1.677100144 0.00000000015 4933430F08RIK 
1440307 1.667401455 0.01005475091 H2-AB1 
3520746 1.665978291 0.00022355843 SLFN1 
3870561 1.664073284 0.00001042221 PDCD1LG1 
1300673 1.653349892 0.00304511051 CLECSF12 
1740609 1.651199814 0.00000134800 AU020206 
5560474 1.632671981 0.00190029814 2510004L01RIK 
5720048 1.631812375 0.00000186880 H2-Q2 
3420451 1.624194341 0.00000004957 ESM1 
4890092 1.619827573 0.00001542944 GPR114 
5900324 1.618400107 0.00018400488 A330102K04RIK 
1500246 1.607590716 0.00000000055 LOC626578 
4490243 1.601778219 0.00014363238 RAC2 
2480725 1.582594295 0.00223056637 CORO1A 
1570564 1.579605081 0.00000005888 CD160 
4490709 1.559100508 0.00005353383 GZMK 
2650754 1.557350255 0.00000170789 UBE2L6 
2940441 1.557216284 0.00000186447 D230007K08RIK 
7560307 1.554754605 0.00393617623 IRG1 

670050 1.55314409 0.00000109972 A430107D22RIK 
940161 1.54327252 0.00000010759 CD28 

2100139 1.532018521 0.00000017494 BST2 
2760274 1.530345496 0.00000079885 2310046K10RIK 
3460102 1.520938114 0.00000001675 9130022K13RIK 
3060482 1.512101897 0.00000366963 ISGF3G 
2190475 1.508199652 0.00044490634 MS4A6D 
1340050 1.504131281 0.00000002375 ZC3HDC1 

830543 1.500137667 0.00000885301 ITGB7 
6450253 1.491674225 0.00000025201 5830484A20RIK 

150433 1.483233862 0.00000345792 GIMAP1 
4040095 1.481034697 0.00000000286 H2-Q6 
6760762 1.471069201 0.00001256839 SDC3 
1170521 1.461400514 0.00000779733 DUSP2 
6900044 1.45705871 0.00002898431 LAT 
1940338 1.453609156 0.00001456181 H2-M3 
5870398 1.453085888 0.00000006508 PSMB10 
6770195 1.450264859 0.00584908268 II 
5820128 1.448912971 0.00000006612 0610037M15RIK 
2850575 1.448659896 0.00293816949 VCAM1 
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4220603 1.424042315 0.00000236859 FCGR1 
430167 1.423889729 0.00831854768 LY86 

7040731 1.391992704 0.00089164551 H2-DMB2 
20358 1.390383968 0.00000000828 TAPBP 

1510497 1.384666228 0.00004762631 HCST 
6040072 1.377975605 0.00028710987 E430021P16RIK 
7040202 1.375519548 0.01634917088 BCL2A1D 

110064 1.367584271 0.00191760443 SLA 
3710170 1.360780157 0.00640702134 C1QG 
4010221 1.35582198 0.00083598550 MPEG1 
2340301 1.355354802 0.00001237900 HSD11B1 
6480131 1.355148627 0.00000038295 TAPBPL 
6370010 1.349474295 0.00529113518 CHI3L3 

630025 1.344375942 0.00000008321 MLKL 
2120491 1.341147374 0.00000124644 BC010462 
3940561 1.340464031 0.01362195184 AIF1 
3450167 1.340037218 0.00000952684 SNX10 
3190722 1.339509371 0.00001115995 5830496L11RIK 
4120243 1.33642823 0.02363874203 UPP1 
6580379 1.3362445 0.00000188008 P2RY14 

670491 1.335787524 0.00000143456 SCL0001132.1_96 
6940398 1.333642922 0.00053910532 LOC270152 

270176 1.319625117 0.00002981688 IL2RG 
6290592 1.318823448 0.00021027037 LOC226691 
2630463 1.318095591 0.00000768308 C2TA 
2750543 1.317389579 0.00003369859 GPR18 
4120687 1.316440271 0.00027989638 GLIPR2 
6760735 1.316431449 0.00000026013 TCRB-V13 
3940242 1.311501958 0.00000449053 AA175286 
5390088 1.311233002 0.00073352220 LOC327957 

10167 1.310823739 0.00000008821 LOC56628 
4210470 1.307751005 0.00003441145 C2 
1660504 1.305842049 0.00001155412 IL7R 
1410554 1.304898981 0.00000428458 TYKI 

