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ABSTRACT 

The skin is a remarkable organ, a barricade between our vulnerable insides and a constantly 

changing environment full of physical, chemical, and biological aggressors. Maintenance of 

barrier integrity, immune surveillance, and rapid response are fundamental, and this 

multifaceted protection is orchestrated by the epithelial barrier and immune cells. Acute 

and chronic inflammatory skin diseases can arise due to abnormal over-reactions to the 

changing environment. A number of these diseases have been associated with genetic 

aberrations of the TNF super family and innate receptors signalling. My PhD studies have 

focused on the role of particular E3 ligases in regulating inflammatory signalling in skin 

homeostasis and inflammation.  

 

Inhibitor of APoptosis proteins (IAPs) and the Linear Ubiquitin-chain Assembly Complex 

(LUBAC) are E3 ubiquitin ligases that play crucial roles in innate immunity by regulating 

cell death and survival pathways from the TNF and pattern recognition receptor families. 

Genetic or pharmacological disruption of the IAPs or LUBAC member SHARPIN induce 

dermatological phenotypes with interesting parallels to a variety of human skin diseases. 

 

To investigate the contribution of immune cells to the Sharpincpdm cutaneous phenotype I 

utilised the transgenic Diphtheria Toxin Receptor (DTR) system to specifically ablate 

particular immune cell subsets in-vivo. I have found that Langerhans cells play a pivotal 

role in the cell death mediated skin disease that arises in Sharpin mutant mice, placing them 
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as a potential cellular source of pathogenic TNF in the Sharpincpdm skin, and highlighting a 

T-cell independent role for Langerhans cells in driving skin inflammation. 

 

Epidermal specific genetic deletion of the cellular IAPs (cIAPs) resulted in early post-natal 

lethality due to widespread dermatoses. Pharmacological loss of cIAP1, cIAP2 and XIAP 

by subcutaneous injection of an IAP antagonist drug (smac-mimetic; SM) into mice 

induced a Toxic Epidermal Necrolysis (TEN) like local inflammatory lesion characterised 

by keratinocyte cell death, immune cell infiltration, and increased production of pro-

inflammatory cytokines. Both the genetic and pharmacological phenotypes can be 

ameliorated by the loss of a single allele of RIPK1. I have conducted a screen injecting SM 

into a panel of knock-out and mutant mouse strains in order dissect the complex set of 

interactions initiated by injection of SM and leading to the TEN like lesional response. I 

found that disruption of IAPs leads to a breakdown in immune tolerance to commensal 

microorganisms, which can then initiate inflammatory responses in the skin. A full 

response to SM depends on interactions between innate immune signalling pathways, 

immune cells, and the microbiota, nicely highlighting the multifaceted processes involved 

in skin inflammation and cell death.  
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CHAPTER 1 - INTRODUCTION 

 

Summary 
The finest clothing made is a person’s own skin, but, of course, society demands something 

more than this - Mark Twain 

 

The skin is a remarkable organ. A thin layer of cells is our bodies’ first line of defence, a 

barricade between our vulnerable insides and a constantly changing outside world full of 

physical, chemical and biological aggressors. It is vital that the skin is able to respond 

quickly when challenged in order to maintain this barrier. However the skin is unique in 

that it must also exist in this environment. Not everything it encounters is a threat and 

tolerance of the constantly changing environment is as important as response. Inflammatory 

skin diseases (ISDs) can arise due abnormal over-reactions to the changing environment. 

These conditions represent a considerable burden of human disease and range in severity 

from mild itching and inconvenience to significant cosmetic and social concerns right 

through to major medical emergencies. I am very interested in how these conditions arise 

and what is involved in their progression. What initiates and drives inflammation in the 

skin and what role does the complex environment in which the skin exists play in the 

inflammatory processes?  

 

One of the most important functions of the skin is as a barrier, physically and 

physiologically protecting the body from external insult, while preventing loss of water and 
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solutes. When this barrier is breached, regardless of the specific cause, the skin reacts 

quickly, mounting an inflammatory and proliferative response in order to restore barrier 

function (Danilenko, 2016). Maintenance of barrier integrity, immune surveillance and 

rapid response are fundamental, and responsible for this complex and versatile protective 

response is the epithelial barrier and immune cells (Heath and Carbone, 2013, Pasparakis et 

al., 2014). Genetic aberrations of the Tumour Necrosis Factor (TNF) receptor super family 

and innate receptors signalling have been associated with a number of ISDs. My PhD 

studies have focused on the role of E3 ligases in regulating inflammatory signalling in the 

skin. 

 

Loss of function of these important regulatory elements can induce inflammatory skin 

phenotypes in mice (Anderton et al., 2017, Etemadi et al., 2015, Rickard et al., 2014), and 

while surprisingly distinct in terms of clinical presentation, all the phenotypes are 

characterised to some degree by keratinocyte cell death, infiltration by immune cells and 

production of pro-inflammatory cytokines. That cell death is a component in these 

phenotypes is not surprising given the role these molecules have in TNF receptor super 

family signalling, but is it the primary driver? What is the cellular source of cytokines? 

How important are immune infiltrates to driving the phenotypes? Or are the skin cells 

themselves responsible for producing TNF and activating cell death pathways? What is the 

contribution of the skin microenvironment to driving disease? In order to answer some of 

these questions I have used genetic knock-outs (KOs) and pharmacological methods to 

specifically target these signalling components and generate mouse models of skin 

inflammation and cell death. I have used these models to better understand how skin 

inflammation occurs, and what signallings and components facilitate the switch from 
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tolerance to response. By understanding better the functional aetiology of skin 

inflammation we can ultimately find new ways of treating skin conditions. 

 

Aims  

To that end, in this project I have pursued the following aims: 

1. Determine the contribution of immune cells to TNF dependent, cell death mediated 

dermatological disease in SHARPIN deficient mice.  

2. Explore the role of cellular Inhibitor of Apoptosis proteins (cIAPs) in skin development 

and homeostasis. 

3. Explore the role of the microbiota in driving skin inflammation in the absence of IAPs. 

 

An overview of the skin 

The skin functions as an interactive barrier between our bodies and the environment. The 

most obvious role is as a mechanical barrier, preventing water loss, while restricting entry 

of a variety of physical, chemical, and biological aggressors. However, it also acts 

biochemically to protect the body, by being immunologically responsive (Grice and Segre, 

2011). The skin must be able to react quickly to any breaches in order to maintain barrier 

integrity. Immune surveillance and rapid response are key in the event of a breach to clear 

out pathogens and minimise the infection risk. This responsiveness naturally involves 

complex interactions between immune cells, epithelial cells, and stromal cells (Pasparakis 

et al., 2014). However the skin, by its very nature, exists in a highly immunostimulatory 

environment, and tolerance can be just as important as response. A large variety of 

commensal microbial species, including a number of opportunistic pathogens, can be found 
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living on the skin surface and in hair follicles where their interactions with epithelial cells 

and with resident immune cells will necessarily influence the local and systemic immune 

response, even in the absence of a physical breach (Grice et al., 2009, Grice and Segre, 

2011, Naik et al., 2012). Maintenance of skin homeostasis is therefore immensely complex 

and involves a highly regulated nexus of interactions between the different cellular 

compartments and the microbial communities. Better understanding of how the individual 

components of the skin immune system and microenvironment interact, and how 

dysregulation can lead to altered responses in the skin, will enable us to gain insight into 

pathogenesis of ISDs. 

 

Structure of the skin 

The skin can be broadly broken down into the epidermis, the dermis, and the hypodermis. 

The hypodermis is the subcutaneous fat layer, it consists of adipocytes in a loose connective 

tissue and contains larger blood vessels en route to the dermis (Arda et al., 2014). The 

dermis is comprised of dermal fibroblasts in an extracellular matrix and forms a tough, 

irregular connective tissue (Pasparakis et al., 2014). The lower dermis is a sparsely cellular, 

reticular connective tissue. Structures such as hair follicles, sweat glands, sebaceous glands, 

nerves, and sensory receptors are present in this layer, as is blood supply and lymphatic 

vessels servicing and supporting the skin. The superficial dermis, associated with epidermal 

structures, is the papillary dermis. It contains a network of looped capillaries that provide 

nutrients to the avascular epidermis, as well as mechanoreceptors that continue into the 

epidermis and are sensitive to tactile stimulation (Arda et al., 2014). A variety of different 

immune cell populations can be found in the dermis, including macrophages, T-cells, mast 
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cells, dendritic cells (DCs), and innate lymphoid cells (ILCs) (Fig. 1.1). Considerable 

alterations to these populations can occur during an immune response (Heath and Carbone, 

2013, Pasparakis et al., 2014).  

 

The outermost layer of the skin is the epidermis, a stratified squamous keratinised 

epithelium that in mice, under steady state conditions, is comprised of only a 2-3 of layers 

of cells. Under inflammatory conditions the epidermis is often considerably thicker (Fig. 

1.2). Human epidermis is typically much thicker than in mice, typically comprised of 

around 10 layers in steady state (Gudjonsson et al., 2007). In the epidermis the main 

populations of immune cells are CD8+ resident memory T-cells (TRM) and an epidermal 

resident population of DCs called Langerhans cells (LCs). Mice also have a type of γδT-

 

Figure 1.1  – Basic Structure of the skin and an outline of the major 

immunological players 
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cells known as dendritic epidermal T-cells (DETCs) which make up a considerable portion 

of the epidermal T-cells in mice, however, these are only a minor subset in the human 

epidermis (Heath and Carbone, 2013) (Fig. 1.1).  

 

The epidermis is comprised of layers of keratinocytes – at the bottom is the stratum basale, 

a layer of proliferating keratinocytes. These cells are attached firmly to a contiguous 

basement membrane that separates the dermis from the epidermis (Arda et al., 2014, 

Mueller et al., 2014). It is from these basal keratinocytes that the cells of the upper layers 

are derived. The basal keratinocytes passage up from the stratum basale in an ordered path, 

influenced by calcium gradients, while undergoing a process of differentiation. The first 

stage of differentiation forms the stratum spinosum, typically the thickest layer of the 

epidermis and the primary location of LCs. Further up is the stratum granulosum, which 

are flattened, nucleated, and highly granulated cells (Arda et al., 2014). Denucleation and 

cornification occur from this stage to form the outermost layer, the stratum corneum (Arda 

et al., 2014, Candi et al., 2005).  

 

A s part of the cornification process keratinocytes express a variety of structural proteins 

including keratins, ceremide, loricrin, and filaggrin (Elias, 2012, Sandilands et al., 2009). 

These proteins are responsible for giving strength and elasticity to the epidermis, as well as 

ensuring imperviousness and water retention. The stratum corneum is comprised of layers 

of flattened, highly keratinised, non-living cells embedded in a lipid matrix (Arda et al., 

2014) (Fig. 1.2). As part of normal barrier function the dead cells of the stratum corneum 

are continuously shed from the epidermal surface (Elias, 2012). The rate of keratinocyte 

proliferation in the stratum basale must balance the rate of sloughing of the cornified cells 
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of the stratum corneum in order to maintain epidermal homeostasis.   

 

Immune cells of the skin 

T-cells  

Both human and mouse skin contains large numbers of T-cells, which are an important 

component of the adaptive immune response. They are also key players in inflammatory 

skin conditions such as eczema and psoriasis. There are an estimated 20 billion T-cells in 

the skin of a human adult, twice as many as in the blood (Seneschal et al., 2012). The 

majority of T-cells found in the skin in steady state are skin TRM cells. In the epidermis 

these are almost exclusively CD8+TRM. In the dermis the majority are CD4+ and consist of a 

mixture of TRMs that do not recirculate, and circulating effector memory T-cells (TEM) 

(Heath and Carbone, 2013). The TRMs of the dermis and epidermis are accumulated over 

 Figure 1.2 – Layers of the epidermis A. Cartoon showing the different layers of the 

epidermis. B. Inflamed mouse skin where thickening of the epidermis has made the distinct 

layers clear. C. In normal mouse skin the epidermis is only a few cell layers thick, so the 

different layers are less clear, example cells from each layer are indicated (yellow arrows) 

SC is stratum corneum, SG is stratum granulosum, SS is stratum spinosum and SB is 

stratum basale. BM is basement membrane. Scale bars are 25um.  
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time, and are specific for a wide variety of antigens including commensal microbial species 

and self (Seneschal et al., 2012). 5-10% of TRMs in the skin express FoxP3 indicating a 

regulatory T-cell (Treg) phenotype. This population regulates the TEM and TRM response by 

suppressing proliferation and inflammatory signalling, and promoting tolerance (Heath and 

Carbone, 2013, Seneschal et al., 2012).  

 

Under inflammatory conditions the T-cell population in the skin can undergo considerable 

changes. Depending on the particular inflammatory milieu, differentiation of naïve CD4+T-

cells into helper T-cells (Th) can favour broadly a Th1 or Th2 profile. Proliferation of the Th1 

subset is triggered by interleukin (IL)-12 and they produce interferon (IFN)γ and IL-2. 

Their role in immunity is as part of the host response to intracellular bacteria and protozoa.  

Th2 cells are activated by IL-4 and IL-2 and they produce IL-4, IL-5, IL-9, IL-10, IL-13 and 

IL-25. They are part of the immune response to parasites. More recently, additional 

populations of Th cells have been identified that appear to be important in ISD pathologies 

including IL-17 producing Th17 cells, their differentiation prompted by production of 

TGFβ, IL-6, IL-1β, IL-21 and IL-23, and IL-22 producing Th22 cells, their differentiation 

prompted by TGFα and IL-6. (Akdis et al., 2012, Fujita, 2013, Zhu and Paul, 2008) 

 

Innate Lymphoid Cells 

There are three broad classes of the ILCs. ILC1, which include Natural Killer (NK) cells, 

are typically present in only small numbers in the skin but are increased in psoriasis lesions. 

These cells are activated by IL-12, IL-15 and/or IL-18 and produce IFNγ and are 

participants in viral immunity. ILC2 produce Th2 type cytokines such as IL-5, IL-9 and IL-
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13 upon stimulation by IL-25 or IL-33 and have been found to accumulate in atopic 

dermatitis (AD) lesions. They play a role in tissue repair and response to helminths. ILC3 

type produce IL-17A and IL-22 as well as some IFNγ and participate in the response to 

bacteria as well as tissue repair. They are activated by IL-1 family and IL-23 and have been 

identified in the skin during inflammation (Heath and Carbone, 2013, Xu and Di Santo, 

2013).  

 

Macrophages and monocytes   

These important sentinels are part of the innate immune system. Skin resident macrophages 

patrol the dermis in order to detect and respond to foreign antigen entering the body 

through the skin. Macrophages are phagocytes, specialised in removing dead or dying cells, 

infected cells, and foreign particles (Arango Duque and Descoteaux, 2014).  Bone marrow 

derived monocytes circulate through the skin where they can replenish resident 

macrophages, although embryonically derived skin resident macrophages are also capable 

of self-renewal. Differences in the origin of any particular macrophage i.e. resident, derived 

from progenitors during embryogenesis vs bone marrow derived forming in adult tissue 

from circulating monocytes, may correlate to differences in function (Rodrigues and 

Gurtner, 2017). Monocytes will also migrate to sites of inflammation where they may 

differentiate into macrophages or DCs, or assist in the transportation of antigen to draining 

lymph nodes (Pasparakis et al., 2014). 

 

Macrophages within the skin can play a variety of roles during homeostasis and under 

inflammatory conditions. During homeostasis the key role of dermal macrophages appears 
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to be scavenging of cellular debris and microorganisms in the dermis (Tamoutounour et al., 

2013). During inflammation and wound healing a variety of macrophage populations exist 

on a spectrum; at one end, highly inflammatory macrophages contribute to initiation and at 

the other end anti-inflammatory macrophages dominate during resolution of inflammation 

(Uttarkar et al., 2019). Pro-inflammatory macrophages are highly phagocytic and potent 

producers of pro-inflammatory cytokines and mediators such as TNF, IL-1, IL-6, IL-12, 

and iNOS. Accumulations of inflammatory macrophages have been observed in both 

psoriasis and AD (Arango Duque and Descoteaux, 2014, Pasparakis et al., 2014, Rodrigues 

and Gurtner, 2017). 

 

During wound healing a predominantly pro-inflammatory macrophage population will 

transition to an anti-inflammatory population. These pro-angiogenic macrophages promote 

blood vessel formation and produce anti-inflammatory cytokines such as IL-10. 

Additionally macrophages can take on a fibrolytic and phagocytic phenotype, promoting 

tissue repair by assisting in the formation of granulation tissue while clearing dead cells, 

and promoting re-epithelialisation (Arango Duque and Descoteaux, 2014, Pasparakis et al., 

2014, Rodrigues and Gurtner, 2017).  

 

Dendritic Cells 

DCs are professional antigen presenting cells and a key cell type at the interface between 

the innate and adaptive immune responses. They are broadly characterised by a distinct 

morphology, by their antigen processing and presentation functions, and by common 
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expression markers such as CD11c and MHCII (Merad et al., 2013, Mildner and Jung, 

2014). 

 

DCs populations found in the skin can be classified as conventional DCs (cDCs) or 

plasmacytoid DCs (pDCs) (Merad et al., 2013). The dermal population of pDCs is typically 

very low; however an increase in this population has been observed in inflammatory skin 

diseases such as psoriasis (Gilliet et al., 2004, Kuwatsuka et al., 2018). Dermal cDCs can 

be further divided into cDC1 (CD103+) and cDC2 (CD11b+) populations. In the skin a 

dermal resident population of cDC1s will also express langerin (Kaplan, 2010, Nagao et al., 

2009). Each of these groups have distinct, though not fully understood roles in the immune 

response of the skin. cDC1s are important in viral immunity and activation of CD8+ T-cells, 

driving primarily a Th1 response. They are also efficient at cross-presentation of self-

antigens suggesting they are important for self-tolerance. The role of cDC2s in the skin is 

less well defined, though they are linked in particular to the Th17 immune response and 

favour presentation to CD4+ T-cells over CD8+. They can also activate Tregs and suppress 

the activity of IFNγ producing CD4+ T-cells (Heath and Carbone, 2013, Merad et al., 2013).  

 

Langerhans Cells 

Langerhans cells (LCs) were traditionally thought to be a tissue resident subset of dendritic 

cells as, phenotypically, they share many features with cDCs including antigen presenting 

functionality, DC like morphology, and DC typical cell surface expression of CD11c and 

MHCII, however recent studies demonstrate they are ontologically a type of tissue resident 

macrophage derived from macrophage progenitors during embryogenesis and developing 

the DC like phenotype shortly after birth once resident in the epidermis (Deckers et al., 
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2018, Doebel et al., 2017, Hieronymus et al., 2015, Merad et al., 2013). In addition to 

CD11c and MHCII LCs typically express high levels of langerin (CD207), which is 

involved in the formation of Birbeck granules, a hallmark of LCs, and Epithelial cell 

adhesion molecule (EPCAM) which is involved in regulating adhesion of LCs to 

keratinocytes and in their migration to the draining lymph nodes (Deckers et al., 2018, 

Heath and Carbone, 2013). 

 

In steady state LCs can be found primarily in the stratum spinosum. They make up 3-5% of 

nucleated cells in the epidermis and form a matrix like network with dendritic tendrils 

penetrating keratinocyte tight junctions ensuring thorough epidermal surveillance (Ginhoux 

and Merad, 2010, Merad et al., 2013). The primary role of LCs is historically considered to 

be recognition of invading microorganisms at the epidermal barrier and presentation of this 

information to the adaptive immune system; with subsequent T-cell activation favouring a 

Th17 response (Heath and Carbone, 2013). 

 

Canonically LCs are considered immune activating due to their antigen-presenting role, 

though recent studies suggest that they also contribute substantially to tolerance of self-

antigens and to commensal microorganisms by local Treg induction in steady state 

(Kitashima et al., 2018, Seneschal et al., 2012, van der Aar et al., 2013). 

 

Mast Cells  

Mast cells are first line innate immune cells specialised in surveillance and rapid response. 

These cells store preformed pro-inflammatory mediators in cytoplasmic granules that can 
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be quickly released upon detection of foreign antigen. They are particularly important in 

viral clearance where they are able to quickly recruit NK cells and NKT-cells to infection 

sites (Pasparakis et al., 2014). They are also important players in allergic/atopic skin 

pathologies. Rapid degranulation upon activation by Pathogen Associated Molecular 

Patterns (PAMPs), Damage Associated Molecular Patterns (DAMPs), and allergens quickly 

releases a variety of inflammatory mediators, including histamine, IL-4 and IL-13, resulting 

in the classic symptoms of dermatitis and allergy (redness, urticaria, itch), and triggering 

Th2 type skin inflammation and IgE production (Yamazaki et al., 2017). They can also 

suppress inflammation by production of IL-2 leading to an expansion of the Treg population 

(Pasparakis et al., 2014). 

 

Keratinocytes  

It is worth noting that keratinocytes themselves are immunomodulatory, responsible for 

secreting anti-microbial peptides even in the absence of injury (Yamazaki et al., 2017), and 

stimulating inflammation in response to DAMPs and PAMPs (Danilenko, 2016). They are 

necessarily one of the first participants in the inflammatory process. As the frontline barrier 

between our bodies and the environment keratinocytes must be responsive in the event of a 

breach. However, as these cells must exist at this frontline a degree of tolerance is required. 

Epidermal pathologies and activation of inflammatory signalling cascades in the epidermis 

are common in ISDs, suggesting a breakdown in immune tolerance and highlighting the 

importance of keratinocytes in immune regulation in the skin (Pasparakis et al., 2014). 

 

Under steady state conditions keratinocytes express a number of pattern recognition 
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receptors (PRRs) such as the Toll-like receptors (TLRs) that recognise microbial 

components (Danilenko, 2016). Activation of PRRs can rapidly increase expression of anti-

microbial peptides by keratinocytes (Blander et al., 2017, Yamazaki et al., 2017). It can also 

drive production of inflammatory cytokines and chemokines, including CXCL9, 10 and 11, 

CCL20, TNF, IL-1α and β, IL-6, IL-10, IL-18 and IL-33 (Heath and Carbone, 2013). 

Cytokine production and upregulation of cytokine receptors leads to further activation of 

inflammatory or cell death pathways in keratinocytes (Pasparakis et al., 2014). Apoptotic or 

necroptotic keratinocyte cell death has been shown in recent years to be a potent 

inflammatory trigger in mouse models of skin disease (Bonnet et al., 2011, Etemadi et al., 

2015, Nenci et al., 2006, Panayotova-Dimitrova et al., 2013, Rickard et al., 2014).  