130097 1.303274754 0.01573721186 BCL2A1B 
2450239 1.302350307 0.00614305981 ICOS 
6450682 1.294089965 0.00000280214 H2-L 
4260400 1.293539781 0.00047634253 1200013B08RIK 
2340463 1.282297251 0.00000004461 MS4A8A 

670204 1.279191131 0.00000809392 IAN3 
1690093 1.276077809 0.00000957972 LYT-2 
3370221 1.272242839 0.01242434991 BC028528 
2970544 1.269150476 0.00005017606 ZAP70 
6270259 1.268530904 0.00001237900 T_CELL_RECEPTOR_BETA_VARIABLE_8_270 
1660400 1.266814672 0.00000001960 4933412E12RIK 
6280521 1.264585525 0.00000026013 A530060O05RIK 
3390253 1.264524053 0.00786770993 IL1RA 
5900593 1.263673703 0.00000351693 PTPN8 
4780184 1.256604721 0.00000670078 LY6E 
3830678 1.254816834 0.00486196769 FCGR3 
7650048 1.25340331 0.00614305981 FPR-RS2 
1940722 1.251352961 0.00040396100 CASP1 
1030519 1.241240473 0.00001793868 ID2 

270367 1.240000399 0.00030087321 H2-GS17 
2680520 1.239613553 0.01861137750 MTDNA_ND4L 
3870091 1.23023864 0.00000324333 0610007P22RIK 
1340193 1.229561473 0.00000002631 PHF11 
1230639 1.226906229 0.00398117046 F10 
4640093 1.220624997 0.00000273330 TCRB-V8.3 

580332 1.220186417 0.01209030153 C1QB 
5290017 1.215274742 0.00190029814 CASP4 
5720397 1.20697601 0.00000004012 D11LGP2E 
5360707 1.204505711 0.01203553253 SELL 
7200356 1.203248447 0.00014510655 MYO1G 
4150414 1.197804343 0.00069670930 FYB 

520072 1.186010912 0.01135790107 H2-EB1 
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1110326 1.182106162 0.00415392679 FCGR2B 
2710128 1.180441007 0.00018702111 DOCK10 
5560066 1.171829772 0.00003829671 STAT4 
5700392 1.16901463 0.00001107456 T_CELL_RECEPTOR_BETA_VARIABLE_7_29 

610184 1.164208018 0.00000006421 TRIM34 
5090491 1.161989101 0.02753377687 SIRPB1 

770273 1.161407778 0.00001619813 BC013712 
7050433 1.159411598 0.00185386088 LPXN 
5810048 1.154300064 0.00006845968 ZFPN1A1 
6180082 1.153751853 0.00000022940 SH2D1A 
2680475 1.153616181 0.00000000964 1600029O10RIK 

770189 1.152473005 0.00023531515 1810044J04RIK 
2370039 1.151307339 0.00080309604 GPR171 
3360639 1.150770142 0.00001487200 T_CELL_RECEPTOR_BETA_VARIABLE_12-2_155 
6590653 1.14930459 0.00001099832 IRF7 
6220274 1.145157706 0.00138795782 LOC381276 
5700528 1.142535163 0.00335507758 CD72 
3520735 1.139156161 0.00022006059 BCL2A1C 
4860719 1.13799944 0.00296225002 MYO1F 
5130156 1.137869782 0.01307810138 CCRL2 
7570204 1.134493661 0.00002593191 GSDMDC1 
1070307 1.130777091 0.00764138536 SELPL 
1820040 1.126024643 0.00003063799 A430093F15RIK 

940367 1.123990552 0.00002724319 TCRB 
6840594 1.122783372 0.00012268179 RGS1 
5890328 1.118734834 0.00000461981 2810038K19RIK 
6520349 1.115084699 0.00061544400 PIRA11 
6560431 1.113674559 0.00000103828 B630009B09RIK 
1190477 1.113672212 0.00058075280 A430084P05RIK 
2480577 1.112353174 0.01095299470 ACTB 

60603 1.111371647 0.00079934917 HAVCR2 
4540564 1.109983318 0.00004508314 DOK2 
1470711 1.109833055 0.00398117046 LCP1 
3060040 1.109481128 0.04704899968 CXCL13 
1230703 1.105907383 0.00016299201 NUP210 
4640754 1.105583798 0.00000001927 F730045P10RIK 

160408 1.104219287 0.00227961375 LTB 
4760241 1.097138875 0.00002909859 CD40 
3120037 1.094623714 0.00013134571 CENTB1 

430132 1.091361495 0.00002119909 LGALS9 
6770259 1.083748611 0.00000001960 LOC435565 
2030358 1.079883949 0.00907438150 BTG1 

60050 1.078832201 0.00000345792 INSL6 
6760255 1.077955451 0.01556109911 EVI2A 

830762 1.074534604 0.00002822348 PRKR 
2510164 1.072371779 0.00171526688 TRAF1 
2490553 1.069979558 0.03706960763 IL1A 
2340242 1.067766272 0.00014443827 FGL2 
2320181 1.061648703 0.00000007671 A330042I21RIK 
1400132 1.059635384 0.00000382943 LOC547343 
5310672 1.056505249 0.00559091075 FXYD5 
4730246 1.055429999 0.00000015805 LOC226690 
2650326 1.055416385 0.00008871567 PML 
6060520 1.051582538 0.00584908268 CCL11 

650707 1.049231571 0.00976856360 H2-AA 
4010402 1.045248484 0.00011661525 GIMAP8 
6110671 1.04195718 0.00000003514 LOC223672 
3850324 1.041589183 0.00003684972 LOC381010 
6020398 1.039653998 0.00003522189 ETS1 
2680669 1.039118133 0.00022295019 36951 
2350132 1.038920477 0.02218843629 C1QA 
4830543 1.035769063 0.00190890372 2310061N23RIK 

870156 1.035090706 0.00000092941 B830021E24RIK 
2000373 1.034352027 0.00382534142 SERPING1 
4810154 1.03108349 0.01245921738 CLEC4A3 
3850497 1.030800414 0.00249115939 SLC11A1 
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2850133 1.02753307 0.00069779255 MSN 
3390021 1.027185559 0.00564307490 SDCBP 
3400097 1.023099694 0.00007095263 LOC434197 
5700538 1.01794631 0.00002282213 AOAH 
4120014 1.016490543 0.00000017494 IFI35 
7100762 1.010979807 0.00000073360 SLC28A2 
1260673 1.010022957 0.00000190231 SCOTIN 
7000187 1.00787724 0.00154428705 TGM2 
3120259 1.007794037 0.00017164335 ZFP313 
3930370 1.006283976 0.00084383397 A130065C13RIK 
4200192 1.005679099 0.03461468634 IRG1 
2230039 1.002131038 0.00210604647 FCER1G 
3780193 -1.000197679 0.00012501975 GSTA3 
5340064 -1.007449399 0.01870968103 PVALB 

70544 -1.028693821 0.02565586008 GSTA1 
5310497 -1.057728222 0.00378496086 ODZ4 

620167 -1.062348729 0.01382006614 AKR1C18 
580364 -1.073078174 0.00289616111 IGFBP2 

4250681 -1.074710334 0.00059967560 GART 
2000414 -1.077455081 0.02908822080 IL17F 
3850102 -1.253498737 0.00233253805 EPGN 

940541 -1.331746733 0.02632001881 MSR2 
360348 -1.343985976 0.02151740085 GSTA4 

5090706 -1.553649174 0.00318943404 LRRC15 
4640114 -2.409050864 0.00338874385 ACTB 

 
Supplementary Table 4 
Genes differentially up- and down-regulated at day 7 of imiquimod treatment in Treg 
depleted skin vs. day 7 of imiquimod treatment in Treg replete skin 
 
Data was normalized as described in Chapter 2. Genes listed have a p value of >0.05 and a 
log2 fold change of >1 or <-1 
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Supplementary Table 5 
GO Biological process p value fold change FDR 
immune	
  response	
   0.00000000000000000001	
   4.63	
   0.00	
  
regulation	
  of	
  immune	
  response	
   0.00000000000000000001	
   7.34	
   0.00	
  
type	
  I	
  interferon-­‐mediated	
  signalling	
  pathway	
   0.00000000000000011462	
   8.08	
   0.00	
  
defence	
  response	
  to	
  virus	
   0.00000000000001026300	
   5.06	
   0.00	
  
inflammatory	
  response	
   0.00000000000009800500	
   3.22	
   0.00	
  
innate	
  immune	
  response	
   0.00000000000041196000	
   2.5	
   0.00	
  
positive	
  regulation	
  of	
  T	
  cell	
  proliferation	
   0.00000000000066152000	
   6.98	
   0.00	
  