 

The skin microbiome 

The microbiota is a key feature of barrier tissues such as the skin, and dysbiosis is a 

common feature of many skin disorders. One important consideration when discussing a 

normal skin microbiome is that the skin microenvironment is highly diverse, with a huge 

number of variables, both endogenous and exogenous, that can lead to alterations in the 

surface characteristics (Grice and Segre, 2011). Density of hair follicles will alter the 

environment and thus the microbiota. Use of detergents and lotions and even the type of 

clothes someone wears can affect the microenvironment. Thus even the broadly recognised 

subtypes of skin microenvironment are constantly shifting due to external influences as 

well as in response to the host immune system (Grice and Segre, 2011, Sanford and Gallo, 

2013). The majority of bacteria found on the skin are from 4 phyla: Actinobacteria, 

Bacteroidetes, Firmicutes and Proteobacteria, however, there is considerable variation in 
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the types of microbes that will be found in different physiological areas (Grice and Segre, 

2011, Sanford and Gallo, 2013). Propionibacterium spp of the phylum Actinobacteria 

dominate in sebaceous areas, such as the forehead, around the nose, and parts of the back, 

Staphylococcus spp and Corynebactrium spp (Firmicutes and Actinobacteria respectively) 

are the most frequent in wet areas such as under the arms and behind the knees, while, 

interestingly, dry areas such as the forearm have the greatest diversity of species, and the 

lowest population stability, including a surprising abundance of gram-negative species 

(Grice and Segre, 2011, Sanford and Gallo, 2013).  

 

Under normal circumstances a healthy microbiome is itself able to limit inflammation. This 

can occur a) passively as competition for space and resources may limit the growth 

potential of any introduced pathogen (Foster et al., 2017), b) actively when commensal 

species produce molecules that directly inhibit growth of pathogenic species (Iwase et al., 

2010, Shu et al., 2013), or c) interactively when commensal species affect development of 

host immunity, prompt production of anti-microbial peptides by skin cells, or drive physical 

alterations to the epidermal barrier (Gallo and Nakatsuji, 2011, Naik et al., 2012, Nakatsuji 

et al., 2013, Wanke et al., 2011). The ability of the microbiota to modulate the 

immunological response in the skin suggests more intimate interactions than one might 

expect if the skin acts as a complete barrier to bacterial entry. Indeed, microorganisms 

colonise not only the surface of the skin but also into hair follicles, sweat glands and 

sebaceous glands, meaning that host exposure to microbial species is not limited to the dead 

cells making up the stratum corneum (Grice and Segre, 2011). Live bacteria have even 

been found below the basement membrane, deep into the reticular dermis, spatially separate 

from surface connecting structures, suggesting that cells of the skin may actually allow 
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deeper colonisations with some species (Nakatsuji et al., 2013), possibly for the very reason 

that they can enact a protective effect or even to act as a reservoir for the surface 

population, which despite the constant and dramatic environmental perturbation, remains 

relatively stable within an individual over time (Costello et al., 2009). 

 

Evolutionary theory suggests that natural selection will not favour microbial species that 

expend energy in helping the host rather than on their own reproductive needs. Yet the 

microbiota comprises mostly helpful or neutral species (Foster et al., 2017). However, even 

beneficial species will turn on the host under the right circumstance. Stapylococcus 

epidermidis and Propinibacterium acne both play a beneficial role in the skin 

microenvironment by producing molecules or activating pathways that inhibit the growth of 

pathogenic species such as S. aureus (Gallo and Nakatsuji, 2011, Iwase et al., 2010, Shu et 

al., 2013). Under normal circumstance the host does not produce an inflammatory response 

to their presence, however, P. acnes is associated with the ISD acne vulgaris (Gallo and 

Nakatsuji, 2011) and S. epidermidis is a common cause of hospital acquired infections in 

immunocompromised patients (Schoenfelder et al., 2010). Thus bacteria that normally have 

a symbiotic relationship with the host can initiate a pathological response due to 

immunological defects. Meta-analysis of 16s rRNA studies show that host associated 

microbial communities are highly specialised compared to microbial communities found in 

other environments (Knight R, 2017) suggesting a strong environmental influence is 

exerted by the host. All of which highlights the key role that the host must play in 

managing and shaping the microbiome.  

 

Host monitoring of the microbiota is dependent on a variety of cell types in the skin and 
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occurs by detection of PAMPs or rather the more accurate term is microbial associated 

molecular patterns or MAMPs (Benhadou et al., 2018, Chu and Mazmanian, 2013, Mackey 

and McFall, 2006). These include the TLRs, RIG-I-like receptors (RLRs), and Nod-like 

receptors (NLRs). The conventional concept associated with activation of these pathways is 

that the immune system utilises them to recognises foreign antigen and activate an 

inflammatory immune response. However, in the case of commensal species, despite 

continuous interaction of their MAMPs with specific PRRs this does not occur (Chu and 

Mazmanian, 2013). The inflammatory host response upon activation of PRRs is strongest 

when there is also damage, such as in the case of a breach. Hosts also monitor for DAMPs 

and for cellular alterations that may be induced by pathogens (Foster et al., 2017). Indeed, 

the necessity of the host to shape the microbial community could mean that it uses the 

activation of PRRs by commensal species in the absence of damage to promote tolerance, 

and encourage microbial proliferation and localisation. 

 

As the microbiota has the capacity to modulate the immunological response in the skin and 

given the intimate association of immunologically responsive cells to microbial species of 

the skin, it makes sense that a breakdown in immune tolerance to the skin microbiota could 

be a contributing factor in ISD. There is a tendency when talking about the human/host 

microbiome to think in terms of healthy and dysbiotic, of good bacteria and bad bacteria, 

and while this terminology can be useful, it is important to consider that the shaping of the 

microbiome to be beneficial is a host effect and not something intrinsic to the microbial 

species that make up the ‘healthy’ microbiome. Microbial species that can find a way to be 

competitive without wasting energy on host beneficial activities will do so. Evolutionarily 

speaking the onus is on the host to force the microbiome to be useful. Thus, a breakdown in 



   18 

the complicated systems managing the host immune response may be all it takes for a 

‘healthy’ microbiome to become unhealthy.  

 

Dysbiosis is a common feature of a number of skin diseases, including psoriasis and AD 

(Benhadou et al., 2018, Fahlen et al., 2012, Kobayashi et al., 2015, Yamazaki et al., 2017) 

and is often thought to contribute to the pathology. A question however remains as to which 

comes first, dysbiosis or disease. How will a healthy microbiome contribute to 

inflammation when immune signalling is defective?  Keratinocytes in psoriatic lesions have 

increased levels of TLRs and altered TLR expression patterns are also seen in AD lesions 

(Panzer et al., 2014). Are these altered expression patterns a consequence of dysbiosis or a 

cause? Is the skin responding to dysbiosis by altering expression of TLRs or could the skin 

be responding abnormally to normal colonisation of the skin by altering expression patterns 

and driving dysbiosis? Could a disproportionate response to normal colonisation be an 

initiating factor in inflammatory skin disease or do alterations to barrier function resulting 

from genetic susceptibility allow more and/or different microbial species to colonise the 

skin, resulting in an over active immune response?  

 

Inflammatory skin diseases 

ISDs such as psoriasis, atopic dermatitis (AD), acne, rosacea, lichen planus (LP), graft vs 

host disease (GvHD), erythroderma, and toxic epidermal necrolysis (TEN) are collectively 

responsible for a significant burden of human disease. They range in severity from mild 

itching and inconvenience, to significant cosmetic and social concerns, right through to 

major medical emergencies. According to the 2011 Australian burden of disease study, non-
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neoplastic skin disorders are responsible for 1.7% of the total health burden in Australia, 

0.2% of all fatal burden and, significantly, 3.2% of all non-fatal burden. This is reflective of 

the high frequency of skin disorders in the Australian community. The three largest 

contributors to this non-fatal burden, which together account for 80% of the total health 

burden for skin disorders, were dermatitis and eczema, acne, and psoriasis (AIHW, 2016). 

Although these conditions are not fatal, they can considerably affect the quality of life of 

sufferers physically, psychosocially, and financially (Lakuta and Przybyla-Basista, 2017, 

Lewis-Jones, 2006, Mahmutovic et al., 2017, Nicole Jenner, 2002, Nicole Jenner, 2004, 

Silverberg et al., 2018). Psoriasis and the eczematous diseases are considered to be the most 

clinically important skin disorders due to their high frequency, chronic nature, increasing 

prevalence, and their association with comorbidities that further reduce quality of life, and 

potentially the lifespan of patients.  

 

However, ISD are not limited to these chronic, non-fatal conditions and there is such a 

thing as a dermatological emergency. TEN is one such acute, life-threatening ISD; and 

though considerably more rare than eczema or psoriasis it does have a high mortality and 

few treatment options making it particularly devastating. 

 

Despite differing aetiologies and manifestations, all of these conditions feature production 

of pro-inflammatory cytokines and infiltration by immune cells. Alterations to the patient’s 

microbial communities are another common feature. 
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Dermatitis and eczema  

Eczematous disease encompasses a number of similar disorders including allergic contact 

dermatitis (ACD), irritant contact dermatitis (ICD) and atopic dermatitis (AD), which is 

what is commonly and colloquially known as eczema. These disorders present with similar 

symptoms; a highly pruritic (itchy), often painful, red rash. They are acutely eczematous 

(wet) i.e. they produce serous exudate resulting in weeping or blistering but can progress to 

a chronic stage which is dry with thickened skin and often times scarring if scratching has 

been severe and deep. ACD and ICD are usually acute and localised to the area that was in 

contact with an allergen or irritant, while AD will commonly progress to a chronic state. 

AD is also more generalised, affecting areas of the arms and legs, trunk, wrists and ankles, 

hands, and face. It is often present in flexural areas such as the elbow creases and behind 

the knees (Guttman-Yassky et al., 2011a). Estimates of lifetime prevalence of AD are 

around 20-25% and it is particularly common in children (Guttman-Yassky et al., 2011a, 

Weidinger et al., 2018). 

  

Immunologically, AD is characterised by high circulating IgE and eosinophils. The 

condition is biphasic with an initial acute stage characterised by recruitment of 

predominantly IL-4 producing Th2 cells followed by a chronic phase which tends more 

towards a mixed profile with higher IL-5 expression (Kaesler et al., 2014), increased Th22 

associated cytokines (IL-22) (Weidinger et al., 2018) as well as eosinophilia, increased mast 

cells, and recruitment of DCs (Guttman-Yassky et al., 2011a). There is some suggestion of 

a role for Th1 and Th17 associated responses in chronic disease as associated cytokines 

seem to be over-expressed, particularly in children and Asian populations (Weidinger et al., 
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2018). Chronic lesions, exhibit epidermal hyperplasia, reduced keratinocyte terminal 

differentiation and cornification, and reduced lipid levels (Guttman-Yassky et al., 2011a). 

 

Both genetic and environmental factors contribute to the development of AD. AD has a 

strong familial association with other atopic diseases such as allergic rhinitis and allergic 

asthma, and many sufferers will develop all three conditions themselves in what is known 

as the atopic march (Brunner et al., 2017). People with AD are also more likely to have 

food allergies, allergic conjunctivitis, and other symptoms associated with a hyper-allergic 

state (Guttman-Yassky et al., 2011a, Weidinger et al., 2018). The strongest known 

hereditary factors are non-functional mutations in filaggrin that predispose a person to skin 

barrier defects; though such mutations are neither necessary nor sufficient for development 

of disease (Weidinger et al., 2018). Genome-Wide Association Studies have identified 

additional disease risk loci, many of which are involved in immune regulation such as IL4, 

IL4RA, IL13, RANTES, IL18RAP, TNFSF6B, IL2RA, IL7R, STAT3, NOD1, NOD2, TLR2, 

and CD14 (Guttman-Yassky et al., 2011a, Paternoster et al., 2015, Salpietro et al., 2011). 

Immune dysregulation may contribute to an over reactive response to allergens and to the 

pathogenic skin microbe S. aureus. S. aureus is consistently found at higher frequency in 

patients with AD, and overgrowth is commonly associated with outbreaks, where it will 

activate mast cells, triggering an allergic response in the skin, driving further inflammation 

and exacerbating the disease (Belkaid and Tamoutounour, 2016, Kobayashi et al., 2015, 

Yamazaki et al., 2017) 
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Psoriasis 

Psoriasis is a chronic, immune mediated ISD. It is characterised by clearly defined, dry, red 

plaques with silvery white scales, most commonly occurring on extensor surfaces such as 

the knees and elbows, though in severe cases involvement can extend to almost the entire 

body (Guttman-Yassky et al., 2011a). Reports on frequency of psoriasis are highly variable 

but the estimated global prevalence is ~2-3% (Enamandram and Kimball, 2013). In 

Australia the reported prevalence ranges between 2.3% and 6.6% of the adult population 

(Parisi et al., 2013). Psoriasis is associated with a variety of comorbidities. Somewhere 

between 10-40% of sufferers develop a painful, often debilitating, form of arthritis (Elder et 

al., 2010). Psoriasis is also associated with metabolic syndrome and cardiovascular disease 

(Tsoi et al., 2012), irritable bowel disease (Vlachos et al., 2016), and depression 

(Dowlatshahi et al., 2014).  

 

Psoriasis arises due to long term interactions between keratinocytes and infiltrating, 

activated immune cells. T-cell infiltration is a key feature favouring a Th1 and Th17 profile 

with high expression of IL-2, IFNγ, IL-17, and IL-23 (Danilenko, 2016, Guttman-Yassky et 

al., 2011b). IL-17 producing Tregs are commonly seen in psoriasis and are known to lack the 

normal suppressive capacities of Tregs. It is this loss of immune suppression that is thought 

to drive pathogenic T-cell proliferation and effector T-cell function (Pandiyan and Zhu, 

2015). However, paradoxical exacerbation of psoriasis in patients with HIV/AIDS does 

complicate the picture of psoriasis as a T-cell mediated disorder. Psoriasis in these patients 

often becomes more severe with progression of immunodeficiency but symptoms can 

significantly improve with anti-retroviral treatment and restoration of the T-cell population 
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(Kuwatsuka et al., 2018, Morar et al., 2010), suggesting an alternative immunological 

pathogenesis. Infiltration by DCs expressing TNFα and iNOS is heavily featured in 

psoriatic lesions (Harden et al., 2015) and pDCs appears to be key players in HIV 

associated psoriasis (Kuwatsuka et al., 2018).   

 

Psoriasis is histologically characterised by epidermal hyperplasia, increased cornification 

and expression of differentiation markers, and marked parakeratosis. Dysbiosis is a noted 

feature of psoriasis lesions (Alekseyenko et al., 2013, Fahlen et al., 2012), though given 

that IL-17 is associated with commensal reactivity, and that keratinocytes from psoriatic 

lesions have been found to have higher expression of TLRs (Panzer et al., 2014) and anti-

microbial peptides (Morizane and Gallo, 2012), the dysbiosis is as likely to be a 

consequence as a contributor to disease. That being said, onset of guttate psoriasis has been 

associated with β-haemolytic streptococcus infections (Benhadou et al., 2018). 

 

Twin and family studies have demonstrated an important, though undeniably complex, 

genetic component to psoriasis. What is striking is that genetic susceptibilities for psoriasis 

frequently involve genes that encode adaptive or innate immune components including 

regulation of T-cell function (RUNX3, TAGAP, STAT3, SOCS1), IL-23 Signalling (IL23R, 

IL12B, TRAF3IP2, IL23A, TYK2), IFN signalling (IL28RA, IFIH1, TYK2, RNF114, 

SOCS1), NF-κB signalling (REL, TNIP1, TRAF3IP2, TNFAIP3, NFKBIA, FBXL19, 

CARD14, CARM1), IL-4/IL-13 signalling (IL4, IL13), antigen presentation (ERAP1, HLA-

C), and bacterial or viral responsiveness (NOS2, IL28RA, DDX58, ELMO1) (Capon et al., 

2012, Das et al., 2015, Harden et al., 2015, Paternoster et al., 2015, Tsoi et al., 2012). 
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Stevens-Johnson Syndrome/Toxic Epidermal Necrolysis (SJS/TEN) 

TEN is an acute mucocutaneous disease, and while considerably less common than 

psoriasis or eczema it is also a genuine medical emergency. TEN is characterised by 

widespread, full thickness epidermal necrosis and extensive epidermal ablation. Loss of the 

epidermis results in an exposed dermis, leaving patients vulnerable to infection, fluid loss, 

electrolyte imbalance, and poor thermoregulation. As such the mortality rate is high, around 

30%, and survivors often suffer considerable long term morbidity (Harris et al., 2016). TEN 

is a more severe variant on the same clinical spectrum as Stevens–Johnson Syndrome 

(SJS). The vast majority of SJS/TEN cases are adverse drug reactions, though they have 

been associated with mycoplasma infection, dengue virus, cytomegalovirus, and the 

measles, mumps, and rubella vaccine (Schwartz et al., 2013a). The distinction between SJS 

and TEN is defined by the extent of body surface area involved. <10% total area 

involvement is defined as SJS, between 10% and 30% is SJS/TEN, and >30% is TEN 

(Roujeau, 1997). There are currently very few treatment options with standard of care being 

discontinuation of the offending drug and supportive care in an intensive care or burns unit 

(Schwartz et al., 2013b), meaning that early diagnosis and treatments that can halt 

progression at an early stage are immensely important. 

 

The widespread keratinocyte cell death appears to be immune cell mediated apoptosis; with 

an abundance of cytotoxic CD8+ T-cells and NK cells found in the blister fluid of patients. 

These drug specific T-cells are able to drive a cytotoxic reaction against keratinocytes 

directly, and through recruitment of other cytokine producing immune cell types (Harris et 

al., 2016). A variety of different cytotoxic proteins and cytokines are though to contribute to 
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TEN pathogenesis, including TNFα and IFNγ, which may operate synergistically to induce 

Fas ligand (FasL) and drive Fas induced keratinocyte apoptosis (Viard-Leveugle et al., 

2013). Granulysin, and perforin-granzyme B are also considered important mediators of 

cell death in TEN (Harris et al., 2016). Indeed, part of the complexity of the disease and in 

development of treatments lies in this aspect, with multiple cell death mediators 

contributing to induction of apoptosis. Altered anti-apoptotic pathways and poor regulation 

of drug specific immune reactions are also likely to contribute to disease pathogenesis 

(Harris et al., 2016). 

 

European and American epidemiological studies place the incidence between 0.93 and 2.26 

cases per million people per year for TEN and between 8.61 and 9.69 for SJS (Harris et al., 

2016, Hsu et al., 2016). TEN is more common among Asian populations, specifically 

associated with particular human leukocyte antigen (HLA) haplotypes engendering 

susceptibility to particular drugs. This finding has now been put to clinical use with 

recommendations to screen Han Chinese patients for the HLA-B 15:02 allele prior to 

administration of carbamazepine (Harris et al., 2016). SJS/TEN incidence is also 

considerably higher among the HIV positive population where it is estimated to occur in 1-

2 out of every 1000 HIV positive individuals (Harris et al., 2016, Schwartz et al., 2013a).   

 

Current treatments for inflammatory skin diseases 

Current first line treatments for ISD largely aim to treat the most obvious pathologies such 

as inflammation, hyperproliferation, and immune infiltrates, the consequence of which is 

that most current treatments target symptoms rather than the underlying causes. The 
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combination of genetic susceptibilities, external triggers, and environmental factors 

highlight the nature of ISDs as complex trait disorders. Even in conditions where 

heritability is high, not everyone with a known susceptibility locus develops disease. This is 

because complex trait disorders do not arise due to a single gene mutation but rather are the 

product of multiple, often interacting, susceptibility loci combined with diverse 

environmental triggers. It is for this reason that the success of any particular treatment can 

vary widely from person to person.  

 

Immunomodulatory drugs are the cornerstone of treatment for ISDs such as psoriasis and 

AD. For mild to moderate disease this means topical corticosteroids, which are anti-

inflammatory, anti-proliferative, and immunosuppressive, thus targeting locally the 

common ISD pathologies. However, if disease is severe or widespread topical treatments 

are less practical or effective. For more severe disease, systemic immunosuppressant 

medications such as cyclosporin or methotrexate are often used (Leung and Guttman-

Yassky, 2014, Rapalli et al., 2018). The rise of biologics has revolutionised the treatment of 

a number of inflammatory conditions including moderate to severe psoriasis. In particular, 

the effectiveness of monoclonal antibodies such as etanercept, infliximab, and adalimumab, 

which target TNF, highlight the importance of TNF in the pathogenesis of inflammatory 

diseases including psoriasis (Guttman-Yassky et al., 2011a). More recently, third generation 

biologics such as anti-IL-17 and anti-IL-12/23, which target specific T-cell subsets, have 

also shown considerable clinical effectiveness. 

 

Despite the success of these treatments for many sufferers, their action is not universal with 

some psoriasis patients having no initial response at all while others may lose the response 
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over time. There is also a subset of patients who experience a paradoxical induction or 

exacerbation of psoriasis symptoms (Bae et al., 2018, Pugliese et al., 2015, Rallis et al., 

2010, Sharma and Lindsay, 2009, Vasconcellos et al., 2016) or induction of other cutaneous 

disease (Nakamura et al., 2016, Yamauchi et al., 2016). The paradoxical exacerbation of 

psoriasis has been attributed to overexpression of plasmacytoid dendritic cell derived type I 

interferons and is T-cell independent (Conrad et al., 2018), which again, highlights the 

heterogeneity of the disease.  

 

Despite recent success in treating psoriasis, IL-12/23 blockers have been found to drive 

non-melanoma skin cancers, which were no longer protected against by the anti-tumour 

activity of IL-12/23 (Otani et al., 2018). In addition, there are an increasing number of case 

studies where IL-17 blockade has been associated with initiation of another chronic ISD, 

lichen planus (Komori et al., 2017, Maglie et al., 2017, Thompson et al., 2016). 

Furthermore, there is the consideration that both steroids and non-steroidal 

immunosuppressant drugs have factors that limit their long-term use (Leung and Guttman-

Yassky, 2014, Radtke et al., 2014). These treatments are by no means a cure, and 

conditions such as AD and psoriasis are lifelong. Maintaining patients on systemic immune 

suppressing medications such as steroids, anti-TNF, or T-cell modulation therapies means 

maintaining a lifelong state of immunosuppression. 

 

Ultra violet (UV) phototherapy is also a common treatment for eczema and psoriasis as 

well as a number of other skin conditions. Phototherapy has been used therapeutically in 

the treatment of dermatological disorders since ancient times, with many recent 

advancements and refinements including the use of Psoralin to photosensitise to UV-A 
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(PUVA), narrow band UV-B (NBUVB), and laser or targeted phototherapy (Vangipuram 

and Feldman, 2016). Related to the success of UV therapies is the development and use of 

topical vitamin D analogues (Tremezaygues and Reichrath, 2011). There are varied 

suggested reasons for the effectiveness of UV therapy which include, DNA damage, 

leading to a slowing of the growth of skin cells and induction of apoptosis (Racz and Prens, 

2015), increased vitamin D production and activation of TLRs leading to the subsequent 

production of anti-microbial molecules (Jarrett and Scragg, 2017), decreased expression of 

RLRs (Harden et al., 2015), and activation of immunosuppressive Tregs mediated by 

epidermal LCs upon migration to draining lymph nodes (Taguchi et al., 2013). In reality the 

link between any particular physiological effect and the therapeutic advantage for any 

particular disease remains unclear. Nonetheless, phototherapy remains a key treatment 

option in dermatology for moderate to severe cutaneous disease.  

 

There is no standard treatment for TEN beyond discontinuation of the offending drug and 

supportive care in an intensive care or burns unit. Systemic corticosteroids have been used 

at high doses in the past but there is little data that supports their use and as they can greatly 

increase the risk of infection they are currently not recommended (Harris et al., 2016). The 

use of intravenous immunoglobulin (IVIG) became an accepted treatment for a time. This 

was based on its ability to block the Fas receptor and thus inhibit cell death, however, meta-

analysis of high dose IVIG reported no mortality benefit (Harris et al., 2016, Zimmermann 

et al., 2017). There is some suggestion that cyclosporin may provide some mortality 

benefit, but due to the small number of patients that have been treated, the data is currently 

very minimal (Gonzalez-Herrada et al., 2017, Zimmermann et al., 2017). TNF blocking 

agents have also been used with some case study success to halt lesional progression in 
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TEN patients (Harris et al., 2016, Schwartz et al., 2013b), however the rarity of the disease 

continues to make randomised control trials a difficult proposition. 

 

Overview of inflammatory and innate immune signalling 

One aspect of this current work involves teasing out the molecular signals that skin cells 

use in order to drive inflammation and cell death. Activation of inflammatory signalling 

pathways is one of the earliest innate immune responses. Acute inflammation is initiated by 

the detection of an extracellular signal by cells already present in the skin, such as resident 

macrophages, DCs and LCs, and mast cells, and is mediated by cytokines and chemokines. 

These vital signalling molecules induce and regulate a variety of processes including local 

and systemic inflammation, chemotaxis, cellular proliferation, and tissue repair (Arango 

Duque and Descoteaux, 2014). The initiating signal may be a cytokine produced by other 

cells locally or systemically, or it may be DAMPs or PAMPs that activate PRRs. Either 

way, these ligands bind to receptors located on the outside of cells or on organelles within 

cells, generating an internal signalling cascade. This then affects cell function via regulation 

of genes and transcription factors, and in some circumstances can induce programmed cell 

death (Fig. 1.3). 

 

Certain molecules within these signalling cascades play essential roles. Disruption of such 

molecules by, for example, genetic mutation or pharmacological depletion, can result in a 

blockage in signalling, an over active pathway, or it can drive the signal down one path 

over the other. This dysregulation can result in over activation driving acute or chronic 

inflammation and enhanced cytokine production, and/or excessive cell death. 
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These differing outcomes are entwined as cell death can drive inflammatory signalling, and 

downstream consequences of inflammation can include production of death receptor 

ligands leading to cell death. When both inflammation and cell death feature prominently in 

the pathology of a disease or phenotype we must ask what comes first, cell death or 

inflammation? What is the impact of cell death during skin inflammation? Is cell death 

driving inflammation or is inflammation causing excessive cell death? Can we reduce the 

impact of both by targeting one or the other? 

 

 

 
Figure 1.3 – Simplified signalling 

schematic. Ligands bind to 

receptors on the cells surface or on 

organelles inside of cells. Once 

activated the receptors will recruit 

adapter molecules. These in turn 

bind downstream signalling 

mediators and effectors which, 

depending on the particular ligands,   
receptors, mediators, and effectors, can favour either cell survival, by promoting 

inflammation, proliferation and angiogenesis, or cell death, by mechanisms such as 

apoptosis, necroptosis or pyroptosis. 
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E3 ubiquitin ligase proteins are key regulators of inflammatory signalling 

pathways 

E3 ubiquitin ligases are important regulatory elements in cell signalling where they 

polyubiquitinate their substrates with a variety of different ubiquitin linkages. Depending 

on the nature of the linkage this can target a substrate for destruction, or modify the 

activity, localisation, or interactions of a protein. The Inhibitor of APoptosis proteins (IAPs) 

and the Linear UBiquitin Chain Assembly Complex (LUBAC) are key E3 ligases in innate 

immune signalling. This thesis explores the role of the IAPs, and LUBAC member 

SHARPIN in regulating inflammatory and cell death signalling downstream of innate 

receptors in the skin. 

 

Regulation of TNF signalling by E3 ubiquitin ligases 

TNF is considered a master regulator of inflammation, acting in multiple arenas in the 

immune response. It is known to be particularly important in a number of inflammatory 

diseases including rheumatoid arthritis, inflammatory bowel disease, psoriasis, psoriatic 

arthritis, and ankylosing spondylitis. The success of TNF blocking agents such as 

etanercept, infliximab, and adalimumab in the treatment of these inflammatory conditions 

highlights the importance of TNF in their aetiology (Lis et al., 2014). 

 

TNF is produced by a variety of cell types in the skin including macrophages, lymphocytes, 

DCs, fibroblasts, and keratinocytes. TNF receptors 1 (TNFR1) and 2 (TNFR2) mediate 

transcriptional signalling through activation of pro-survival pathways including NF-κB and 

MAP Kinase (MAPK). Soluble TNF preferentially activates TNFR1 while membrane 
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bound TNF preferentially activates TNFR2 (Lis et al., 2014). Unlike TNFR2, TNFR1 has a 

death domain meaning that upon ligand binding cell death pathways may also be activated 

(Kelliher et al., 1998). Despite this capability, the primary outcome of TNFR1 activation is 

typically pro-survival. Generally speaking, it is only when the signalling cascade is 

compromised that cell death results (Fig. 1.4).  

 

A number of E3 ubiquitin ligase proteins add ubiquitin chains onto components of the 

TNFR1 signalling complex to ensure optimal activation of NF-κB and MAPK through 

TNFR1. Binding of TNF to TNFR1 activates the receptor and promotes recruitment of 

TRADD, receptor interacting protein kinase (RIPK)1 and TNF receptor associated factor 

(TRAF)2 to a membrane bound signalling molecular platform referred to as complex I 

(Silke and Meier, 2013). TRAF2 in turn recruits cIAP1 and cIAP2 to complex I (Vince et 

al., 2009). The cIAPs have two particularly important roles in regulating TNFR1 signalling 

via their E3 ligase activity. The first is to conjugate K11, K48 and K63 ubiquitin to RIPK1, 

which sequesters RIPK1 at the receptor complex I (Bertrand et al., 2008, Dynek et al., 

2010, Varfolomeev et al., 2008). The K63 ubiquitin on RIPK1 act as a scaffold for 

recruitment of the TAB2/3/TAK1 complex and the IKK subunits NEMO, IKKα and IKKβ 

(Matsuzawa et al., 2017, Mayr et al., 2017, Silke and Meier, 2013, Ting and Bertrand, 

2016).  

 

The second key role of the cIAPs in TNFR1 signalling is the recruitment of LUBAC, to 

complex I. LUBAC consists of three proteins HOIL, HOIP and SHARPIN, and it is 

responsible for the assembly of linear ubiquitin chains on complex I components, including 

RIPK1 and NEMO, prompting further recruitment of the IKK subunits (Gerlach et al., 
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2011, Haas et al., 2009, Tokunaga et al., 2011, Tokunaga et al., 2009). Both IKKα and β 

phosphorylate RIPK1 preventing the formation of RIPK1 dependent death complexes 

(Dondelinger et al., 2015). Within complex I, TAB2/3/TAK1 phosphorylates IKKβ and 

MAPK leading to the expression of NF-κB and MAPK dependent genes. These include 

genes encoding anti-apoptotic proteins such as the caspase-8 inhibitor, c-FLIP, and a large 

number of cytokines and chemokines driving survival, inflammation, proliferation, and 

differentiation (Silke and Meier, 2013).  

 

Internalisation of complex I induces recruitment of the adaptor molecule FADD, pro-

caspase-8, and RIPK3. Within this cytosolic complex, called complex II, cFLIP regulates 

caspase-8 activity limiting substrate cleavage to only a subset of proteins including RIPK1 

and RIPK3. Disruption of TRAF2, cIAPs or LUBAC affects NF-κB activation reducing 

cFLIP expression and accelerating transition of complex I to complex II. Reduction of 

cFLIP levels leads to full activation of caspase-8, which cleaves the effector caspase-3 to 

induce apoptosis (Silke and Meier, 2013, Ting and Bertrand, 2016). X-link inhibitor of 

apoptosis protein (XIAP) can act as a brake on apoptotic cell death by direct caspase-3 

inhibition (Silke and Meier, 2013).  

 

Activated caspase-8 also cleaves RIPK1 and RIPK3 preventing their oligomerisation and 

auto-phosphorylation within a complex called the necrosome. In some circumstances, 

caspase-8 activity is compromised, and uncleaved RIPK3 phosphorylates the pseudokinase 

MLKL. Upon phosphorylation MLKL oligomerises and translocates to the cell membrane 

where it forms cation channels leading to a caspase-independent type of death called 

necroptosis, characterised by cellular swelling, loss of membrane integrity, and the release 
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DAMPs as cellular contents leak into the intercellular space (Fig. 1.4) (Huang D, 2017, 

Murphy et al., 2013, Vandenabeele et al., 2010). 

 

Apoptosis is dogmatically considered to be non-inflammatory and immunologically silent. 

The process downstream of caspase-3 is highly regulated and results in the packaging of 

 

Figure 1.4 – TNFR1 signalling via complex I favours survival and inflammation 

rather than cell death due to NF-κB activation. Apoptosis can occur upon receptor 

ligation via complex II but can be blocked by the pro-survival genes activated by NF-

κB. The absence of cIAPs or TRAF2, drives formation of this RIPK1 containing death 

complex, leading to apoptotic cell death. Activated caspase-8 cleaves RIPK1 and RIPK3 

preventing formation of the necrosome. When caspases are inhibited RIPK3 is recruited 

and can phosphorylate MLKL leading to necropototic death of the cell. 
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cellular components into apoptotic bodies prior to cell degradation. The cell membrane is 

not compromised and cells are engulfed by macrophages without release of cell contents 

capable of provoking inflammation. This in theory should avoid activating PRR pathways 

in surrounding cells. Necroptotic cell death on the other hand is considered particularly 

inflammatory as it results in the unpackaged release of cellular components resulting in 

DAMPs which can then be detected by PRRs and cytokine receptors leading to further 

inflammatory signalling and cell death (Vandenabeele et al., 2010). 

 

Regulation of the non-canonical NF-κB pathway by cIAPs and TRAFs 

In addition to regulating the canonical NF-κB signalling pathway from TNFR1, the cIAPs 

and TRAFs are important regulators of the non-canonical NF-κB downstream of a subset of 

TNF superfamily receptors, such as TNFR2, CD40R, or Fn14. Under steady state 

conditions TRAF2, TRAF3, and the cIAPs can be found in complex in the cytosol. TRAF3 

recruits NIK to the complex, where the cIAPs, via their E3 ligase activity, ubiquitylate NIK 

prompting its proteasomal degradation. Upon ligand binding to TNFR2, CD40R, or Fn14 

this cytoplasmic complex is recruited and TRAF2 is prompted to ubiquitylate the cIAPs 

which in turn ubiquitylate TRAF3 leading to its proteasomal degradation. NIK is now no 

longer recruited and degraded and can accumulate in the cytoplasm. NIK phosphorylates 

IKKα, which in turn phosphorylates p100 leading to its proteasomal processing into p52.  

P52 translocates to the nucleus with RELB and induces transcription of pro-inflammatory 

and pro-survival genes (Fig. 1.5). Disruption of TRAF2/3 or the cIAPs leads to intrinsic 

NIK accumulation and non-canonical NF-κB activation (Sun, 2017). 
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Regulation of the PRRs – an 

essential component in the skin 

It is worth highlighting that 

utilisation of the NF-κB pathway 

is not restricted to TNF 

superfamily signalling. It is also 

central to the inflammatory 

response initiated by the TLRs 

and IL-1 receptor (IL-1R) of the 

innate immune system. As the 

bodies first line of defence, 

pattern recognition is of 

paramount importance in the 

skin, an essential part of 

surveillance and response. PRRs recognise microbe-specific molecular signatures (the 

aforementioned PAMPs) and self-derived molecules originating from damaged cells, 

(DAMPs). The TLRs are membrane-spanning PRRs for the detection of viral and bacterial 

cell components. Mice express 13 TLRs that collectively bind a considerable array of 

different ligands enabling detection of, and response to, a variety of microorganisms and 

their structures. Humans express analogous proteins for TLRs 1-10 but do not express TLR 

11, 12 or 13. 

 

The TLRs are involved in the recognition of invading pathogens, initiation of immune 

responses, and regulation of both innate and adaptive immune systems. However, host 

Figure 1.5 – IAPs and TRAFs also regulate non-

canonical NF-κB activation. 
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monitoring of the microbiota also occurs via the TLRs without activation of inflammatory 

pathways (Benhadou et al., 2018, Foster et al., 2017). There is a growing body of evidence 

supporting the role of TLRs in the pathophysiology of several skin conditions (Lai and 

Gallo, 2008, McInturff et al., 2005, Niebuhr et al., 2009, Panzer et al., 2014, Salpietro et al., 

2011, Skabytska et al., 2014, Weng et al., 2015), and up-regulation of TLR signalling may 

contribute to chronic itch, a feature of many skin disorders (Liu et al., 2012). Cells of the 

skin express all known TLRs. TLRs 1, 2, 5, 6, and 10 are cell surface receptors, while 

TLRs 3, 7, 8, and 9 are only found on internal membranes such as on endosomes and 

lysosomes. TLR 4 can be found on either the cell surface or endosomal membranes and 

activates different downstream pathways depending on the location of activation (Jimenez-

Dalmaroni et al., 2016). The expression patterns of the PRRs vary from cell type to cell 

type depending on their particular contribution to the skins immune response (Ermertcan et 

al., 2011, Taves and Ji, 2015).   

 

TLR signalling is mediated via two adapter molecules MYD88 and TRIF. The majority of 

the TLRs, along with IL-1R, signal via the adapter molecule MYD88, while signalling 

from TLR3 is mediated by TRIF. TLR4 signals through MYD88 when localised to the cell 

surface, or TRIF when localised to endosomal membranes. When MYD88 dependent 

signalling is activated, MYD88 recruits the IL-1R associated kinases (IRAKs) and they 

recruit TRAF6. This results in recruitment of additional signalling components including 

cIAPs, LUBAC and TAB2/3/TAK1 leading to the activation of NF-κB and MAPK (Cohen 

and Strickson, 2017, Tseng et al., 2010).   
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Signalling via the TRIF dependent pathway also activates two signalling pathways. 

Production of type 1 inteferons occurs when TRIF recruits TRAF3, which then activates 

interferon regulatory factors. Additionally, TRIF interacts with RIPK1 and TRAF6 leading 

to activation of NF-κB (Kawasaki and Kawai, 2014). Also recruited to the TRIF mediated 

receptor complex are TRADD, RIPK1, and RIPK3 as well as the IAPs. The IAPs build 

Figure 1.6 – PRRs activates multiple pro-inflammatory pathways, the ripoptosome, 

and cell death pathways. PRR signalling via MYD88 can induce activation of MAPK 

pathways, regulated by IAPs, or NF-κB in which LUBAC contributes to proper 

activation. TRIF mediated TLR signalling leads to production of type 1 IFNs as well as 

activation of NF-κB. IAPs play a role in regulating TRIF mediated TLR signalling by 

preventing formation of the ripoptosome and limiting apoptotic or necroptotic cell 

death, and activation of the inflammasome. 
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ubiquitin chains on the RIPK proteins as molecular scaffolds and again sequester these 

proteins at the receptor complex. When IAPs are inhibited RIPK1, now assembled with 

TRADD and FADD, can form RIPK1 containing death complexes leading to apoptotic or 

necroptotic cell death, or inflammasome formation, caspase-1 activation, processing of pro-

IL-1β and pro-IL-18 to their active forms, and the highly inflammatory pyroptotic cell 

death (Feoktistova et al., 2011, Lawlor et al., 2015, Liu et al., 2017, Weber et al., 2010). 

 

Mouse models of skin inflammation 

Signalling to NF-κB, MAPK, or cell death via TNF super family or PRRs is highly 

regulated by a variety of proteins and mice deficient in some signalling components present 

with dermatological phenotypes, many of which are partially or completely rescued by 

crossing to Tnf or Tnfr1 KO mice.  

 

IκBα-/- mice are born normal but develop a severe widespread dermatitis, with increased 

TNF mRNA in the skin. The pups typically die between postpartum day (P)7 and P10 days 

(Klement et al., 1996).  

 

Between 4 and 10 weeks of age, RelB-/- mice develop T-cell dependent lesions 

characterized by epidermal hyperplasia, ulceration, and mast cell infiltration. These mice 

present with increased expression of inflammatory cytokines including TNF, IL-1, IL-6, 

and GM-CSF in the affected skin (Barton et al., 2000). Ikk2 epidermal KOs (EKOs) 

develop a severe cutaneous phenotype within days of birth, lethal by P9, which can be 

rescued by crossing to Tnfr1-/- (Pasparakis et al., 2002).  
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Fadd EKO mice develop an early, rapidly progressing skin disease, triggered by improper 

regulation of RIPK3 mediated necroptosis, resulting in the death of the animals by P8. 

Genetic loss of Myd88 extends their lifespan to approximately 3 weeks of age, loss of Tnf 

to 5 weeks of age, and loss of Tnfr1 to 10 weeks (Bonnet et al., 2011).  

 

Tamoxifen inducible cFlip EKO mice develop severe dermal inflammation and epidermal 

apoptosis upon induction of cre with topical 4-hydroxytamoxifen and subsequent local 

depletion of cFLIP in the epidermis. Blocking autocrine TNF signalling delayed disease in 

these mice. Loss of cFLIP in keratinocytes may play a role in the increased caspase-8 

mediated cell death seen in TEN/SJS patients (Panayotova-Dimitrova et al., 2013).  

 

Mice absent Nemo in the epidermis also develop a severe, widespread dermatological 

phenotype, characterised by apoptosis of NEMO deficient keratinocytes from shortly after 

birth. Complete EKOs die between P7 and P10. When crossed to Tnfr1 KO the 

inflammatory skin phenotype was largely rescued until 4-6 months (Nenci et al., 2006).  

 

Traf2eko/eko mice develop epidermal hyperplasia and skin inflammation from around 10 

weeks of age that is reminiscent of psoriasis, and which can be delayed, though not 

prevented, by genetic deletion of Tnf (Etemadi et al., 2015).  

 

A loss of function mutation termed chronic proliferative dermatitis mutation (cpdm) in the 

SHARPIN-encoding gene results in, as the name suggests, a chronic proliferative dermatitis 

phenotype, which again can be prevented by crossing the mice to Tnfr1-/- mice (HogenEsch 

et al., 1993, Rickard et al., 2014). 
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Thesis overview 

Innate immune signalling is clearly of paramount importance in the skin and dysregulation 

of such can predispose people to the development of skin disease. Genetic KO of NF-κB 

and cell death signalling components in mice frequently results in inflammatory skin 

phenotypes, often with a marked cell death component to the pathology. E3 ubiquitin 

ligases are key regulatory proteins at the intersection of cell death and inflammatory 

signalling. In the following pages I will present several stories exploring the role of the 

IAPs and LUBAC member SHARPIN, in the skin. I have endeavoured to take a broad 

approach; investigating the molecular signalling environment of disease, the role of 

immune cells, and the microbiota.  

 

In chapter 3 I undertake an exploration into the contribution of immune cells to TNF 

dependent, cell death mediated dermatological disease in SHARPIN deficient mice 

utilising the diphtheria toxin receptor (DTR) transgenic model to specifically ablate 

particular immune cell subsets in-vivo. 

 

Chapter 4 is an in-vivo investigation into the role of IAPs in skin development and 

homeostasis utilising multiple KO crosses and a novel pharmacological model for localised 

IAP depletion. It consists of paper published in the Journal of Investigative Dermatology on 

which I am first author. 

 

Chapter 5 expands on the work from chapter 4 further utilising the novel pharmacological 

method of IAP depletion to investigate the role of PRR signalling in cutaneous 
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inflammation induced by loss of IAPs and exploring the role of the microbiota in driving 

skin inflammation in the absence of IAPs. 

 

Chapter 6 is a general discussion chapter. As I have provided considerable discussion 

within each of the results chapters I will take the opportunity of this final chapter to present 

ongoing work and ideas for further investigations related to the outcomes of this project. I 

have also endeavoured to tie together some of the results and consider the work in a broader 

context.  
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CHAPTER 2- METHODS AND MATERIALS 

Mouse models of skin disease 

Ethics 

The Walter and Eliza Hall Institute Animal Ethics Committee approved all mouse 

experiments, which were conducted according to the Australian code for the care and use of 

animals for scientific purposes. 

 

Mouse strains 

The following mouse strains were utilised in this thesis. Unless otherwise stated knock-out 

(KO) and mutant strains were housed and maintained at the Walter and Eliza Hall Institute 

of Medical Research (WEHI) Bioservices facilities in Parkville (VIC) 3052 and Kew (VIC) 

3101 and managed by Silke lab members or WEHI Bioservices. A number of strains were 

obtained from other WEHI based groups or from external facilities. Where this is the case 

the owner of the strain has been acknowledged below. In the case of mice sourced from 

external sources a cohort of animals was brought in to WEHI and housed here for the 

experiment duration.  

Chapter 3 mouse strains  

WT C57BL/6; Sharpincpdm; CD11b-DTR(CD11bDTR); CCR2-DTR (CCR2DTR); CD11c-DTR 

(CD11cDTR); Langerin-DTR (LangDTR)  

Novel crosses - SharpincpdmCD11bDTR; SharpincpdmCCR2DTR; SharpincpdmCD11cDTR; 

SharpincpdmLangDTR; SharpincpdmSuz12flox/floxCD11cCre (SharpincpdmSuz12CD11c) 
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Chapter 4 mouse strains    

Tnfr1-/-; Tnf-/-; Ifnγ-/-; FasLgld/gld; Ripk1+/-; Ripk3-/-; Mlkl-/-; cIap1-/-; cIap2-/-; Xiap-/-; Trail-/-  

Fn14-/- Obtained from Dr Amelia Johnston at La Trobe University with the assistance of 

Laura Jenkinson. A cohort was introduced to WEHI for experiment duration. 