T	
  cell	
  costimulation	
   0.00000000000072828000	
   6.24	
   0.00	
  
cytokine-­‐mediated	
  signalling	
  pathway	
   0.00000000000093784000	
   3.47	
   0.00	
  
cell	
  surface	
  receptor	
  signalling	
  pathway	
   0.00000000001390800000	
   3.27	
   0.00	
  
response	
  to	
  virus	
   0.00000000002674000000	
   4.27	
   0.00	
  
interferon-­‐gamma-­‐mediated	
  signalling	
  pathway	
   0.00000000010507000000	
   5.91	
   0.00	
  
chemotaxis	
   0.00000000326450000000	
   4.16	
   0.00	
  
defence	
  response	
   0.00000003645100000000	
   4.87	
   0.000005	
  
T	
  cell	
  receptor	
  signalling	
  pathway	
   0.00000007357900000000	
   4.02	
   0.000009	
  
T	
  cell	
  activation	
   0.00000008183800000000	
   4.93	
   0.000009	
  
leukocyte	
  migration	
   0.00000021108000000000	
   3.39	
   0.000022	
  
cellular	
  defence	
  response	
   0.00000026196000000000	
   5.24	
   0.000026	
  
leukocyte	
  cell-­‐cell	
  adhesion	
   0.00000047971000000000	
   6.57	
   0.000046	
  
defence	
  response	
  to	
  Gram-­‐positive	
  bacterium	
   0.00000125120000000000	
   5.49	
   0.000109	
  
natural	
  killer	
  cell	
  activation	
   0.00000168270000000000	
   10.7	
   0.00014	
  
negative	
  thymic	
  T	
  cell	
  selection	
   0.00000198020000000000	
   8.74	
   0.000158	
  
positive	
  regulation	
  of	
  interferon-­‐gamma	
  production	
   0.00000268990000000000	
   5.67	
   0.000206	
  
positive	
  regulation	
  of	
  cytokine	
  secretion	
   0.00000321710000000000	
   6.24	
   0.000237	
  
positive	
   regulation	
   of	
   I-­‐kappaB	
   kinase/NF-­‐kappaB	
  
cascade	
   0.00000399680000000000	
   2.89	
   0.000283	
  
B	
  cell	
  activation	
   0.00000627150000000000	
   6.66	
   0.000414	
  
cell-­‐cell	
  signalling	
   0.00000929520000000000	
   2.56	
   0.000593	
  
T	
  cell	
  differentiation	
   0.00001089700000000000	
   4.99	
   0.000673	
  
negative	
  regulation	
  of	
  viral	
  genome	
  replication	
   0.00001166700000000000	
   6.24	
   0.000698	
  
positive	
  regulation	
  of	
  monocyte	
  chemotaxis	
   0.00001818400000000000	
   10.4	
   0.001055	
  
adaptive	
  immune	
  response	
   0.00002285000000000000	
   6.72	
   0.00125	
  
response	
  to	
  interferon-­‐gamma	
   0.00002285000000000000	
   6.72	
   0.00125	
  
cellular	
  response	
  to	
  lipopolysaccharide	
   0.00002393900000000000	
   3.5	
   0.001273	
  
positive	
  regulation	
  of	
  phagocytosis	
   0.00003432300000000000	
   5.55	
   0.001767	
  
neutrophil	
  chemotaxis	
   0.00003507300000000000	
   4.46	
   0.001767	
  
positive	
  regulation	
  of	
  T	
  cell	
  mediated	
  cytotoxicity	
   0.00004089200000000000	
   7.49	
   0.002007	
  
complement	
  activation,	
  classical	
  pathway	
   0.00004255300000000000	
   6.24	
   0.002036	
  
antigen	
   processing	
   and	
   presentation	
   of	
   exogenous	
  
peptide	
  antigen	
  via	
  MHC	
  class	
  I	
   0.00005341200000000000	
   3.12	
   0.002493	
  
integrin-­‐mediated	
  signalling	
  pathway	
   0.00006569400000000000	
   3.07	
   0.002924	
  
apoptotic	
  signalling	
  pathway	
   0.00007949400000000000	
   2.79	
   0.003458	
  