Novel crosses - cIap1eko/eko Xiap-/-; cIap1eko/ekocIap 2-/-; cIap 1eko/ekocIap2-/-Ripk1+/-; 

SharpincpdmRipk1+/- 

Chapter 5 mouse strains 

Il1r-/-; Myd88-/-; Rag1-/-; Ifnγ-/-; Ifnγ-/-Tnf-/-; FasLgld/gldTnf-/-; Ripk2-/-; Nod2-/-; P52-/-; Tradd-/-

; Plt15-/-; Traf1-/-; Ripk1kd/kd; Tnfr2-/-; Casp8-/-Ripk3-/-; Ripk1+/-Mlkl-/-; Nod Scid Gamma 

(NSG); WT BALB/c; 

Asc-/- and Caspase1-/- obtained from the WEHI based Masters group with the assistance of 

Seth Masters. 

Ifnar-/- obtained from the WEHI based Pellegrini group with the assistance of Greg Ebert. 

Il-1β-/- obtained from the WEHI based Wicks group with assistance of Angus Stock. 

Trif-/- obtained from Sammy Bedoui at the Doherty Institute with the assistance of Annabel 

Bachem. A cohort was introduced to WEHI for experiment duration 

 

Genotyping 

All genotyping of mouse strains used throughout this project was PCR based. Genomic tail 

DNA was obtained using DirectPCR Lysis Reagent (Viagen Biotech; Los Angeles, CA, 

USA) as per manufacturer instructions. PCR products were run on 1.5 -2% agarose gels and 

visualised using ethidium bromide staining. Primer details and protocols were obtained 

from the original suppliers of the mouse strains. Genotyping was carried out by the author, 

or Cathrine Hall, or other Silke laboratory members. 
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Generation of survival curves 

Survival curves throughout the thesis are presented as Kaplan-Meier curves. Animal 

technicians familiar with the phenotypes have been trained to recognise when mice achieve 

ethically prescribed endpoints. In order to limit bias final determinations as to ethical 

endpoint are made by the animal technicians. Removal of an animal from the study prior to 

reaching an ethical endpoint is indicated by an uptick.  

  

Clinical scoring of chronic proliferative dermatitis (CPD) in SHARPIN deficient mice 

Chapter 3 includes a number of figures showing CPD clinical scoring over time. CPD is 

scored on a scale from 0 to 5 as outlined in Table 2.1. A visual guide to CPD scoring is 

also provided (Fig. 2.1). In order to minimise bias, animal technicians familiar with the 

phenotype and the scoring system performed all CPD scoring.  

 

Table 2.1 – CPD scoring criteria 

Score Description 
0 No signs of dermatological disease, though there may be other signs of inflammatory disease 

including uveitis and splenomegaly. 
1 Mice have very early indications of skin disease, fur may be slightly scruffy looking, particularly in 

the dorsal region. No lesions, possibly some signs of flaky skin (like dandruff). 
2 Fur is scruffy and there may be mild fur loss in the dorsal area, there is flaky skin when the fur is 

parted but no lesions. Skin will feel thickened when the mouse is restrained. 
3 There is fur loss in the dorsal area and small but isolated lesion formation. The lesions are dry/not 

open. There may be micro open lesions around the chin, but they scab over within a day. Skin will 
feel thick and may be difficult to scruff due to adhesions of the skin to the underlying tissue. The 
mouse should not be scratching constantly but may occasionally. Minimal redness. 

4 Advancing lesions result in larger confluent areas of scabbiness. There may be a few open lesions 
that quickly scab over. Redness is more severe as is scratching behaviour. Dermatitis affecting the 
eyes or mouth may warrant ethical intervention at this point. 

5 Severe, confluent lesions with multiple open lesions are continuously present. Area around the 
mouth is typically very inflamed. Severe redness even where there is not an open lesion. Ethical 
endpoint. 
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Weight tracking is also conducted on Sharpincpdm mice throughout the described 

experiments and weight loss greater than 15% of maximum is considered an ethical 

endpoint. The Sharpincpdm mice have systemic inflammation than can lead to weight loss 

with age though not typically in excess of the humane endpoint. They are also more 

susceptible to opportunistic infections, particularly if they have depleted immune cells. A 

number of animals were removed from studies early due to weight loss associated with 

Pasturella pnuemococcus infection. Where this has occurred CPD clinical data for the mice 

up to the removal point is retained and the removal point is clearly stated in text. 

 

Diphtheria toxin receptor (DTR) transgenic model 

The DTR transgenic system allows for the targeted, specific ablation of particular cellular 

subsets within living mice. Diphtheria toxin (DT) is a highly potent exotoxin produced by 

Corynebacterium diphtheria. The toxin consists of two subunits A and B. The cytotoxic 

Figure 2.1 – A visual guide to the CPD scoring. Note that the mouse scoring a 0 for 

CPD symptoms does have signs of inflammation around the eye, which is not scored on 

this scale. 
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action of DT is dependent first of the binding of subunit B to the DTR allowing endocytosis 

of subunit A. Once inside the cell subunit A inactivates elongation factor 2 through ADP 

ribosylation thus inhibiting protein synthesis and inducing rapid apoptosis. Mouse cells are 

103 – 105 times more resistant to DT than human or simian cells. This is largely attributed 

to mutations on the murine DTR that prevent binding of the DT subunit responsible for 

receptor interaction making mice highly resistant to the toxin (Bennett and Clausen, 2007). 

In these transgenic mouse strains, human or simian DTR has been inserted under promoters 

for specific cell surface markers. The result is that the high affinity DTR is only expressed 

on cells that also express the particular cell surface marker. Mice can be safely injected 

with DT and only the cells expressing the DTR will be ablated (Fig. 2.2). In CCR2DTR mice 

simian DTR is inserted into the CCR2 locus, for targeting of monocytes (Hohl et al., 2009), 

in CD11bDTR mice the CD11b promoter was used to drive expression of human DTR, 

targeting the macrophage lineage (Cailhier et al., 2005). In CD11cDTR mice simian DTR is 

expressed under the murine CD11c promoter, targeting dendritic cells (Jung et al., 2002), 

and in langerin-DTR mice simian DTR has been inserted into the langerin locus where it 

effectively targets LCs and langerin expressing DCs (Bennett and Clausen, 2007, Bennett et 

al., 2005). 

 

All the DTR experiments shown in chapter 3 were performed similarly. DT treatment 

began when the mice were weaned at 21-24 days old. For the CD11b, CCR2 and langerin-

DTR groups, mice were weighed, scored for Sharpincpdm phenotype, and 8ng DT/g of body 

weight was injected intraperitoneally. Injections were performed thrice weekly to maintain 

clearance of the target cell types.  
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The CD11cDTR mice cannot tolerate multiple systemic doses of DT presumably due to 

aberrant DTR expression on non-immune cells causing systemic illness and death (Bennett 

and Clausen, 2007, Zaft et al., 2005). While this can be overcome by the use of bone 

marrow chimeras, that procedure is not a viable option in this case due to the early onset of 

the Sharpincpdm phenotype. Instead, in order to avoid systemic effects these mice were 

administered DT locally. 100ul of 1ng/ul DT was subcutaneously injected into the dorsal 

region, twice weekly from weaning and throughout the experimental period.  

 

Sharpincpdm mice that did not carry the DTR gene were also injected with DT to control for 

possible off target effects of DT administration alongside each particular DTR cohort, and 

 

Figure 2.2 – Overview of the DTR transgenic system and the targeted depletion of 

specific cell types. Mac is macrophage, Mon is monocyte, DC is dendritic cell and LC is 

Langerhans cell. 
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mice that were Sharpincpdm and did carry the DTR transgene were injected with Phosphate 

Buffered Saline (PBS) to control for the effects of injection trauma alone. Both of these 

groups developed clinical CPD on a similar timeframe and severity, therefore clinical 

scoring of these groups was pooled to form the Sharpincpdm severity scoring curves that 

follow. Histology was similar for both of these control groups also but only data from DTR 

negative Sharpincpdm mice that were injected with DT are presented in the results. For the 

ELISA, control data and Sharpincpdm data is DTR negative mice treated with DT pooled 

from all lines hence these two groups are identical in all graphs. 

 

Smac-mimetic injection model 

In order to explore the role of IAPs in skin homeostasis I developed a novel model for 

localised loss of IAPs in mature skin. Subcutaneous injection (SC) of the smac-mimetic 

(SM) 12911 (TetraLogics) causes pharmacological elimination of cIAP1 and cIAP2, and 

inhibition of XIAP from a limited area of the skin causing localised inflammatory lesions. 

This injection model became the basis of subsequent investigations into the homeostatic 

role of IAPs in the skin and is heavily featured in chapters 4 and 5 of this thesis.  

 

SM was prepared at 1mg/ml in filter sterilised 12% captisol (Cydex Pharmaceuticals, KS, 

USA) pH 4. In order to ensure the drug was fully dissolved the solution was sonicated in a 

water bath for 20 minutes. If at that point the pH was below 5.5 it was adjusted up with 

NaOH. The drug was then aliquoted into autoclaved eppendorf tubes and stored at -20’C 

until use. 
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Mice were injected subcutaneously into either the inguinal or flank region with 100ul of 

1mg/ml SM. During optimisation of the protocol I determined that there was no 

histological or biochemical difference between untreated skin from an injected mouse (i.e. 

skin distal from one of the injection sites, typically posterior dorsal or posterior flank) and 

skin from the mirror injection site but injected with 12% captisol.  

 

In order to reduce mouse usage each mouse was injected twice, once on each side, at two 

different time points. For a typical KO screen, the collection time points are day 1 and day 

3 post-injection. Therefore, a mouse would be injected on day 0 of the experiment in the 

right flank or right inguinal region, then on day 2 in the left flank or left inguinal region. 

The mouse would then be culled on day 3 and both sites collected for histological and 

biochemical analysis. The right flank becomes the day 3 time point and the left flank the 

day 1 time point (Fig. 2.3). 

 

Untreated (UT) 

control skin was 

collected from the SM 

injected mice distal 

from the injection 

sites but along the 

same approximate posterior to anterior line i.e. UT flank comes from a flank area posterior 

to the injection sites and distal from any swelling or signs of pathology. 

 

 

Figure 2.3 – Standard injection strategy for KO screen using 

SM injection model of skin inflammation. 
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Shorter and longer time courses were performed over the course of this project, and the 

standard injection location was changed from inguinal to flank, but the basic procedure 

remained the same; two injections temporally distant to give two time points of SM 

reaction pathology per mouse. Day 1 and day 3 injection sites were scored according to 

Table 2.2. 

 

Table 2.2 - Clinical scoring criteria to assess severity of SM induced lesions. 

Day 1 post SM injection clinical scoring criteria 
 0 1 2 3 
Redness None Mild – a few red 

spots 
Generalised but 
redness is mild 

Generalised with 
intense redness 

Oedema - assessed by 
putting forefinger and thumb 
on either side of the 
oedematous area 

None Mild – less than 
1cm between 
finger and thumb 

Moderate – 1-
1.5cm between 
finger and thumb 

Severe – more than 
1.5cm between finger 
and thumb 

Nikolsky’s Sign - epidermal 
detachment caused by lateral 
movement of the skin. 

No Slight epidermal 
shift doesn't peel 
away. Not 
confluent. 

Confluent, clear 
area of shift, 
epidermis may lift 
up. 

Epidermis is peeling 
w/o rubbing or there is 
clear centre blister 
visible. 

 
Day 3 post SM injection clinical scoring criteria 
 0 1 2 3 4 
Redness None Mild general redness 

or a few intense red 
spots. 

Clear intense red 
ring around the 
lesional area 

Intense red ring 
around lesion and 
extending further to 
peripheral tissue 

 

Oedema None Mild Moderate Severe  
Lesion No 

lesion 
Small lesion with a 
clear area of 
epidermal 
separation/blister, or 
mild, patchy area.  
Visible area of blister 
or detachment less 
than 0.25cm. No 
scabbing/eschar. 

Medium lesion 
(0.25-0.5cm 
across) with a 
clear central area 
of epidermal 
separation/blister, 
or small lesion 
with mild 
scabbing/ eschar. 

Large lesional area 
(>0.5cm across) or 
medium lesion with 
patches of eschar or 
severely peeling 
epidermis. 

Very large 
lesional area 
(>1cm across) 
or large 
lesional area 
with patches 
of eschar or 
severely 
peeling 
epidermis  

 

At the experimental endpoint the mice were sacrificed and the fur in the affected area 

removed post mortem using Nair hair removal cream. The lesions were photographed, 

scored and excised. The excised lesions were then divided in a consistent manner and 
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samples taken for ex-vivo analysis (Fig. 2.3). Lesional skin from the SM injection protocol 

was sampled for this purpose across the centre of the affected area and extended to the 

edge. The sample was then embedded so that the centre of the lesion was in cross section at 

the cutting face. 

 

 

Experiments on Germfree animals 

Germfree facility and animal handling 

Experiments involving germfree mice or mice colonised with a single bacterial species 

were performed at WEHI’s germfree facility at Kew. Mice were housed in open top cages 

within positive pressure germfree isolators. All germfree C57BL/6 wildtype (WT) mice 

used in this project were sourced from the colony at this facility. The colony is kept across 

multiple isolators and tested regularly for the presence of microbes. Animal technicians 

trained in handling germfree mice and maintaining sterility performed all experimental 

procedures. 

 

Figure 2.4 – Lesional skin is collected with some 

surrounding tissue and then sectioned as in this 

figure each time. Section 1 is for histology with the 

green edge embedded at the cutting face ensuring slide 

sections are across the lesion centre. The pieces 

labelled 2 are used for protein extraction and ELISA, 

the pieces labelled 3 were snap frozen, banked and 

stored at -80’C. 
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Estimation of bacterial presence on the skin and in the gut  

Mice were shaved in the area of the intended swab. Flocked eSwabs (Copan Diagnostics; 

CA, USA) were wetted first with sterile amies then swiped across the mouses shaved flank 

area three times, rotating the swab slightly each time. The swab was then placed into the 

tube containing the 1ml of liquid amies. The swab tube was agitated using a vortex mixer 

for 20 seconds to maximise removal of the bacterium from the swab into the media. 300ul 

of this solution was then plated out onto two 10cm petri dishes of LB agar, one was 

incubated at 37’C and one at 30’C. 

 

Plates were removed after 48 hours incubation and the colonies counted, either 

colonies/plate (equating to colonies/300ul) or if there were too many colonies 5 smaller 

areas per plate of a standard size (1.5cmx1.5cm) were counted and an estimate of the total 

for the plate was made from these areas. From these plate counts the colony forming units 

(CFU)/swab was calculated and are presented in the results. 

 

To estimate the colonisation in the gut the intestines were removed from the mice post 

mortem and a 50-100ul sample was collected from the caecum using a 1ml syringe with an 

18-gauge needle. This was placed into a pre-weighed 2ml eppendorf tube and reweighed to 

get the weight of the caecal contents obtained. 1ml of non-acidified sterile water was added 

to this for every 50mg of caecal contents. This was then vortexed and diluted 1/100 to get 

500ug caecal contents/ml. 100ul of this was plated out onto a 10cm petri dish LB agar, 

cultured at 37’C for 48 hours, and the colonies counted. CFU per plate equalling CFU/50ug 

caecal contents.  
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Preparation and administration of single bacterial species for colonisation 

Bacterial slurry for single species colonisations were prepared by streaking out from 

glycerol stocks onto Luria Broth (LB) agar plates, then selecting a single colony for liquid 

culture overnight in LB. Overnight culture was then aliquoted into 3 sterile 2ml eppendorf 

tubes which were then placed inside a sterile 50ml falcon tube containing 15ml of 70% 

ethanol for transport to the germfree facility at Kew. 1ml of bacterial slurry was added to 

powdered food pellets and mixed with water to make a mash. This was provided to the 

mice in cage in petri dishes. Normal food pellets and water sources were withdrawn, though 

normal water was returned overnight. Fresh mash was provided on the following two 

mornings using the additional bacterial slurry aliquots. At the end of the third day normal 

food and water were returned. The mice were then left for an additional 10 days and 

monitored throughout for any adverse effects, prior to administering SM treatment. 

 

Administration of specified pathogen free (SPF) microbiota for colonisation 

Germfree mice were transported from the Kew facility to the Parkville facility in germfree 

transport boxes. Fresh faecal pellets were obtained from SPF mice at the Parkville facility, 

emulsified in water, added to mash and provided to the mice in petri dishes, standard 4 

faecal pellets per dish of mash. Normal food pellets were withdrawn for the first 24 hours. 

A scoop of dirty bedding from an SPF cage was also added into the cage when the mash 

was first provided. 

 

Preparation of SM for injection in germfree facility 

Smac-mimetic for use in germfree mice was prepared with sterile vehicle, filter sterilised 
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after preparation, aliquoted into autoclaved eppendorf tubes which were then UV treated 

for 20 minutes in a biosafety hood before being placed inside sterile 50ml falcon tubes prior 

to transport to the facility at Kew. SPF control animals for these experiments were treated 

with the same SM batch. 

 

Ex-vivo analysis 

Preparation of skin for Fluorescence Assisted Cell Sorting (FACS) analysis 

Mice for analysis were sacrificed, their entire torso shaved, the residual fur removed with 

Nair, and then the entire skin and the ears collected into PBS. The subcutaneous fat was 

removed by scraping with a scalpel blade and the skin sliced into manageable strips. The 

ears were also split into ventral and dorsal halves. The strips and split ears were transferred 

to a petri dish containing HBSS (no calcium) + 2.5U/ml dispaseII and incubated for 30 

minutes at 37’C, epidermis side up. The epidermis was stripped from the dermis and 

collected into PBS. For dermal analysis only a small piece (approx. 2cmx2cm) was retained 

for further digestion. 

 

Epidermis and dermis were finely minced then transferred into 5ml of 1mg/ml collagenase, 

and shaken at 37’C for 20-30 minutes. A needle and syringe was used to disrupt the cells of 

both the dermis and epidermis to generate single cell suspensions. This was filtered through 

a 40uM cell strainer, spun at 1700rpm for 10 minutes and then resuspended in 500ul of 

FACS buffer (PBS + 2mM EDTA and 0.5% BSA). FC Block (anti-CD16/CD32, 1/100; BD 

Pharmingen; NJ, USA) was added for 1 hour, prior to addition of antibody cocktail as 

appropriate for the particular experiment.   
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Splenocytes were used as the single colour controls. Spleen was mashed through a 40um 

sieve and 2ml of red cell lysis buffer added for 5 minutes, then diluted to 10ml with PBS. 

Cells were spun down, resuspended in 500ul of FACS buffer and FC blocked prior to 

staining. 

 

Histology and immunofluorescence 

Skin samples were fixed in 10% neutral buffered formalin for 24-48 hours then stored in 

70% ethanol prior to paraffin embedding and sectioning. Embedding and sectioning were 

performed by the histology department at WEHI (Parkville).  All samples were sectioned 

for routine histology staining (haematoxylin and eosin; H&E) onto Superfrost slides 

(Thermo Fisher Scientific; MA, USA). For immunohistochemistry (IHC) and 

immunofluorescence (IF), Superfrost plus slides (Thermo Fisher Scientific; MA, USA) 

were used. Sections were dewaxed by immersion in two changes of xylene, 4 minutes each, 

followed by immersion in 100%, 70% and 50% ethanol for 2 minutes each, then washed 

under flow in tap water for 1 minute. Slides were then subjected to heat induced antigen 

retrieval with boiling citrate buffer (2.94 g of sodium citrate in 1L distilled water, adjusted 

to pH 6) for 20 minutes, rinsed in Tris Buffered Saline (TBS) + 0.05%Tween (TBST) then 

blocked and permeabilised with 1% BSA and 0.3% Triton X-100 in TBS for 15 minutes.  

 

For cleaved caspase-3 (CC3) and Ki67 stained slides, the primary antibody was diluted in 

blocking solution and applied to the sections, 1/200 anti-CC3 (Cell Signalling Technology; 

MA, USA) or 1/500 anti-Ki67 (Thermo Fisher Scientific, MA, USA) and incubated 

overnight at 4°C. The following day slides were rinsed 3x with TBST then blocked first for 
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endogenous peroxidases with Dako peroxidase block (Agilent Technologies; CA, USA) for 

10 minutes, then with Avidin blocking solution for 10 minutes, then Biotin blocking 

solution for 10 minutes (avidin-biotin blocking kit, Vector laboratories, MA, USA). Slides 

were then incubated with a goat anti-rabbit biotinylated secondary (Vector Laboratories) 

1/300 for 1 hour, rinsed 3 x with TBST then labelled with VECTASTAIN Elite ABC HRP 

Kit (Vector Laboratories) for 30 minutes, rinsed 3x with TBST and developed with DAB + 

substrate (Agilent Technologies). Slides were then washed thoroughly under running tap 

water, then dehydrated by immersion in 3 changes of 100% ethanol, 4 minutes each, the 3 

changes of xylene, 4 minutes each, and mounted using DPX mountant.  

 

Slides stained for anti-CD3 (Agilent Technologies), and anti-CD45 (BD Pharmingen) were 

prepared using an Autostainer Link 48 (Agilent Technologies). IF sections were incubated 

overnight at 4’C with 1/300 K6 (Biolegend; CA, USA) or K14 (Biolegend), followed by 

goat anti-rabbit alexa flour (AF)-594 (Thermo Fisher Scientific), or CD11B conjugated to 

AF488 (Novus Biologicals; CO, USA), or sequence stained with Dako anti-CD3 (Agilent 

Technologies) and goat anti-rabbit AF488 (Thermo Fisher Scientific) then anti-CD8a 

(Synaptic Systems, Germany) and goat anti-rabbit AF594 (Thermo Fisher Scientific). IF 

samples were cover slipped using fluoromount with DAPI (Thermo Fisher Scientific) 

enabling visualisation of nuclei.  

 

Images were taken using a DP72 microscope and cellSens imaging software (Olympus), or 

entire slides were scanned with a Virtual Slide Microscope (Olympus), viewed using 

CaseCenter (3D Histech, Hungary) and image captured on a MacBook Pro 13-inch retina 

display (Apple, CA, USA) 
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Preparation and imaging of epidermal ear sheets 

Epidermal ear sheets were prepared by collecting ears, clearing the fur with Nair, splitting 

them into the ventral and dorsal halves, and floating the split ears on 0.5M ammonium 

thiocyanate, epidermis side up for 35 minutes at 37’C. The epidermal sheet was then 

separated from the dermis, rinsed in PBS, fixed and permeabilised in ice cold acetone for 

20 minutes, washed in PBS, and stored in PBS + 0.05% Sodium Azide until staining. 

 

Ear sheets were transferred to a 96 well plate for IF staining. The sheets were incubated at 

room temperature for 1 hour with anti-langerin 1/100 (Novus Biologicals) diluted in 1% 

BSA and 0.3% Triton X-100 in TBS. Washed 3x in TBST, then incubated in the dark in 

anti-rat AF594 (Thermo Fisher Scientific) for 30 minutes. DAPI (1ug/ml) was added for 

the last 10 minutes of incubation to enable visualisation of nuclei. Sheets were rinsed 3 x in 

TBST then transferred to 6 well plates containing 2ml of TBST and allowed to rock for 20 

minutes in the dark. The sheets were then laid flat on Superfrost plus slides and allowed to 

air dry before coverslipping with DPX mounting medium. Images were taken using a DP72 

microscope and cellSens imaging software (Olympus). 

 

Preparation of full thickness skin samples for ELISA 

Whole skin samples were lysed in death induced signalling complex (DISC) lysis buffer by 

placing a piece of skin approx. 100ug in 250ul of ice cold DISC in a 2ml eppendorf tube 

(DISC lysis buffer comprised: 20mM Tris pH 7.5, 2 mM ethylene-diamine-tetra-acetic acid 

(EDTA), 1% Triton X-100, 150 mM sodium chloride, 10% glycerol, cOmplete cocktail 

protease inhibitor (Roche) in H2O). The samples were then finely diced in the tube with 
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scissors and bead beat at 30Hertz for 3 x 1minute using a TissueLyser (Qiagen; Venlo, 

Limburg, Netherlands). The samples were then lysed on ice for 30 minutes, spun at 13,000 

rpm for 10 minutes, and the supernatant retained for protein analysis (ELISA). 

 

All protein lysates were quantified using a bicinchoninic acid (BCA) protein quantification 

kit (Thermo Fisher Scientific). Supernatants were diluted 1/10 for the assay in order to be in 

the working range of the BCA kit. Samples were normalised to the same concentration of 

total protein within an experiment to give a total protein concentration of 1-5mg/ml. 

TNF, MCP1 and IL-6 ELISA were performed using ebioscience kits (Thermo Fisher 

Scientific) and FasL using R&D systems kit (R&D Systems; MN, USA) following the 

manufacturers protocols. Data presented is calculated as pg of cytokine/mg of total protein. 

Where an absorbance value was above or below the reference range it was assigned the 

absorbance value of the highest or lowest standard respectively and cytokine concentration 

calculated accordingly. 

 

Statistics  

Data throughout this thesis were analysed with GraphPad Prism 7. Much of the work 

presented here is heavily animal based. In order to minimise animal usage I endeavoured to 

use only as many animals as was necessary to obtain a clear result. This means that, in 

general, n for any particular experiment is relatively small, typically n=5 to 10. Where 

feasible I have shown all data points or indicated the n value on the figure or in the figure 

legend. In cases where presenting all data points would make reading the data difficult 

(such as for graphs showing clinical scoring over time) the data presented for each point is 
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the mean, the error bars the standard error of the mean (SEM), and the n value is indicated 

on the graph or in the figure legend. 

 

For graphs showing clinical scoring over time Mann-Whitney U tests were used to calculate 

significance values. For Kaplan-Meier curves, upticks indicate animals removed from study 

without requiring humane intervention. Log-rank tests were used to determine significant 

differences between survival curves. One-tailed student’s t tests, one-way ANOVA, or two-

way ANOVA, as indicated in the figure legends, were conducted for calculations of all 

other significance values. A p-value of > 0.05 was considered not significant (ns), * 

indicates P ≤0.05, ** for P≤ 0.01, *** for P≤ 0.001 and **** for P<0.0001. Where no P 

value is stated the value was either ns or not calculated due to irrelevance. 
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CHAPTER 3 – LANGERHANS CELLS DRIVE CHRONIC 

PROLIFERATIVE DERMATITIS PHENOTYPE IN SHARPIN 

DEFICIENT MICE 

Preface 

This chapter contains work that is in preparation for publication, but has not yet been 

submitted. I, the author of this thesis, would be the first and primary author. My 

contributions to the project included: 

• Conception, planning, design and execution of the project, 

• Completion of the majority of experiments and co-ordination of the remainder, 

• Compilation of the figures, 

• Writing of the chapter. 

However science is frequently a work of collaboration. In order to place results in proper 

context it is necessary to include in this chapter figures compiled partially by myself and 

partially by others, which contain data that was generated by my collaborators. In all cases I 

was involved with planning experiments and interpretation of results. The specific 

contributions are detailed below and I have also acknowledged those that performed the 

experiments in the relevant figure legends. 

Michael Chopin: Assisted with flow cytometry analysis of the skin generating the data for 

Fig. 3.2, 3.3, 3.11b and suggested and provided the Suz12CD11c mice that I crossed to 
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Sharpincpdm mice (Fig. 3.17).  

Caleb Dawson: Performed live in-vivo two-photon microscopy and whole skin mount ex-

vivo confocal microscopy as shown in Fig 3.20a&b and media file 3.1 

 

Introduction 

Mice deficient in SHARPIN have cell death mediated chronic proliferative 

dermatitis 

LUBAC is a key E3 ligase complex, comprising 3 proteins, HOIL, HOIP and SHARPIN. It 

regulates signalling pathways from TNF superfamily and PRRs and is required to ensure 

proper signalling to canonical NF-κB and MAPK signalling pathways (Gerlach et al., 2011, 

Ikeda et al., 2011, Tokunaga et al., 2011). A spontaneous loss of function mutation in the 

Sharpin-encoding gene makes evident the important physiological role of SHARPIN. The 

mutation in these mice is designated cpdm because the most evident manifestation of the 

phenotype is a chronic proliferative dermatitis (CPD), though these mice also develop 

systemic inflammatory symptoms. These symptoms include hyperplastic bone marrow and 

extensive myelopoiesis resulting in elevated peripheral white blood cells and splenomegaly 

with distinct disorganised splenic structure. There is general atrophy of lymphoid tissues 

with age and Sharpincpdm mice have no Peyer's patches. There is also multi-organ 

inflammation including neutrophil and macrophage infiltration of the periportal and 

perivenous regions of the liver. Epithelial symptoms also extend to the oral cavity, 

oesophagus and forestomach (HogenEsch et al., 1993). I also regularly observe symptoms 

of uveitis at an early stage, often progressing to cataracts with age.  
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Dermatitis in these mice is severe and progressive. It is characterised by keratinocyte 

hyperplasia, infiltration by neutrophils, eosinophils and macrophages, and skin lesions 

reminiscent of psoriasis. Macroscopic symptoms are first apparent from around 5-6 weeks 

of age (HogenEsch et al., 1993) and dermatitis symptoms advance as the mice age. 

Ultimately, these animals typically need to be culled due to humane ethical endpoints at 

around 12 weeks old. 

 

Sharpincpdm has clinical relevance as a model of chronic inflammatory skin disease 

(ISD) 

The CPD of the Sharpincpdm mice shares many clinical and histopathological features with a 

number of chronic ISDs (Fig. 3.1). CPD in SHARPIN deficient mice is subject to the 

Koebner phenomenon whereby cutaneous injury can induce lesion formation, an 

occurrence commonly seen in a number of skin conditions including psoriasis and lichen 

planus. Early development of CPD or excessive lesion development is frequently observed 

in Sharpincpdm mice that have been barbered or fighting (data not shown). Epidermal 

hyperplasia and immune cell infiltrates are common in many ISDs including psoriasis, 

eczema, and lichen planus. In psoriasis, parakeratosis (nuclei in the stratum corneum) is a 

key histopathological feature as are the presence of Munroe micro-abscesses (sterile 

abscesses containing lymphocytes, forming just underneath the stratum corneum), both of 

which feature in Sharpincpdm histopathology. Spongiosis also features prominently in the 

Sharpincpdm pathology. This sort of epidermal cellular oedema is a key feature of 

eczema/atopic dermatitis, and is increasingly being recognised in psoriasis histopathology 

as well. Another important feature is the epidermal cell death, which we have shown in the 
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Sharpincpdm mice is a key contributor to the skin pathologies (Rickard et al., 2014). 

Keratinocyte cell death is now recognised to be a feature in eczema, and in other chronic 

ISDs such as lichen planus. It is not known at this stage if cell death in these conditions is a 

consequence or a cause of the dermatological disease. 

 

When SHARPIN is deficient LUBAC does not function properly to add linear ubiquitin 

chains to receptor associated signalling proteins. This leads to impaired recruitment of 

downstream signalling components delaying and reducing activation of NF-κB and AP1 

dependent genes from TNF, CD40L, and TLR signalling pathways (Gerlach et al., 2011, 

Zak et al., 2011, Teh et al., 2016). We have previously shown that loss of TNF or TNFR1 

prevents the CPD phenotype in Sharpincpdm, suggesting that TNFR1 signalling is the main 

 

Figure 3.1 – H&E staining of Sharpincpdm skin with some of the key histopathological 

features associated with dermatological disease. A - epidermal hyperplasia, B - 

parakeratosis. C - Munroe microabscess, D - Spongiosis, and E - ‘Red dead’ cells 

indicate cell death. 
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driver of the phenotype (Gerlach et al., 2011, Rickard 

et al., 2014). Additional crosses to Ripk3-/-, Mlkl-/- and 

Caspase8+/- demonstrate that by directly blocking cell 

death pathways in these mice we can limit the 

inflammatory phenotype, highlighting the role of 

TNFR1-induced cell death in driving the dermatitis 

(Rickard et al., 2014). Consistent with this data, TNF 

blockade is a powerful therapeutic tool in the treatment 

of inflammatory diseases including moderate to severe 

psoriasis. Interestingly, despite the fact that the CPD 

phenotype is entirely TNF dependent, it is extremely difficult to see any difference in the 

amount of TNF in whole skin (dermis and epidermis) of Sharpincpdm mice vs control 

littermates (Fig. 3.2). If anything, this highlights the potency of TNF in driving 

inflammation, however it does make using it as a measure of disease difficult. 

 

Aberrant NF-κB signalling is a common theme in genetic predispositions to inflammatory 

disorders, thus it is not surprising that SHARPIN deficient mice present features of human 

skin disorders. Understanding the mechanisms of disease in these mice could give us 

important insight into the mechanisms of disease in these human conditions. 

 

What is the contribution of immune cells to TNF dependent, cell death mediated 

Sharpincpdm dermatological disease? 

SHARPIN deficiency induces the TNF dependent death of keratinocytes (Rickard et al., 

 

Figure 3.2 – TNF levels 

detected in whole skin from 

Sharpincpdm mice vs controls. 
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2014). To date, little is known about which cells are the source of TNF that drives the CPD 

phenotype. Immune cell infiltration is a prominent feature of the CPD pathology and 

immune cells can be a potent source of TNF in-vivo. Several reports have investigated the 

role of certain immune cells in the CPD phenotype of Sharpincpdm mice. Haematopoietic 

transplant of Sharpincpdm bone marrow into WT mice does not induce dermatological 

disease suggesting improper signalling due to SHARPIN deficiency in the haematopoietic 

compartment is insufficient to drive CPD (HogenEsch et al., 1993, Rickard et al., 2014). 

Bone marrow transplant of WT bone marrow into Sharpincpdm mice has not been done, as 

by the time the mice are of an appropriate age for transplant they already have macroscopic 

disease. Instead skin transplant experiments have been performed, transferring Sharpincpdm 

skin onto WT (C57BL/Ka) and nude mice and WT and nude skin onto Sharpincpdm mice. In 

all cases the donor skin retained the donor phenotype (Gijbels et al., 1995). Together these 

results suggest that the defect resulting in CPD symptoms is skin intrinsic. This however 

does not exclude a pathogenic contribution from immune cells in CPD.  

 

The source of TNF remains an open question. It may be derived from the defective 

keratinocytes, themselves, but could equally be attributed to infiltrating and/or resident 

immune cells, which themselves may or may not need to carry the SHARPIN defect. 

However, IL-5 depletion, which effectively reduces eosinophilia did not ameliorate CPD 

symptoms (Renninger et al., 2010), and crossing the Sharpincpdm mice to the T and B-cell 

deficient Rag1-/- mice resulted in no reduction of severity (Potter et al., 2014), implying 

that, despite their prominence in the Sharpincpdm phenotype, eosinophils, T-cells, and B-

cells play no major role in driving the disease. This raises the possibility that other cell 

types such as myeloid immune cells contribute to the pathology. 
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Macrophages are another cell type that features prominently in early CPD that can be a 

potent source of TNF. These cells are seen infiltrating the skin in Sharpincpdm mice as early 

as 3 weeks of age, prior to macroscopic disease, but coinciding with early histopathological 

disease, including scattered epidermal cell death (Rickard et al., 2014). Also worth 

considering are the role of resident cells, in particular the resident dermal and epidermal 

DCs. These cell types were transferred along with the skin in the skin transplant 

experiments. This is important because these populations can be renewed from the local 

populations rather than the haematopoietic compartment. This is particularly the case for 

the Langerhans cells (LCs), which are derived from progenitors during embryogenesis and 

maintained throughout life from the local population resident in the skin (Ginhoux and 

Merad, 2010, Merad et al., 2002).  

 

While the role of lymphoid cells in Sharpincpdm has previously been investigated, the 

contribution of these myeloid cells types to the CPD phenotype of SHARPIN deficient 

mice has not. In order to investigate what, if any, pathogenic contribution these cell types 

have to CPD in the absence of SHARPIN, I have used Diphtheria Toxin Receptor (DTR) 

transgenic mouse models. Mice do not usually express DTR and are therefore resistant to 

Diphtheria Toxin (DT). In these genetic models, simian DTR has been inserted under the 

control of promoters for particular cell surface proteins. Only cells that express those 

proteins will express the DTR. Mice can be safely injected with DT and only the cells 

expressing the DTR will be ablated. I have used this model to target macrophages, 

monocytes and DCs in Sharpincpdm mice prior to onset of macroscopic dermatological 

disease. 



   68 

Results 

Characterisation of the immune populations in the skin of Sharpincpdm mice 

Infiltration by immune cells into the Sharpincpdm skin is an early event, here visualised by 

an accumulation of CD45 positive immune cells apparent in the dermis of Sharpincpdm mice 

as early as 3 weeks of age, prior to other histopathological signs such as epidermal 

hyperplasia, hyperkeratosis, and parakeratosis, and prior to macroscopic illness (Fig. 3.3).  

 

We characterised the cellular infiltrate of the Sharpincpdm skin during early macroscopic 

disease. Whole skin (dermis and epidermis) was prepared for fluorescence assisted cell 

sorting (FACS) and cells were stained for CD45.2, TCRβ, TCRγδ, MHCII, CD11b, CD11c, 

XCR1, EPCAM and propidium iodide to give broad characterisation of the T-cell and 

myeloid compartments in the skin. We found, consistent with previous reports, that at 5 

weeks of age the % of total cells isolated from whole skin that were dead was higher in 

Sharpincpdm mice compared to littermate controls (hereafter referring to littermates that are 

either SharpinWT or Sharpincpdm/WT as the heterozygotes are phenotypically identical to WT 

animals) (Fig. 3.4a&b).  

 

 

 

Figure 3.3 – CD45 IHC 

analysis of dorsal skin from 

WT and Sharpincpdm mice 

over time. Scale bar is 

200µm 
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The total proportion of skin cells that are CD45+ cells is increased in the Sharpincpdm mice. 

This can be appreciated from not only the representative FACS plot (Fig 3.4a) which 

shows 4 fold increase in CD45+ cells in the total skin, but also from the histological time 

course (Fig. 3.3).  To determine if any particular CD45+ sub population stood out we 

looked at the proportions of several major immune cell types. There was a relative increase 

in αβT-cells and a decrease in γδT-cells as a % of CD45+ cells in whole skin suggesting 

that αβT-cells are preferentially activated in this context (Fig. 3.4a&c). However, as it has 

been previously reported that crossing Sharpincpdm to Rag1-/- mice, which are entirely 

deficient in mature T-cells and B-cells, results in no reduction of severity (Potter et al., 

2014), this perturbation in the T-cell population is a consequence of the phenotype not a 

cause.  

  

There was, as expected, a significant increase in the number and proportion of macrophages 

(CD45+CD11b+MHCII-) in skin from Sharpincpdm mice compared to controls (Fig. 3.4c). 

Something we have previously observed histologically and reported as an early event 

(Rickard et al., 2014). There was also a clear increase in CD45+MHCII+CD11c+ cells in 

whole skin of Sharpincpdm mice, with the EPCAM+ population, the majority of which are 

LCs, being proportionally more highly elevated than cDC1 or cDC2 (Fig. 3.4a&c). 

 

Endpoint Sharpincpdm mice (aged 11 weeks old) had a clear increase in CD11c+MHCII+ 

cells in both the dermis and the epidermis (Fig.3.5a). Looking specifically at the epidermal 

CD11c+MHCII+ population, the majority of which are presumably LCs, these cells 

appeared to be larger and more granular suggestive of an activated LC population (Aiba 

and Katz, 1990, Kubo et al., 2009, Yoshida et al., 2014) potentially of varied origin 
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(embryonic and/or bone marrow) (Deckers et al., 2018) (Fig. 3.5b). The Mean Fluorescent 

Index (MFI) for epidermal cells stained with CD11c and MHCII was significantly higher in 

the Sharpincpdm mice than in the littermate controls, reflective of the increased number and 

size (Fig. 3.5c). 

 

Figure 3.4 – FACS analysis of Sharpincpdm whole skin (a) Representative FACS 

analysis of dermis and epidermis combined from the indicated genotypes at 5 weeks old. 

Cells were stained for CD45.2, TCRβ, TCRγδ, MHCII, CD11b, CD11c, XCR1 and 

EPCAM to give broad characterisation of the T-cell and myeloid compartments in the 

skin (b) Quantification of % dead cells in whole skin isolated for FACS from mice of the 

indicated strains. (c) Quantification of T-cell, DC and macrophage populations as a % 

of CD45.2 cells in whole skin. Mean ± SEM, n=3. This data was generated and prepared 

by Michael Chopin. 
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Chronic systemic depletion of CD11b or CCR2 expressing cells in Sharpincpdm mice 

delays onset of disease but does not prevent progressive dermatitis 

In order to determine if the enrichment in macrophages and DCs is a driver of the disease 

or a consequence, we used DTR-expressing mouse strains in which the DTR is under the 

control of particular cell surface receptors expressed by immune cells. Injection of 

diphtheria toxin (DT) in these mice kills only those immune cells expressing these proteins 

(Bennett and Clausen, 2007, Bennett et al., 2005, Cailhier et al., 2005, Hohl et al., 2009, 

Jung et al., 2002). We crossed the Sharpincpdm mice to CD11b-DTR (CD11bDTR) mice and 

CCR2-DTR (CCR2DTR) mice. CD11b (Integrin alpha M, ITGAM) is a surface marker 

 

Figure 3.5 – FACS analysis of Sharpincpdm and control dermis or epidermis at 

Sharpincpdm endpoint (a) Representative FACS plots of the epidermis and dermis from 

control and Sharpincpdm mice at 11 weeks old as indicated. Boxed population shows 

MHCII+CD11c+ presumptive DCs. (b) Representative histograms of Forward Scatter 

(FSC) and Side Scatter (SSC) of the MHCII+CD11c+ populations from the indicated 

strains (c) Quantification of Mean Fluorescent Index (MFI) for CD11c and MHCII from 

the same FACS analysis. Displaying mean ± SEM, all data points shown. This data was 

generated with assistance from Michael Chopin, figure prepared by the author 
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expressed at particularly high levels on macrophages, while CCR2 is a chemokine receptor 

for the monocyte chemo-attractant protein (MCP) family including MCP1 which was one 

of the chemokines significantly increased in skin lysates from Sharpincpdm mice (Rickard et 

al., 2014). 

 

I found that chronic depletion of CCR2 expressing cells, by thrice weekly intraperitoneal 

(IP) injection of DT from weaning caused a moderate delay in onset of macroscopic 

phenotype resulting in a detectable reduction in CPD severity at endpoint (Fig. 3.6a&b). 

This was somewhat surprisingly not recapitulated to the same degree with depletion of 

CD11b expressing cells by the same method. While some of the SharpincpdmCD11bDTR 

animals treated with DT did appear to have mildly reduced symptoms, 3 animals had to be 

 

Figure 3.6 – Clinical analysis of CCR2 or CD11b depleted Sharpincpdm mice (a) 

Representative images of mice of the indicated genotypes at the experimental endpoint 

of 11 weeks of age, 8 weeks of DT treatment. (b) Clinical scoring of CPD phenotype 

over the course of DT treatment. Data points are mean ±SEM, significance calculated 

using Mann-Whitney U test. (c) MCP1 chemokine level in whole dorsal skin from the 

indicated strains at experimental endpoint. Note that SharpincpdmCD11bDTR mice 

removed from the study early were not excluded from this analysis. Bars show the mean 

± SEM, each data point represents an individual mouse. Significance calculated by one-

way ANOVA. 
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removed from the study at 70 days due to an infection and one mouse was culled at 60 days 

due to severe CPD phenotype. The overall reduction in clinical severity of the remaining 4 

animals at the 11 week endpoint was not significant (Fig. 3.6a&b). Both strains appear to 

have had a delay in onset of early symptoms (Fig. 3.6b). There is a reduction in MCP1 in 

whole skin from the CCR2 depleted Sharpincpdm mice at endpoint but no significant 

reduction in MCP1 in the CD11b depleted Sharpincpdm mice at collection (Fig. 3.6c).  

 

Histologically, at endpoint the SharpincpdmCD11bDTR mice appear similar to normal 

endpoint Sharpincpdm mice with pronounced epidermal hyperplasia, epidermal cell death, 

and immune cell infiltration. CCR2 depleted Sharpincpdm mice show most of the same 

hallmarks of the CPD phenotype despite their reduced clinical severity at endpoint. 