lymph	
  node	
  development	
   0.00008387900000000000	
   6.81	
   0.003483	
  
positive	
   regulation	
   of	
   interleukin-­‐2	
   biosynthetic	
  
process	
   0.00008387900000000000	
   6.81	
   0.003483	
  
JAK-­‐STAT	
  cascade	
   0.00008552300000000000	
   4.99	
   0.003483	
  
induction	
  of	
  apoptosis	
   0.00017877000000000000	
   2.24	
   0.007129	
  
regulation	
   of	
   small	
   GTPase	
   mediated	
   signal	
  
transduction	
   0.00020797000000000000	
   2.38	
   0.007961	
  
positive	
   regulation	
   of	
   nitric	
   oxide	
   biosynthetic	
  
process	
   0.00026820000000000000	
   4.34	
   0.009972	
  
chemokine-­‐mediated	
  signalling	
  pathway	
   0.00027093000000000000	
   5.76	
   0.009972	
  
T	
  cell	
  proliferation	
   0.00029688000000000000	
   4.86	
   0.010268	
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GO Biological process p value fold change FDR 
positive	
  regulation	
  of	
  interferon-­‐beta	
  production	
   0.00029688000000000000	
   4.86	
   0.010268	
  
positive	
  regulation	
  of	
  interferon-­‐alpha	
  production	
   0.00031117000000000000	
   6.94	
   0.010268	
  
immunoglobulin	
  mediated	
  immune	
  response	
   0.00031117000000000000	
   6.94	
   0.010268	
  
humoral	
  immune	
  response	
   0.00039459000000000000	
   3.75	
   0.012588	
  
release	
  of	
  sequestered	
  calcium	
  ion	
  into	
  cytosol	
   0.00043788000000000000	
   4.6	
   0.013088	
  
positive	
  regulation	
  of	
  calcium	
  ion	
  transport	
   0.00043788000000000000	
   4.6	
   0.013088	
  
negative	
  regulation	
  of	
  interleukin-­‐6	
  production	
   0.00044221000000000000	
   5.35	
   0.013088	
  
activation	
   of	
   cysteine-­‐type	
   endopeptidase	
   activity	
  
involved	
  in	
  apoptotic	
  process	
  

	
  
0.00044446000000000000	
  

	
  
2.85	
  

	
  
0.013088	
  

defence	
  response	
  to	
  bacterium	
   0.00075871000000000000	
   3.2	
   0.021226	
  
positive	
  regulation	
  of	
  cell	
  migration	
   0.00076520000000000000	
   2.41	
   0.021226	
  
defence	
  response	
  to	
  protozoan	
   0.00099607000000000000	
   5.67	
   0.025763	
  
induction	
  of	
  positive	
  chemotaxis	
   0.00099607000000000000	
   5.67	
   0.025763	
  
response	
  to	
  zinc	
  ion	
   0.00099607000000000000	
   5.67	
   0.025763	
  
negative	
  regulation	
  of	
  growth	
  of	
  symbiont	
  in	
  host	
   0.00099607000000000000	
   5.67	
   0.025763	
  
positive	
  regulation	
  of	
  inflammatory	
  response	
   0.00118790000000000000	
   3.57	
   0.029915	
  
response	
  to	
  tumor	
  necrosis	
  factor	
   0.00147970000000000000	
   4.41	
   0.036187	
  
antigen	
   processing	
   and	
   presentation	
   of	
   exogenous	
  
peptide	
  antigen	
  via	
  MHC	
  class	
  I,	
  TAP-­‐dependent	
   0.00154910000000000000	
   2.63	
   0.036362	
  
positive	
  regulation	
  of	
  interleukin-­‐12	
  production	
   0.00159580000000000000	
   5.2	
   0.036362	
  
regulation	
   of	
   type	
   I	
   interferon-­‐mediated	
   signalling	
  
pathway	
   0.00159580000000000000	
   5.2	
   0.036362	
  
complement	
  activation	
   0.00159580000000000000	
   5.2	
   0.036362	
  
positive	
  regulation	
  of	
  T	
  cell	
  activation	
   0.00207110000000000000	
   4.16	
   0.045564	
  
positive	
   regulation	
   of	
   defence	
   response	
   to	
   virus	
   by	
  
host	
   0.00219630000000000000	
   6.24	
   0.047233	
  

 
Supplementary Table 5 
Enriched biological processes (GO) upregulated at day 7 of imiquimod treatment in Treg 
depleted skin vs. day 7 of imiquimod treatment in Treg replete skin 
 
Data was normalized and analysed as described in Chapter 2.  
 