 

Figure 3.7 – Histological analysis of dorsal skin from CCR2 or CD11b depleted 

Sharpincpdm mice. H&E and IHC (CC3, Ki67, CD45, CD3) analysis of dorsal skin from 

the indicated strains at the experimental endpoint. Scale bars are 100µm. 
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Interestingly, the only histological feature that seems distinct in these mice is Ki67, which 

indicates cell proliferation. Despite prominent epidermal hyperplasia these mice do not 

appear to be undergoing as aggressive keratinocyte proliferation as is seen in the non-

depleted Sharpincpdm mice (Fig. 3.7). 

 

Local depletion of Dendritic Cells reduces skin phenotype in Sharpincpdm mice 

Our FACS analysis of the Sharpincpdm mice during early and late phenotype showed more 

DCs, as well as macrophages (Fig. 3.4 & 3.5). I therefore investigated the contribution of 

DCs to the Sharpincpdm skin phenotype. To study the role of DCs, CD11c-DTR (CD11cDTR) 

mice were crossed to the Sharpincpdm mice. Unfortunately CD11cDTR mice cannot tolerate 

multiple doses of DT administered systemically (Bennett and Clausen, 2007). I therefore 

administered injections subcutaneously into the dorsal area, from 3 weeks of age until 11 

weeks of age and found that, while there was trauma related phenotype (Koebner 

phenomenon) at the puncture site (small red circle Fig. 3.8a) there was also a clear local 

reduction in lesion formation at the site of the injection bolus (large green circle Fig. 

3.8a). This resulted in a measurable difference in phenotype severity at endpoint despite the 

localised treatment (Fig. 3.8b). Levels of MCP1 in whole skin from the CD11c depleted 

area of the Sharpincpdm mice at endpoint were mildly reduced, though the difference is not 

significant (Fig. 3.8c).  

 

The local rescue could also be seen histologically with reduced epidermal hyperplasia and 

considerably fewer apoptotic (cleaved caspase-3; CC3) and proliferating (Ki67) 

keratinocytes in the injection area. However, depletion of CD11c+ cells did not reduce 
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overall infiltration of immune cells (CD45) including T-cell infiltration, which continued to 

feature prominently (CD3) (Fig. 3.9).  

 

Areas further from the site of the injection bolus had pathological signs of CPD, such as 

epidermal hyperplasia (Fig. 3.10), though the macroscopic rescue did extend beyond the 

injection site, most notably the area under the chin which is usually badly affected by 

endpoint was considerably improved in the dorsally injected SharpincpdmCD11cDTR mice 

(inserts Fig. 3.8a).  

Figure 3.8  – Clinical analysis of CD11c depleted Sharpincpdm mice (a) Representative 

images of mice of the indicated genotypes at the experimental. (b) Clinical scoring of 

Sharpincpdm chronic proliferative dermatitis phenotype over the course of DT treatment. 

Data points are mean ± SEM, significance calculated using Mann-Whitney U test. (c) 

MCP1 chemokine level in whole dorsal skin, collected from the injection bolus area, 

from mice of the indicated genotypes at the experimental endpoint. Graphs show mean ± 

SEM, each data point represents an individual mouse, significance calculated using by 

one-way ANOVA. 
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Systemic depletion of Langerhans cells rescues the skin but not the systemic 

phenotype of Sharpincpdm mice  

The chronic proliferative dermatitis phenotype of the Sharpin mutant mouse is 

characterised by epidermal pathologies, including keratinocyte apoptosis, epidermal 

 

Figure 3.9 – Histological analysis of bolus site dorsal skin from CD11c depleted 

Sharpincpdm mice. H&E and IHC (CC3, Ki67, CD3, and CD45) analysis of dorsal skin 

from the indicated strains at experimental endpoint. Sampled from the centre of the 

injection area. Scale bars are 100µm. 

 

 

Figure 3.10 – Histological 

analysis of dorsal skin distal 

from injection bolus from 

CD11c depleted Sharpincpdm 

mice.  H&E of dorsal skin from 

the indicated genotypes at experimental endpoint. Sampled from outside the typical 

injection bolus location. Scale bars are 100µm. 
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hyperplasia, spongiosis, and parakeratosis. Other than resident memory T-cells, the other 

major group of immune cells in the epidermis are the epidermal resident Langerhans cells 

(LCs). Given the rescue we have observed with local reduction of CD11c expressing cells 

and considering the increased presence of LCs we observed in both early and late disease, 

we decided to investigate further this epidermal population. We therefore crossed the 

Sharpincpdm mice to langerin-DTR (LangDTR) mice and again treated the mice by IP 

injection with DT from 3 weeks of age until 11 weeks of age. We found very few 

macroscopic signs of inflammatory skin phenotype at the prescribed endpoint (Fig. 3.11a). 

Tracking the clinical symptoms of CPD we found that DT treated SharpincpdmLangDTR mice 

eventually developed early signs of disease following a considerable delay in onset (Fig. 

3.11b). MCP1 was mildly reduced in the DT treated mice at endpoint compared with the 

Sharpincpdm at their much earlier onset endpoint but the difference was not statistically 

significant (Fig. 3.11c). 

 

Figure 3.11 – Clinical analysis of langerin depleted Sharpincpdm mice (a) 

Representative images of mice of the indicated genotypes at experimental endpoint. (b) 

Clinical scoring of CPD phenotype over the course of DT treatment. Data points are 

mean ± SEM, significance calculated using Mann-Whitney U test. (c) MCP1 chemokine 

levels in whole dorsal skin, from mice of the indicated genotypes at experimental 

endpoint. Data are mean ± SEM, where each data point represents an individual mouse. 
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Langerin staining of epidermal ear sheets showed that depletion of LCs in Lang-DTR mice 

was almost complete 48 hours after DT treatment (Fig. 3.12a). However, flow cytometry 

analysis of skin collected at the experimental endpoint showed only 2/3 depletion after 8 

weeks of continuous DT administration (Fig. 3.12b). Nonetheless, despite an incomplete 

depletion of LC’s at endpoint the reduction in macroscopic symptoms was remarkable. 

 

Consistent with macroscopic reduction of the skin phenotype, skin histopathology of LC 

depleted Sharpincpdm mice showed a significant reduction of the epidermal hyperplasia, 

proliferating keratinocytes (Ki67), CC3 positive keratinocytes, and CD45+ cells when 

compare to non-depleted Sharpincpdm. However, CD3+ cell infiltration remained a 

prominent feature in the dermis of LC depleted Sharpincpdm mice (Fig. 3.13).  

 

 Figure 3.12 – Langerhans cell depletion in SharpincpdmLangDTR mice. (a) IF staining 

with langerin antibody of epidermal ear sheets obtained from mice of the indicated 

genotypes 48 hours after DT administration. Scale bars are 100µm (b) Quantification of 

% LCs from flow cytometry analysis of epidermis from 11 week old mice, after 8 weeks 

of systemic DT, genotypes as indicated. Bars indicate the mean ± SEM, each data point 

represents an individual mouse, significance calculated by students T-test. FACS data 

was generated with assistance from Michael Chopin, figure prepared by the author. 
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DT administration started at 3 weeks of age is prior to manifestation of macroscopic 

symptoms suggesting a role for LCs in the initiation of the disease. To determine the role of 

LCs in the progression of the disease and to be more clinically relevant a cohort of mice 

was treated at an age when macroscopic signs of dermatological disease were present.  

 

Remarkably, even if DT treatment began at 8 weeks of age, LC ablation resulted in a 

marked slowing of disease progression (Fig. 3.14).  

 

 Although depletion of LCs significantly rescued the skin phenotype of Sharpincpdm, it had 

only a little effect on the other inflammatory symptoms seen in Sharpincpdm. DT treated 

Sharpincpdm Lang-DTR SharpincpdmLangDTR mice had similar weights to Sharpincpdm mice 

(Fig. 3.15a). LC depletion did not restore Peyer's patches or splenic architecture. However, 

Figure 3.13 – Histological analysis of dorsal skin from langerin depleted Sharpincpdm. 

H&E and IHC (CC3, Ki67, CD3, and CD45) analysis of dorsal skin from the indicated 

strains at experimental endpoint. Scale bar is 100µm. 
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LC depletion reduced Sharpincpdm splenomegaly at the prescribed endpoint (Fig. 3.15b&c).  

Figure 3.15 – Systemic phenotype in langerin depleted Sharpincpdm mice (a) 

Bodyweight of mice of the indicated genotypes at experimental endpoint. (b) Spleen 

weights of mice of the indicated genotypes at the experimental endpoint. For a&b 

each data point represents an individual mouse, mean ± SEM is indicated. 

Significance calculated by one-way ANOVA. (c) H&E of spleen from mice of the 

indicated genotypes at 11 weeks of age. Scale bar is 1000µm. 

 

 

Figure 3.14 – 

Clinical analysis of 

post-symptomatic 

langerin depleted 

Sharpincpdm mice  

 (a) Representative images of mice of the indicated genotypes at 11 weeks of age, after 3 

weeks of systemic DT treatment. (b) Clinical scoring of Sharpin chronic proliferative 

dermatitis phenotype over the course of DT treatment. Data points are mean ± SEM, 

significance calculated using Mann-Whitney U test. 
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Blood analysis carried out using an ADVIA automated haematological analyser revealed, 

similar to the non-depleted Sharpincpdm mice, LC depleted Sharpincpdm mice had reduced 

platelets and elevated white blood cells compared to controls. However, the white blood 

cell count was significantly less than in the non-depleted Sharpincpdm animals. In particular, 

lymphocytes and eosinophil’s were significantly reduced. (Fig. 3.16a&b).  

 

Genetic depletion of Langerhans cells rescues the skin phenotype of the 

Sharpincpdm mice 

The depletion of LCs observed at the endpoint was significant compared to DTR negative 

Sharpincpdm controls, but there was still a sizable population of langerin positive cells in the 

epidermis at endpoint. Additionally, for ethical reasons we were not able to start treating 

the mice until after weaning, by which stage the mice already have microscopic signs of 

disease including immune cell infiltration and epidermal cell death (Rickard et al., 2014) 

(Fig. 3.3). Furthermore, using DT to target langerin expressing cells does not limit 

Figure 3.16 – Blood cell analysis of langerin depleted Sharpincpdm mice with ADVIA 

haematological analyser. (a) Absolute circulating platelets, white blood cells, 

lymphocytes and eosinophils of mice of the indicated genotypes at the experimental 

endpoint. 
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depletion to the epidermal LCs. Indeed, there is a functionally distinct population of dermal 

DCs that express langerin also targeted by DT treatment (Kaplan, 2010, Nagao et al., 

2009). To determine the role of dermal DC vs epidermal LCs in the Sharpincpdm skin 

phenotype we crossed the Sharpincpdm mice to Suz12lox/loxCreCD11c (hereafter referred to as 

Suz12CD11c) mice. These mice lack SUZ12 protein, a component of the polycomb repressor 

complex, only in cells expressing CD11c. This depletion specifically affects epidermal 

LCs, disrupting their ability to replicate and populate the epidermis. Importantly, loss of 

Suz12 in CD11c expressing cells does not affect other types of DC including the langerin 

expressing dermal DC population (Michael Chopin, see appendix Fig. A1). Epidermal ear 

sheet staining of the Sharpincpdm Suz12CD11c mice at 11 weeks of age shows a largely empty 

LC niche, as expected, with only occasional patches of LCs (Fig. 3.17).  

 

  

Figure 3.17 – Langerin stained epidermal ear sheets from SharpincpdmSuz12CD11c and 

SharpincpdmSuz12lox/lox controls. Scale bars are 100µm. Inset on second image shows 

an area with occasional LCs. 
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I found that mice largely absent this epidermal population of langerin expressing cells from 

early life had no macroscopic dermatitis at the typical Sharpincpdm endpoint of 11 weeks 

and normalised MCP1 levels in whole skin. (Fig. 3.18a,b&c).  

 

Histologically these mice had minimal hyperplasia at 11 weeks of age with no keratinocyte 

cell death and a massive reduction of immune infiltrates in the dermis (Fig. 3.19). 

However, occasional small areas presented mild thickening of the epidermis accompanied  

 

by other common pathological signatures including increased keratinocyte proliferation 

(Ki67) accumulations of CD45+ cells in the associated papillary dermis and T-cell 

exocytosis into the epidermis (Fig. 3.19 inserts).   

 

Figure 3.18 – Clinical analysis of SharpincpdmSuz12CD11c mice a) Representative 

images of mice of the indicated genotypes at the experimental endpoint. (b) Clinical 

scoring of CPD phenotype from weaning to endpoint. Data points are mean ± SEM, 

significance calculated using Mann-Whitney U test. (c) MCP1 chemokine levels in 

whole dorsal skin, from mice of the indicated genotypes at the experimental endpoint. 

Bars show mean ± SEM, each data point represents an individual mouse. Significance 

calculated by one-way ANOVA. 
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As in the DT model of langerin expressing cell depletion, we found that the systemic 

inflammatory phenotype was slightly reduced. Sharpincpdm Suz12CD11c mice were smaller  

than WT control littermates, on par with Sharpincpdm littermates, and had no Peyer's patches 

(Fig. 3.20a). Immune infiltrates in the liver still feature but were considerably reduced 

compared to Sharpincpdm littermates (Fig. 3.20b). Splenic structure remained highly 

disorganised, however the severity of splenomegaly was reduced compared to Sharpincpdm 

Suz12wt littermates (Fig. 3.20b&c). 

 

 

 

Figure 3.19 – Histological analysis of dorsal skin from SharpincpdmSuz12CD11c mice. 

H&E and IHC (CC3, Ki67, CD45, and CD3) analysis of dorsal skin from the indicated 

strains at experimental endpoint. Inserts show areas with mild pathological signs of 

CPD. Scale bars are 100µm. 
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Imaging of Sharpincpdm whole skin mounts shows LC accumulations in the 

epidermis  

  

In addition to an increase in the numbers of epidermal LCs, we found a change in their 

granularity in the epidermis of Sharpincpdm mice, suggesting an increased activation status 

(Fig. 3.5b). To study the localisation, behaviour and motility of LCs, we performed live in-

vivo imaging of endpoint Sharpincpdm mice and controls. Consistent with our FACS 

analysis, live in-vivo imaging demonstrated that MHCII+ cells in the epidermis were larger 

and more heavily dendrited in Sharpincpdm mice when compared to control mice (Fig. 

3.21a). They did not however appear to be particularly more motile than LCs in the ears of 

 Figure 3.20 – Systemic phenotype in SharpincpdmSuz12CD11c mice. (a) Bodyweight 

and Peyer's patch count of mice at the experimental endpoint. Genotypes as indicated. 

Each data point represents an individual mouse, mean is indicated. (b) H&E of liver 

and spleen from mice of the indicated genotypes at the experimental endpoint. Liver 

scale bar is 400µm, insert scale bar is 100µm, spleen scale bar is 1000µm(c) Spleen 

weights of mice of the indicated genotypes at 11 weeks of age. Each data point 

represents an individual mouse, showing mean ± SEM. Significance calculated by one-

way ANOVA. 
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the control animals (data not shown). 

 

We studied the ears only because they enable us to perform live microscopy and observe 

motility in-vivo, however, the ears are not a site of particular CPD pathology, exhibiting 

few of the clinical or histopathological symptoms of the disease (HogenEsch et al., 1993). 

To study LC’s localisation and behaviour throughout the initiation and progression of the 

 

Figure 3.21 – Live in-vivo 2-photon and 3D ex-vivo confocal microscopy on 

Sharpincpdm skin (a) Still images from live in-vivo imaging of 11 week old mice of the 

indicated genotypes. Yellow are cells stained for MHCII, Pink is F-actin. Data 

generated with the assistance of Caleb Dawson (b) 3D ex vivo imaging of whole skin 

mounts from mice of the indicated genotypes and ages. Top down view has had the 

dermis clipped away so we are seeing epidermis only. Dotted boxes are viewed in cross 

section below. In that view the dermis has not been clipped away. Pink is f-actin, Yellow 

is MHCII, blue is CC3. This data was generated by Caleb Dawson. 
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disease at a site of clinical pathology we performed 3D ex-vivo imaging of dorsal skin at 

three different ages during the lifespan of the mice.  

 

As the disease progressed, we observed large areas of keratinocyte cell death associated 

with patchy accumulations of LCs in the epidermis, rather than the typical matrix like 

organisation of the LCs observed in WT mice. Particularly at the later time point, these 

patches appear frequently (though not exclusively) centred around hair follicles (Fig. 

3.21b). This preliminary result could suggest a LC pathology associated with the hair 

follicles or it could suggest infiltration via hair follicles of MHCII+ cells derived from 

circulating progenitors, either way further studies are required (Fig. 3.21b). 

 

Discussion  

Sharpincpdm is a model of chronic ISD, which has allowed me to explore how a psoriasis 

like skin disorder can arise independent of T-cell function; and provide insight into the root 

causes of similar conditions. We have previously established a key role for TNF mediated 

cell death in promoting the Sharpincpdm phenotype. A question remains as to the cellular 

source of TNF. Here I have presented data on a pathogenic role for LCs in a T-cell 

independent model of chronic ISD. It appears as though in the absence of LCs there is no 

cell death, suggesting that in this context LCs may be directly responsible for production of 

the TNF that then activates TNFR1 receptors on keratinocytes, causing them to undergo 

TNFR1 mediated cell death and driving a cycle of inflammation in the skin. 

 

While it is clear from both the DTR depletion and the genetic experiments that LCs are the 
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major immune cell type driving CPD in SHARPIN deficient mice, it is worth briefly 

discussing the CD11b and CCR2 depletion experiments. My data suggests that these 

infiltrating leukocytes may contribute to Sharpincpdm phenotype during early disease. 

However, the early delay followed by a fairly straightforward progression of disease when 

these cells are depleted is suggestive of a non-essential role.  

 

The effectiveness of the CCR2 depletion over CD11b depletion in reducing clinical severity 

is somewhat surprising given that there is a fair amount of crossover in expression profiles 

of CD11b and CCR2. Both are expressed to some degree on basophils, monocytes, mature 

B cells and NK cells. CD11b is more highly expressed in macrophages, mast cells and the 

neutrophil lineage. CD11b is expressed on some DCs, including at low levels on LCs but 

CCR2 is more highly expressed in the DC lineage (Graaf, 2016, Heng, 2008).  

 

Epidermal ear sheet staining of CD11bDTR mice or the CCR2DTR mice shows no reduction in 

the LC population after 3 doses of DT, 48 hours apart, despite observations of effective 

depletion of target populations in the blood of the same mice (Fig. 3.22; data not shown).  

 

This suggests that the early delay in CDP onset is not due to partial LC depletion. Perhaps 

the macrophage presence observed in the Sharpincpdm skin exacerbates the inflammatory 

situation, contributing to the inflammatory milieu and accelerating disease progression. 

  

One feature I observed in the CCR2 depleted mice was an apparent slowing of the 

keratinocyte hyperproliferation aspect of the condition. Cell death still features heavily in 

the lesions, so depleting monocytes does not block apoptosis, and the skin of CCR2 
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depleted Sharpincpdm mice is still hyperplastic, but Ki67 is not as aggressively upregulated 

as it is in mice where CCR2+ cells have not been depleted. It may be that the reduced 

clinical score for these mice is due simply to a slowing of the proliferative aspect of the 

disease. 

 

The reduction in clinical symptoms due to the DT mediated depletion of LCs suggested a 

significant role for these cells in driving the disease, supported by the astonishing rescue 

effected by their genetic depletion. The eventual onset of disease in the DTR depletion 

model is likely a consequence of the incomplete LC depletion seen at the endpoint. The 

precise reason for this incomplete endpoint ablation has not been established. I speculate 

that the mice are becoming tolerant of the toxin and so it becomes less effective and the LC 

population begins to recover allowing their pathogenic activity to commence. Regardless, 

the degree of rescue, considering the incomplete depletion, is remarkable. 

 Figure 3.22 – Langerin stained epidermal ear sheets from DT depleted DTR 

transgenic strains. Epidermal ear sheets from mice of the indicated genotypes, after 3 

doses of DT, 48 hours apart and 48 hours since the last dose, IF stained for langerin. 

Scale bars are 100µm.  
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In contrast to the DTR mice, the Suz12CD11b mice have little to no LCs prior to onset of 

even histological disease and this largely prevents occurrence of the skin disease. Even 

where Suz12 loss does not completely result in absent LCs, the LC niche remains very 

sparsely populated as the few LCs that are present are impaired in their ability to replicate 

and populate the epidermis. It is worth discussing briefly that while the skin of 

SharpincpdmSuz12CD11c mice appears largely like control littermates histologically, there are 

occasional, small areas of hyperplasia, and associated with these areas are immune 

infiltrates and the occasional dying keratinocyte. I think it is likely that those areas will 

correlate to areas with the stray LCs and may with time result in the development of CPD 

symptoms. 

 

The precise role of LCs in mouse models of skin inflammation, and in human disease 

remains controversial. These cells are the sentinels of the epidermis and are traditionally 

considered to be the bodies first immunological line of defence against invading pathogens 

(Merad et al., 2008). Over the last decade several studies have suggested that 

immunoregulation rather than simply immunostimulation is a key function of LCs. Several 

groups suggest they have an anti-inflammatory effect particularly during late phase 

psoriasis like disease (Kitashima et al., 2018, Terhorst et al., 2015). While others suggest 

that LCs contribute to inflammation in psoriasis like disease by production of IL-23 and 

promotion of Th17 phenotypes (Martini et al., 2017, Singh et al., 2016, Sweeney et al., 

2016, Xiao et al., 2017). Seneschal et al showed in human skin that LCs can promote 

tolerance by inducing activation and proliferation of Tregs, but in the presence of foreign 

antigen will switch to promoting the activation and proliferation of effector memory T-cells 

(Seneschal et al., 2012). It is clear that much of the current literature on LCs in 
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inflammatory disease focuses on their roles in regulating immune responses via activation 

and/or suppression of T-cell populations. Certainly, I have found that the 

SharpincpdmSuz12CD11c mice had reduced CD3 positive cellular infiltrate suggesting that 

LCs in this context are indeed playing a role regulating T-cell populations. However the 

cross of the Sharpincpdm mice to Rag1-/- mice showed that the CPD phenotype occurs in the 

absence of mature B-cells and T-cells (Potter et al., 2014). So even though LC depletion 

may effect a reduction in CD3+ cells in the skin of Sharpincpdm mice, it is likely that LCs 

play an additional role in CPD, independent of their function in regulating the activation 

and proliferation of TEM and Th17 cells.  

 

Another possibility could be that the Sharpin defect has in some way impacted on the LCs 

ability to promote tolerance, through presentation of commensal or self-antigen. However, 

if loss of tolerogenic functions were responsible for driving CPD I would not expect 

depletion of the LC population, ensuring complete absence of any tolerogenic function, to 

have an attenuating impact on the phenotype. Rather the effectiveness of LC depletion 

suggests that the LCs in this context are promoting an active inflammatory function. The 

altered localisation and clumping behaviour we observed in the 3D imaging of Sharpincpdm 

mice is certainly suggestive of some sort of pathology, though whether that is intrinsic to 

the LCs or responsive is as yet to be determined. 

 

T-cells feature in many ISDs including psoriasis, eczema, and lichen planus, and they 

clearly play a role in driving disease in most circumstances, which is why T-cell 

modulation therapies are proving fairly effective. However, the frequency of paradoxical 

psoriasis and other cutaneous disorders in HIV and AIDS is certainly suggestive that while 
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T-cells may be important players in these conditions they are likely not the root cause of 

disease. Targeting T-cells in these condition is in effect another way of treating the 

symptoms rather than treating the disease. Targeting LCs as opposed to T-cells may be a 

strategy worth considering, particularly in HIV associated psoriasis, which can be 

notoriously difficult to treat. Targeting this cell type would indirectly affect T-cells due to 

the immunoregulatory functions of LCs, while also presumably reducing other 

inflammatory functions of the LCs, which my data suggest can be substantial. 

 

We, and others, have explored the contribution of various signallings and cell death 

pathways to Sharpincpdm disease using ubiquitous knock-out (KO) mouse strains. The 

dermatological rescue seen in the SharpincpdmSuz12CD11c mice resembles the dermatological 

rescue that we have observed in Sharpincpdm mice with TNF or TNFR1 deficiency (Gerlach 

et al., 2011, Rickard et al., 2014). Interestingly, the similarity to Tnfr1 KOs extends to the 

reduction in splenomegaly and periportal liver inflammation, without restoration of Peyer's 

patches. SharpincpdmSuz12CD11c mice have many other cell types capable of producing TNF, 

and the keratinocytes of these animals retain the ability to bind TNF and signal through 

TNFR1. It is therefore remarkable that depletion of LCs has such a profound effect and 

equivalent to the ubiquitous absence of a pathway as central to cell death and inflammatory 

signalling as TNFR1.  

 

The difficulty observed in detecting any changes in TNF levels in the skin of Sharpincpdm 

mice does not mean that some population is not producing TNF in the skin, only that the 

change is small enough to be near undetectable, despite its potent effect. The excellent 

rescue of the Sharpincpdm phenotype when the LC niche is empty certainly suggests that 
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LCs are playing a leading role in initiating the process of keratinocyte cell death, 

inflammation and disease and are very likely the key source of TNF in this context. As part 

of the ongoing work for this project we will investigate the inflammatory profile of the 

Sharpincpdm LCs. To that end we have isolated LCs from endpoint Sharpincpdm mice and 

from littermate controls and will perform RNA sequencing on them.  

 

The reduced splenomegaly in the DTR model and the genetic model of LC reduction is 

akin to that observed in the TNFR1 deficient mice (Rickard et al., 2014). Blockage of 

TNFR1 signalling does not completely rescue the systemic phenotypes of the Sharpincpdm 

mice, though they are significantly improved. Depletion of LCs in both the DTR model and 

due to Suz12 deletion similarly reduces severity of the systemic phenotypes. The 

Suz12CD11c mice are new and not fully characterised so it is possible that the Suz12 

mutation is affecting other immune cell populations in other organs in ways we do not yet 

understand, however, that the mice depleted of langerin expressing cells also have a similar 

reduction seems to indicate that if it is a direct immune cell effect it is likely to be LCs. 

Collectively, this could suggest that TNF producing LCs are directly impacting 

inflammation in other tissues.  

 

Alternatively, it could be that reducing the inflammatory factor of widespread dermatitis 

influences overall systemic inflammation, reducing severity of the internal phenotype. This 

reduction in some systemic symptoms highlights how even if they have different 

aetiologies, inflammatory disorders affecting one major organ can influence the 

inflammatory situation of another. This is interesting to consider in terms of inflammatory 

comorbidities such as IBD and psoriasis. Much like in the Sharpincpdm mice, these 
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conditions may have shared genetic predispositions, but the mechanisms of action may 

differ. Nonetheless flare-ups can coincide as the inflammatory consequences are felt 

distally. 

 

While it is clear that LCs are important in the context of the Sharpincpdm skin phenotype, 

there remain a number of open questions, which I am continuing to work on. We are 

performing RNAseq to investigate the inflammatory profile of the Sharpincpdm LCs. A 

related line of inquiry pertains as to whether Sharpin mutation of LCs is necessary or 

sufficient for CPD. That is, are Sharpincpdm LCs behaving in an aberrant way because the 

defect in the Sharpin gene affects them directly? Could their defect alone be enough to 

cause CPD? Would WT LCs in the context of Sharpin mutant skin cells still result in 

dermatitis? Or is the Sharpin mutation required on both the LCs and the responding skin 

cell for dermatological disease to occur? Previous skin transplant experiments have not 

adequately addressed these questions because LC are resident in the skin. When the skin is 

transplanted so too are the donor LCs. The epidermal population of LCs, which originate 

during embryogenesis, is typically renewed from itself rather than from circulating 

progenitors (Gomez Perdiguero et al., 2015, Merad et al., 2002). This means that the 

transplanted sections retain the donor LCs. Bone marrow transplants involving Sharpincpdm 

donors into WT animals also suffer from this same issue as LCs are resistant to the 

radiation treatment used to ablate the recipient haematopoietic system. Consequently, the 

importance of Sharpin defect in LCs to driving CPD remains undefined. Our Suz12 

conditional KO model provides us with a unique opportunity to address these issues.  

 

Under some circumstances, LCs derived from monocyte progenitors will populate the 
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skin(Atmatzidis et al., 2017, Seré et al., 2012, Singh et al., 2016). We hypothesise that 

when the LC niche is largely empty, as it is in the SharpincpdmSuz12CD11c mice, then the LC 

population could be renewed from the hematopoietic compartment, provided the circulating 

cells do not carry the Suz12 defect. Therefore, in theory, we should be able to transplant 

Sharpincpdm bone marrow into the Sharpincpdm Suz12CD11c mice and get repopulation of the 

skin compartment with SHARPIN deficient LCs. The mice should then develop CPD 

symptoms. Provided these important controls develop phenotype as expected we can then 

also transplant these mice with WT bone marrow and determine if SHARPIN deficient LCs 

are necessary for CPD. We can of course also do the reverse experiment injecting 

Sharpincpdm bone marrow into Suz12CD11c mice that are not SHARPIN deficient to 

determine if SHARPIN deficient LCs are sufficient to cause disease. An alternative 

transplant methodology could involve isolation of LCs from Sharpincpdm or control animals 

and intradermal injection of these cells directly into the SharpincpdmSuz12CD11c mice. The 

advantage of this method is the mice would not require irradiation, so it is lower impact on 

the animals. It also means that the LCs are derived from a skin population that developed in 

early life rather than from circulating progenitors. 

 

With this work I have shown a role for LCs in promoting TNF dependent inflammation in a 

mouse model of chronic ISD. The CPD phenotype is T-cells independent, therefore 

whatever role that LCs are playing in ameliorating the condition appears to be different to 

their better understood immunoregulatory roles involving activation and promotion of 

proliferation of various T-cell populations. Their presence appears to be associated with 

keratinocyte death and ultimately development of dermatological disease. The work is 

ongoing with many questions still to be investigated, however these results do suggest that 
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LCs could be the cellular source of pathogenic TNF in Sharpincpdm mice, and that they are 

capable of being a key cell type promoting inflammation in the skin, making them an 

attractive potential target for treatment of dermatological disease. 



   97 

 

CHAPTER 4 – INHIBITOR OF APOPTOSIS PROTEINS 

(IAPS) LIMIT RIPK1-MEDIATED SKIN INFLAMMATION 

Preface 

This chapter consists of a publication from the Journal of Investigative Dermatology (JID), 

presented here in its entirety. I, the author of this thesis, was the first and primary author.  

 

My contribution to the project included: 

�  Conception, planning, design and execution of the project, 

�  Completion of the majority of experiments  

�  Compilation of the figures, 

� Writing of the first draft, and editing of the paper to address suggestions and 

changes from co-authors and reviewers.  

I would like to acknowledge the contributions of my co-authors of this publication, as 

follows: 

James Rickard: Involved in conception and planning, and generation of the initial mouse 

crosses. Piloted the IAP injection experiments. 

George Varigos: Provided assistance, guidance, and a dermatologist’s perspective on the 

project. Assisted with analysis of skin pathologies. 

Najoua Lalaoui: PhD supervisor and co-senior author on the paper. Involved in 

conception, project design, and planning throughout and generation of the initial mouse 

crosses. Assisted with writing and editing to produce the final version of the publication. 
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Also set up and analysed the SharpincpdmRipk1-/- cross and generated the data for figure 4e 

and f.  

John Silke: My principle PhD supervisor and co-senior author on the paper. Involved in 

conception, project design and planning throughout. Assisted with writing and editing to 

produce the final version of the publication. 
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CHAPTER 5 – FURTHER EXPLORATIONS INTO THE 

MECHANISMS INVOLVED IN SMAC-MIMETIC INDUCED 

TEN LIKE LESIONS 

 

Preface 

This chapter is a series of open-ended investigations derived from the knock-out (KO) 

screen described in the next section. I have used the smac-mimetic injection model to 

further investigate the role of other inflammatory and non-inflammatory components 

involved in skin inflammation. A considerable portion of the following will be dedicated to 

investigations into the contribution of microbiota in driving the smac-mimetic induced TEN 

like model of skin inflammation, however prior to embarking on that section I will present 

several results that are of interest for follow up investigations. 

 

The following chapter can be broadly broken down into four sections:-  

1) Overview of the SM screen performed in KO and mutant mouse strains. 

2) Experiments that give further insight into SM injection as a model for TEN.  

3) Experiments that highlight a role for necroptosis in impairing the healing process.  

4) Experiments that suggest a role for non-dysbiotic microbiota during skin 

inflammation. 

I have not included a discussion section in this chapter but rather have included integrated 

discussion points throughout.  
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A Screen of knock-out and mutant mouse strains for resistance to smac-

mimetic (SM) induced lesions   

The publication comprising the previous chapter describes the SM injection model as a 

method for investigating the role of IAPs in skin homeostasis and as a model for toxic 

epidermal necrolysis (TEN). To further clarify these points and extend my investigation I 

performed an extensive screen of mouse strains KO and mutant for a variety of different 

proteins involved in multiple inflammatory signalling pathways for response to SM 

injection (Fig 5.1). Based on my considerable analysis of the skin lesions induced by SM I 

designed a clinical scoring system (Chapter 2, table 2.2). Use of the scoring system has 

allowed me to quickly identify proteins of interest for a potential role in the inflammatory 

lesional response, that are worth further histological and biochemical investigation. 

 

Figure 5.1 – Clinical scoring 

at day 1 and day 3 for every 

mouse strain screened. ND 

means not done. Bars 

indicate the lowest and 

highest values and the mean 

is indicated by a line at the 

centre, n≥5 for all except 

Tnfr2-/- and Nod-/- which are 

n=3. No statistical analysis 

performed 
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Several of the above strains are mentioned in the previous chapter and more will be 

discussed in the following. 

 

SM injection as a model for Toxic Epidermal Necrolysis (TEN) 

As discussed in my primary paper I found that local pharmacological loss of IAPs induced 

a TEN like lesional response in the area of injection, characterised by full thickness 

epidermal cell death leading to epidermal detachment. Both Tnf-/- and Ifnγ-/- mice had 

reduced lesion formation but a surprisingly large amount of epidermal apoptosis, while 

non-functional mutation of FasL resulted in a more profound rescue in terms of prevention 

of keratinocyte cell death (Chapter 4, Fig. 3d&e). In addition to these results I wanted to 

highlight that combined loss of both TNF and IFNγ phenocopied the Fasgld/gld result 

clinically (Fig. 5.1), and histologically (Fig. 5.2) with mild epidermal hyperplasia and 

sparse cleaved caspase-3 (CC3) positive keratinocytes upon SM injection, while 

Fasgld/gldTnf-/- provides no additional protection over the Fasgld/gld (Fig. 5.2). This 

suggests that the majority of the epidermal cell death that occurs in SM induced lesions is 

due to FasL induced apoptosis but that TNF and IFNγ are required to sensitise the cells to 

FasL. This is reminiscent of a similar mechanism as occurs in TEN whereby T-cell secreted 

 Figure 5.2 – CC3 staining shows apoptotic cell death in SM induced lesions from 

mice of the indicated genotypes at day 1 post injection. 
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TNF and IFNγ synergize to induce iNOS and sensitize keratinocytes to FasL-induced cell 

death (Viard-Leveugle et al., 2013).  

 

Injection of SM into highly immune compromised NOD scid gamma (NSG) mice, which 

do not produce mature B-cells, T-cells or NK cells, results in mild swelling only and very 

little lesion formation suggesting that one or all of these immune cell populations may play 

a role in lesion formation. SM injection into Rag1-/- mice also resulted in a massively 

reduced lesional response compared to WTs though there was more swelling and redness 

than was observed in the NSG mice (Fig 5.1, Fig 5.3). These data combined with the 

consistent histological presence of CD3+ cells in SM induced lesions certainly suggests that 

T-cells play a pathogenic role in driving formation of SM induced lesions much as they do 

in TEN (Schwartz et al., 2013a, Viard-Leveugle et al., 2013). 

 

Loss of RIPK3 or MLKL promotes inflammation but accelerates healing 

The rescue observed in the Ripk1+/- mice described in the previous chapter suggested a 

potential role for necroptosis in SM induced lesion formation. It was therefore surprising to 

 
in this screen NSG mice are derived from the BALB/c background hence I have included 

WT BALB/c controls in this instance. The SM response in BALB/c mice is on the normal 

spectrum observed in WT C57BL/6 mice. 

Figure 5.3 – Representative 

images of NSG and Rag1-/- mice 

at day 3 post injection of SM. 

Unlike the majority of mice used 



   115 

find that both Ripk3-/- and Mlkl-/- mice had a similar degree of epidermal loss at day 1 post 

SM to WT mice and that the day 1 lesional sites on these mice were, if anything, hyper-

inflammatory, both macroscopically and biochemically (Chapter 4, Fig. 3d&f). This result 

was interesting but discussed only briefly in that publication. RIPK3 and MLKL are the 

activation and effector arm of necroptosis and absence of these proteins should block 

necroptotic cell death. Necroptosis is generally considered to be an inflammatory type of 

cell death as it results in the release of damage associated molecular patterns (DAMPs) that 

are themselves able to promote inflammatory signalling. One might expect that absence of 

these molecules and thus prevention of necroptosis in an inflammatory disease might 

reduce inflammation or be at least neutral if necroptosis plays no role. 

 

The lesional severity remained higher than usual for Mlkl-/- mice at day 3 post injection but 

Ripk3-/- mice had reduced clinical severity compared to WTs at this time point. There was a 

reduction in secondary injury to the dermis as indicated by reduced dermal CC3 in both the 

Ripk3-/- and Mlkl-/- mice. Notably, IL-6 production was extremely elevated, averaging more 

than twice as high as WT, in both strains at day one post injection and in Mlkl-/- this 

cytokine remained higher than WT at day three. When combined with Ripk1+/-, absence of 

MLKL still resulted in elevated IL-6 compared to WTs (Fig 5.4a). This was apparent even 

in untreated skin where Mlkl-/- and Ripk1+/-Mlkl-/- both had elevated IL-6 in the skin 

compared to controls (Fig 5.4a&b).  

 

Lesion formation was still blocked in Ripk1+/-Mlkl-/- and the mice had comparable day 3 

lesion scores to Ripk1+/- mice (Fig. 5.1) and histologically there was no indication of 

epidermal detachment or other histological features of cell death. They did have mild to 
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moderate epidermal hyperplasia, more so than typically seen in the Ripk1+/- mice and all the 

Ripk1+/-Mlkl-/- mice developed keratin pearl structures by day 3 (Fig 5.5a) suggesting 

significant and rapid hyperproliferation despite the lack of epidermal disruption. The lack 

of epidermal death and detachment suggests that the rescue effected by loss of one allele of 

Ripk1 is still in play, however it appears that in this context MLKL, somewhat counter 

intuitively, appears to play a role in limiting production of inflammatory mediators. 

Similarly, Caspase8-/-Ripk3-/- mice, which were rescued from the epidermal cell death as 

expected, were hyper-proliferative at day 3 (Fig 5.5a) though as the caspase-8-/- mice are 

embryonic lethal I cannot properly control to what degree loss of RIPK3 is exacerbating 

inflammation over the rescue awarded by loss of caspase-8.  

 

Figure 5.4 – Analysis of cytokines in whole skin sampled from the lesional sites of 

mice KO for key proteins associated with necroptotic cell death. (a) IL-6 in whole 

dorsal skin from mice of the indicated genotypes. UT is untreated, D1 is day 1 post SM 

injection and D3 is day 3 post SM injection. (b) IL-6 in UT skin only. This is the same 

UT data from (a) but on a short axis for clarity (note that the first graph is in ng/mg, the 

second in pg/mg). Bars are mean ± SEM, Significance calculated by two-way ANOVA. 
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Despite the increase in inflammatory mediators, Ripk3-/- and Mlkl-/- seem to be recovering 

from the SM induced lesions quicker than control animals. This can be seen in the Ripk3-/- 

mice as early as day 3 post injection where, despite scoring higher than WTs at day 1 for 

clinical disease (Fig. 5.1) and despite histologically having a similar degree of epidermal 

ablation at that same stage (Chapter 4, Fig. 3e), the day 3 scores for these mice are 

 

Figure 5.5 – Accelerated histological recovery of Ripk3-/- mice at day 3 post SM 

injection (a) Representative H&E staining of injection area skin at 3 days post 

injection from mice of the indicated genotypes. KP indicates keratinsed pearl. Scale 

bars are 100um. (b) Representative H&E staining, ultra-wide view of the lesional area 

of from mice of the indicated genotypes at day 3 post injection. Black arrows indicate 

the healing edges. Scale bars are 1mm. 
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considerably lower than WT (Fig 5.1). The macroscopic appearance of the day 3 lesions on 

the Ripk3-/- mice was distinctive, appearing tight and bright white as if a wider wound had 

rapidly contracted. This is the only strain where I observed this particular lesional 

morphology. Day 3 histology also shows remarkable recovery (Fig 5.5b). This may be in 

part a direct effect of the high levels of cytokine. IL-6 deficiency has been shown to delay 

wound healing in mice through reduced, macrophage and neutrophil recruitment, reduced 

angiogenesis and delayed re-epithelialisation (Lin et al., 2003). There may also be other 

elevated cytokines, such as IL-1, which is known to promote expression of keratin 6, an 

important keratin species in epidermal proliferation, that have not as yet been examined in 

this context. Mlkl-/- mice however do not demonstrate a similar day 3 rapidly contracted 

lesional morphology despite even higher IL-6 levels.  

 

By day 7 both the RIPK3 and MLKL KO mice have considerably better recovery from the 

SM induced lesions than WTs. While WT mice still have visible scabs at the lesional site at 

day 7, Ripk3-/- mice have no remaining visible lesions, and Mlkl-/- have only small areas of 

visible slough remaining (Fig 5.6a). This can be seen histologically by looking at the entire 

lesional area in cross section. Lesions in WT mice are certainly resolving with clear 

proliferative, healing edges visible (black arrow). Equally clear is the area that remains 

absent the epidermis. Below that space can be seen dermal fibroid necrosis and cellular 

debris forming the wound eschar. The re-epithelialisation proceeding from the healing edge 

is extending downwards and will continue underneath this area of dead dermal tissue, 

excising it as a scab as the healing process continues. Ripk3-/- mice in contrast appear to 

have near complete epidermal coverage over the lesional area at this stage, though 

hyperplasia is still evident. Mlkl-/- mice appear slightly less advanced than Ripk3-/- mice but 
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considerably more advanced than WTs with the healing edges much closer together. 

Interestingly it looks like there is some dead epidermis in place (red arrows), under which 

the healing edge is extending. This is likely what can be seen visibly sloughing away on the 

macroscopic wounds. This suggests that there was not the extensive dermal eschar as is 

seen in the WTs (Fig. 5.6b). Quantification of the healing wounds by measuring the 

shortest distance across the centre of the remnant lesion indicates an overall healing 

advantage for the Mlkl-/- and particularly for the Ripk3-/- after SM induced cutaneous injury, 

though it is worth noting that the initial injuries are not of a standardised size as in an 

excision wound study (Fig. 5.6c). 

  

Figure 5.6 – Accelerated macroscopic and histological recovery of Ripk3-/- and Mlkl-/- 

mice at day 7 post SM injection (a) Representative images of the indicated strains at 7 

days post SM injection (b) Representative histological (H&E) view of the lesional areas 

from the same mice. Scale bars are 500uM, black arrows indicates the healing edge, red 

arrows indicate dead epidermis, green dotted line and Es indicates the area of eschar 

(c) Wound width at day 7 post SM injection as measured by the shortest distance across 

the centre of the visible scab, bar shows the mean ± SEM, each dot represents an 

individual animal, significance calculated by one-way ANOVA. 
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The severity of the response at the early stage seen with RIPK3 or MLKL deficiency 

suggests necroptosis is at most a minor contributor to pathogenesis during the induction 

phase of the lesions. Indeed, considering the enhanced IL-6 expression it could actually be 

limiting disease. If necroptosis is a ‘normal’ (though perhaps not dominant) feature of the 

SM induced lesions then blocking it leaves cells that ought to have died, in place where 

they can keep producing large amounts of cytokines such as IL-6. However, the Ripk1+/-

Mlkl-/- mice also have elevated IL-6 compared to Ripk1+/-. If the Ripk1+/- mice are not fully 

blocking necroptosis (possible given they are absent only 1 allele of Ripk1) then I might 

expect to see some clinical or histological differences between these two strains. 

Unfortunately, I do not have a good histological marker for necroptosis, however I have not 

observed any morphological differences on H&E that might indicate the presence of 

necroptotic cells in the Ripk1+/- at day 1 post SM. The Mlkl-/- and Ripk1+/-Mlkl-/- mice also 

have significantly higher IL-6 in untreated skin, though not on the same scale as the SM 

stimulated samples. This certainly suggests that MLKL performs some function even in 

steady state that limits IL-6 production. 

 

The accelerated recovery of the Ripk3 and Mlkl KO mice may be in part due to the 

enhanced cytokines in these KOs driving proliferation but they may also indicate that 

necroptosis plays a role in limiting recovery from the sort of injury such as occurs in TEN. 

Indeed, this may be a feature of any injury where the epidermis is compromised and the 

underlying tissues exposed. Tnfr1 KO BALB/c mice have accelerated cutaneous wound 

healing (Mori et al., 2002) and TNFα inhibition improves healing in diabetic mice (Siqueira 

et al., 2010) both of which suggest that TNF signalling can impair wound repair. It is 

conceivable that broad exposure of the dermis to the environment causes the tissue to 
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‘panic’ driving signalling down a TNFR1 mediated necroptotic cell death pathway. Mouse 

dermal fibroblasts are known to be sensitive to necroptotic cell death in tissue culture 

(Murphy et al., 2013). This panic response may be excessive leading to further 

inflammatory signalling, promoting both apoptotic and necroptotic cell death and delaying 

healing. In the SM injection model mice deficient in RIPK3 or MLKL have considerably 

less CC3 positive staining than WT mice in the dermis in such areas where epidermal 

barrier integrity is compromised, despite a similar degree of epidermal ablation on par with 

what is seen in WT mice at day 1. This may be reflective of the secondary damage caused 

due to necroptotic cell death upon exposure of the dermis to the environment.  

 

What this could mean is that in addition to a role for RIPK1 inhibitors in limiting damage 

from the primary insult in TEN, there is also potentially a role for the use of RIPK1, 

RIPK3, and MLKL inhibitors in promoting recovery from certain types of injury, 

particularly when the epidermis is compromised. In addition to TEN patients, burn victims 

immediately come to mind. As is the case in TEN, survival of patients with extensive burns 

can often depend on supporting them through the most high-risk period while maintaining 

hydration and pain relief, and avoiding infection. The quicker that the epidermis is 

recovered in these patients the quicker they are out of the most high-risk period. If 

necroptotic cell death in the dermis is delaying healing, then treatment with these inhibitors 

may promote a quicker recovery. 
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Normal/Healthy microbiota primes skin cells to respond to smac-mimetic  

Screening pattern recognition receptor knock-outs for loss of sensitivity to smac-

mimetic 

While my initial screen focussed on TNF superfamily signalling, I also screened a number 

of strains KO for pattern recognition receptor (PRR) signalling components. Non-rescues 

include Nod2-/- and Ripk2-/-, which play a role in NOD signalling pathways (Fig. 5.1). 

Interestingly, mice that are absent MYD88, the adapter molecule for the majority of the 

TLRs, had significantly reduced clinical scoring (Fig. 5.1) and lesion formation (Fig. 5.7a). 

Figure 5.7 – Macroscopic and histological sensitivity of Myd88 or Trif KOs to SM 

induced lesions. (a) Representative images of mice of the indicated genotypes at day 3 

and day 1 post injection of SM. Approximate lesional areas are circled (b) H&E and 

IHC (CC3, Ki67, CD3) analysis of skin from the centre of the lesional sites in the 

indicated strains at day 1 and day 3 post injection. Scale bar is 100um. 
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MYD88 deficient mice had a clear histological rescue with no signs of epidermal ablation, 

though the mice still responded to SM injection with epidermal hyperplasia, scattered CC3 

positive keratinocytes, and considerable CD3+ cellular infiltrate (Fig 5.7b). In contrast, 

mice absent the TLR3/4 adapter molecule TRIF had no reduction in clinical or histological 

severity. 

 

TNF and IL-6 were reduced in the Myd88-/- mice at day 1 and day 3 post SM injection 

compared to WTs, however, MCP1 expression remained high (Fig. 5.8). Despite the lack of 

apparent rescue, TNF and IL-6 are also reduced in the TRIF KOs, though to a lesser degree. 

 

An early SM time course indicates epidermal proliferation occurs prior to 

epidermal cell death 

In order to further dissect the inflammatory process occurring during SM induced lesion 

formation I performed an early time course of the SM injections in WT mice. I found that 

 Figure 5.8 – Analysis of cytokines in lesional site whole skin from Myd88-/- or Trif-/- 

mice. UT is untreated, D1 is day 1 post SM injection and D3 is day 3 post SM injection. 

Bars indicate the mean ± SEM, each data point represents an individual animal, 

significance calculated by two-way ANOVA. 
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as early as 1-3 hours post injection the epidermis was already undergoing a proliferative 

response to the SM with a number of areas showing increased Ki67 expression. It was at 

these time points that I also started to see mild infiltration of CD3+ cells into the papillary 

dermis and the epidermis, particularly around hair follicles. Surprisingly, epidermal cell 

death did not become a feature until the 6 hour time point implying that such cell death is a 

downstream event, occurring after CD3 infiltration and epidermal proliferation begin (Fig. 

5.9).  

Significant increases in IL-6 and TNF can be seen at 6 and 12 hours respectively though 

neither of these cytokines reach the level typically seen at day 1 post injection during this 

early time course. MCP1 production however, is significantly elevated at 3 hours post 

injection and peaking at 6 hours suggesting that chemotaxis is an early event (Fig. 5.10). 

 

Figure 5.9 – Histological 

analysis of an early SM time 

course in WT mice. IHC 

(CC3, Ki67, CD3, CD45) 

analysis of skin from the 

centre of the injections sites 

in WT mice at the indicated 

time points post injection. 

Scale bars are 100um. 
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Germfree mice are not sensitive to SM induced lesions 

The rescue in the Myd88-/- mice suggested a potential role for microorganisms in the 

aetiology of the reaction. For this reason, I decided to try the SM time course in WT mice 

born and raised in abiotic conditions. While I had hypothesised a similar degree of rescue 

as was seen in the Myd88-/- mice I was surprised to discover that most of the germfree mice 

had absolutely no response to SM; lesionally, histopathologically, or biochemically. I do 

see a mild reaction in approximately 1/5 of injection sites, but the remaining animals had a 

complete lack of response (Fig. 5.11a, b, c). In the ELISA data, the elevated germfree 

readings correspond to the mild responders; non-responders had basal levels of cytokines 

(Fig. 5.11c).  

 

I had thought perhaps the GF mice may have had the mild early proliferative response as 

seen by 3hrs post injection in SPF mice (Fig. 5.9) however, I found that they had no 

response to SM injection at the early time points either, with normal Ki67, CD45, and CD3 

 

Figure 5.10 – Analysis of cytokines in whole skin sampled from the injection sites of 

WT mice at the indicated time points post SM injection. Bar indicates the mean ± SEM, 

each data point represents an individual animal, significance indicating significantly 

different from untreated was calculated by one-way ANOVA. 
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expressing cells, no keratin 6 expression in the epidermis and normal Keratin 14. I do not 

see CC3 in the epidermis at the 6hr time point when it first became apparent in the SPF 

mice (Fig. 5.12).  

 Figure 5.11 – Analysis of germfree mice injected with SM (a) Representative images of 

WT mice from either Specified Pathogen Free (SPF) or germfree (GF) housing at day 3 

and day 1 post injection of SM. (b) H&E and IHC (CC3, Ki67, CD3) analysis of skin 

from the centre of the lesional sites of GF and SPF mice. Scale bar is 100um. (c) 

Analysis of cytokines in whole skin sampled from the injection sites of WT and GF mice 

at day 1 and day 3 post SM injection. Bars indicate the mean ± SEM, each data point 

represents an individual animal. Significance calculated by two-way ANOVA. 

 



   127 

 

The immunological naivety of these mice could mean that they were inherently unable to 

mount a proper immune response to SM. However, I found that upon introduction to an 

SPF microbiota GF mice were quickly able to acquire the ability to respond. Mice injected 

immediately after the GF animals were first exposed had a detectable lesional response, 

though less severe than normal SPF mice. GF mice after 3 days exposure had a normal SPF 

like response both clinically and histopathologically (Fig. 5.13 a&b). 

 

Figure 5.12 – Histological analysis of the early SM time course in germfree mice. 

IHC (CC3, Ki67, CD3, CD45) analysis of skin from the centre of the injection sites in 

GF mice at 1, 3 and 6 hours post injection. Scale bars are 100um 
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Co-injection of SM with TNF does not sensitise germfree mice to SM induced 

lesions 

The screen of KOs conducted in the previous chapter indicated that TNFR1 signalling was 

central to the formation of SM induced lesions and I wondered if germfree mice were 

simply not producing TNF in the skin. I decided to see if co-injection of SM with TNF 

would sensitise germfree mice to SM. I included 20ng of mouse Fc-TNF in the 100ul 

injection of 1mg/ml SM. Germfree mice did not respond to this combined dose of TNF and 

SM suggesting that simply ensuring TNF is present is insufficient to trigger the cell death 

in germfree keratinocytes (Fig 5.14).  

 

Figure 5.13 – Analysis of 

germfree mice exposed to 

SPF microbiota prior to 

SM injection (a) 

Representative images of 

SPF mice and GF mice  

introduced to an SPF microbiota for the indicated time periods prior to SM injection at 

3 days post injection. (b) H&E and IHC (CC3, Ki67) analysis of skin from the centre of 

the lesional sites in the indicated strains at day 3 post injection. Scale bar is 100um. 

 

Figure 5.14 – Representative images 

of SPF mice injected with SM, and 

GF mice injected with either SM or 

SM + TNF at 3 days post injection. 
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Pre-treatment with antibiotics reduces smac-mimetic-induced skin inflammation 

Further demonstrating a direct role for microorganisms in driving the TEN like response we 

found that 10 days pre-treatment with either oral antibiotics (weight dependent oral gavage 

dosing mixture consisting of 100mg/kg ciprofloxacin, 100mg/kg metronidazole, and 

1mg/kg Amphotericin B; and ad libitum antibiotic water containing 1mg/ml gentamicin, 

and 2mg/ml neomycin sulphate) or topical antibiotics (triple antibiotic ointment; TAO) 

consisting of 3.5 mg/ g of base neomycin sulphate, 400U/g Bacitracin Zinc, and 5000U/g 

Polymixin B) resulted in a reduction in lesional severity at day 3. Two days pre-treatment 

with topical antibiotics was sufficient to effect a considerable reduction in lesional severity 

at day 3 post injection (Fig. 5.15a), even more so than the reduction seen after 10 days of 

antibiotic treatment. This may be in part due to mild bacterial bounce back following an 

initial reduction in colony forming units (CFU) from skin swabs (Fig. 5.15b).  

 

Figure 5.15 – SM induced lesions on SPF mice pre-treated with oral or topical 

antibiotics (a) Representative images of WT mice treated with antibiotics as indicated, 

at Day 1 and Day 3 post SM injection. Oral Ab is oral antibiotics, TAO is triple 

antibiotic ointment, (b) Colony Forming Units (CFU) detected by skin swab during the 

10 days pre-treatment with antibiotics as indicated. 
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When the individual components of the triple antibiotic ointment are applied for two days 

prior to SM injection we can see that of the individual components, neomycin in particular 

is able to effect both the most effective reduction in CFU (Fig. 5.16a) and the most 

effective reduction in clinical severity (Fig. 5.16b).  

 

Histologically, at day 1 post injection there is still widespread epidermal cell death 

observed in the mice treated with topical antibiotics (combined and individually) but the 

death is interrupted enough that epidermal detachment is not confluent (Fig. 5.17a). This 

results in more seeding points from which epidermal recovery can occur. Whereas control 

animals typically have no proliferating keratinocytes in the epidermis in areas of 

widespread cell death, in the antibiotic treated animals there are often scattered Ki67 

positive cells amongst the dying cells of the epidermis. The consequence of this can be seen 

at day 3 by the effective re-epithelialisation, particularly in the mice pre-treated with TAO 

 

Figure 5.16 – SM induced lesions on SPF mice pre treated with individual topical 

antibiotics (a) CFU isolated by skin swab of the intended injection site after 2 days of 

topical antibiotic treatment immediately prior to SM injection. (b) Representative 

images of WT mice treated with topical antibiotics as indicated, at Day 1 and Day 3 

post SM injection. Neo is Neomycin only, BZ is Bacitracin Zinc only, and PB is 

Polymixin B only. 
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or Neomycin (Fig. 5.17b). Where UT control animals have extensive epidermal separation 

or ablation at the lesion centres at day three, antibiotic treated animals frequently have 

epidermal hyperplasia, a consequence of rapid recovery of the epidermis. 

 

One possible reason for this pattern may be to do with priming of keratinocytes by 

commensal microorganisms. I theorise that the keratinocytes that were already in place 

prior to the start of antibiotic treatment were primed in some way by the commensal 

microbiota. For example, it may be that prior to commensal exposure keratinocytes do not 

  

Figure 5.17 – Histological analysis of lesional sites from SPF mice pre treated with 

topical antibiotics (a) H&E and IHC (CC3, Ki67) analysis of skin from the centre of the 

injections sites of WT mice pre-treated with antibiotics as indicated at day 1 post 

injection. (b) H&E from the day 3 sites on the same mice. Scale bars are 100um. 
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produce some of the cellular machinery required for the signallings to occur. Under normal 

circumstances, keratinocytes proliferate, and new ‘naïve’ keratinocytes are present in the 

stratum basale, these cells would quickly experience normal commensal exposure and 

produce missing signalling components and become ‘primed’ keratinocytes. This does not 

mean that they are actively utilising those pathways, just that they are ready to use them 

should a circumstance arise that would necessitate their activation. During the two days of 

antibiotic pre-treatment, normal proliferation of the epidermis would have resulted in 

production of these ‘naïve’ keratinocytes, however as the skin microbiota has been so 

disrupted by the topical antibiotics these new cells are subsequently less exposed to 

microbiota and therefore less vulnerable to the processes leading to cell death. 

 

Interestingly, 10 days pre-treatment with TAO seems to have resulted in a greater reduction 

in cytokine production compared to 2 day pre-treatment. This is particularly the case for 

MCP1 and IL-6. TNF production is reduced in the TAO treated animals but seems to be 

less of a feature in the single agent treatments (Fig. 5.18). However, the lesional response 

with the longer antibiotic pre-treatment is not substantially less than with the short pre-

treatment (Fig 5.15a). There is some microbial bounce back seen with the long-term 

treatment though CFUs obtained from skin swabs are an order of magnitude fewer (Fig. 

5.15b). This may be enough to ensure there is substantial priming of ‘naïve’ keratinocytes 

generated over the 10-day period, though perhaps the reduced CFU affects the priming 

level. It could be that over the 10-day pre-treatment phase many of the new keratinocytes 

are still being primed to make the signalling machinery but as the commensal exposure is 

reduced the levels of said machinery may be less than in normal keratinocytes without 

antibiotic treatment. These cells still respond to SM resulting in cytokine production and 
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cell death but the amount of cytokine produced upon injection of SM is less. 

 

Topical pre-treatment with TLR ligands sensitises germfree mice to SM injection 

I wanted to understand better how a specified pathogen free (SPF) microbiota, an ostensibly 

healthy microbiota, could initiate such a strong inflammatory reaction in the absence of 

IAPs. In order to investigate by what mechanisms the SPF microbiota may be driving the 

response to SM, I pre-treated germfree mice with low dose topical TLR ligands for 5 days 

prior to injection. Lipopolysaccharide (LPS) is a component of the cell membrane of gram-

positive bacterial species, it is also a ligand for TLR 4 and signals extra-cellularly through 

Myd88. When detected intra-cellularly the signal goes through TRIF. CpG-

oligodeoxynucleotides (CPG-ODN) is synthetic double stranded DNA that mimics the 

presence of a variety of bacteria and viruses. It is detected by TLR 9 and signals through 

Myd88. Polyinosinic:polycytidylic acid (Poly I:C) is a synthetic analogue of ds RNA, 

mimicking the presence of some viruses. It is detected by TLR 3 and signals exclusively 

through TRIF. I found that pre-treatment with any of these three ligands was sufficient to 

 

Figure 5.18– Analysis of cytokines in whole skin sampled from the lesional sites of 

SPF mice pre-treated with topical antibiotics. Bars indicate the mean ± SEM, each 

data point represents an individual animal. Significance values calculated by two-way 

ANOVA and indicate difference from no antibiotics group at the same time point. 
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prime the skin to a lesional response to SM (Fig. 5.19a) though the severity of the response 

was variable. The response to topical LPS included extensive epidermal cell death (CC3), 

severe enough to cause epidermal ablation at day 1 (Fig. 5.19b). Histopathologically both 

CpG and Poly I:C resulted in considerable cell death in the epidermis but generally not 

enough to cause complete epidermal ablation in the injection area, allowing quicker 

recovery, epitomised by better epidermal coverage at day 3 (Fig. 5.19b).  

 

In keeping with the macroscopic and histological response, cytokine production was 

elevated in mice primed with each of these three ligands, in the case of LPS almost to the 

same degree as SPF mice (Fig. 5.20). 

 

Figure 5.19 – Analysis of 

germfree mice pre-treated with 

topical TLR ligands prior to SM 

injection (a) Representative 

images of SPF mice and GF mice, 

topically pre-treated for 5 days 

with the indicated TLR ligands, at 

day 3 post injection of SM. (b) 

H&E and IHC (CC3, Ki67, CD3) 

analysis of skin from the centre of 

the lesional sites in the indicated 

strains at day 1 and day 3 post 

injection. Scale bars are 100um.  
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The use of these three ligands allowed me to examine if the microbe associated response 

was specific to either TRIF or MYD88 mediated TLR signalling. The across the board 

response suggest that priming will occur to some degree via either of these pathways. 

 

Single species colonisation with S. epidermidis sensitises germfree mice to SM 

injection 

In order to identify if particular bacterial species are capable alone of inducing a response 

to SM I decided to colonise germ free mice with single bacterial species, either 

Staphylococcus epidermidis or Escherichia coli, prior to SM injection. S.epidermidis is an 

extremely frequent and common skin species, part of a normal, healthy microbiota that can 

actually limit colonisation of pathogenic species such as S. aureus (Gallo and Nakatsuji, 

2011, Iwase et al., 2010). It is also a known opportunistic pathogen associated with hospital 

acquired infections in particular and is known for the formation of biofilms on indwelling 

  

Figure 5.20 – Analysis of cytokines in whole skin sampled from the lesional sites of 

germfree mice pre-treated with TLR ligands. Bars indicate the mean ± SEM, each data 

point represents an individual animal. Significance values calculated by two-way 

ANOVA. Red significance indicators are difference from germfree at the same time 

point, blue are difference from SPF at the same time point. 
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medical equipment such as catheters (Schoenfelder et al., 2010). However, deep 

colonisation of the skin has been shown, with S. epidermidis found below the basement 

membrane (Nakatsuji et al., 2013), which suggests that the skin may actually ‘allow’ 

certain species, including S. epidermidis, to colonise into the immunologically reactive 

areas of the skin.  

 

As there has been much work linking the disruption of the gut microbiota to systemic 

inflammation driving auto inflammatory disease at distal sites, I wondered, could this also 

translate to a priming response to SPF, non-dysbiotic microbial populations. Essentially, 

could gut colonisation be priming mice to respond to SM at the periphery or do bacteria or 

bacterial products need to be present on the skin? E.coli is an extremely frequent gut 

commensal. There are pathogenic strains that can cause considerable illness, but it is also a 

perfectly normal part of a gut microbiota. E.coli are not typically found as part of the skin 

microbiota. E.coli are also a gram-negative species, which therefore produce LPS. Given I 

had the strongest response in the TLR priming experiment to LPS I figured if a gut 

commensal was going to be able to prime the immune system of the mice to respond to an 

insult at the skin an LPS producing E.coli should suffice.  

 

Mice were exposed to S.epidermidis or E. Coli by inclusion of bacterial broth in food mash 

for 3 days, 1 week prior to injection of SM. Colonisation of the skin and the gut was 

assessed and all mice were found to have been effectively colonised by either S.epidermidis 

or E. Coli in the gut (Fig5.21a). However, while S. epidermidis did effectively colonise the 

skin, I detected only occasional E. coli bacterium by skin swab (Fig. 5.21b), suggesting that 

the bacteria may be getting on the skin, an inevitability for a mouse housed with its own 
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faeces, but that the bacteria are not colonising the skin and establishing themselves in that 

niche.   

 

Mice colonised with S.epidermidis had a near normal lesional response to SM injection 

(Fig 5.22), implying that even a common commensal species, a normal part of a healthy 

microbiome, and a species the skin in fact allows to colonise into immunologically reactive 

areas is able to drive an over reaction to SM. In contrast Upon SM injection the E. coli 

colonised mice had no response (Fig. 5.22). 

 

This outcome suggests that keratinocytes do require direct stimulation with bacteria or 

bacterial products in order to be primed rather than potentially being primed by bacterial 

recognition at distal sites such as the gut. 

 

 

with S. Epidermidis or E. Coli. Bars indicate the mean ± SEM, data points represent 

individual animals (b) Quantification of CFU isolated from skin swabs of SPF mice vs 

germfree mice colonised with S. Epidermidis or E. Coli. Bars indicate the mean ± SEM, 

data points represent individual animals.  

Figure 5.21 – Assessment of 

the single species 

colonisation efficiency (a) 

Quantification of CFU from 

caecal contents of SPF mice 

vs germfree mice colonised 
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IL-1R and IL-1β depletion also substantially protect from SM induced keratinocyte 

cell death in-vivo but not from epidermal hyperplasia or immune cell infiltration. 

MYD88 is the adapter molecule for not only the TLRs but also for IL-1R. Absence of IL-

1R in mice results in a clear clinical and histopathological protection from SM induced 

lesions, as does IL-1β deficiency. Il1r-/- mice have little cell death apparent histologically 

though there is epidermal hyperplasia and T-cell infiltration. There is slightly more cell 

death in the Il-1β-/- mice than in the IL-1r KOs which may indicate some activation of IL-

1R via IL-1α as well, though it certainly appears that the bulk of the response can be 

blocked by IL-1β deficiency. However, injection of the SM compound into Asc-/- or 

Caspase1-/- mice effects no such rescue (Fig 5.23a&b). 

 

 

Figure 5.22 – Mice born and raised in germfree the colonised with single bacterial 

species prior to SM injection. Representative images of SM induced lesions on WT mice 

with the indicated microbial colonisations (SPF, germfree or germfree colonised with 

S.epidermidis or E.coli) at day 3 post-injection of SM.  

 



   139 

ASC is the adapter molecule for inflammasome formation and Caspase 1 is the effector 

caspase for death signalling from the inflammasome. Their non-rescue strongly suggests 

that the production of IL-1β and subsequent activation of IL-1R is not due to signalling 

from the inflammasome and consequent pyroptotic cell death.  

 

Figure 5.23 – Macroscopic and histological sensitivity of IL-R, IL-1β, and 

inflammasome related KOs to SM induced lesions. (a) Representative images of mice 

of the indicated genotypes at day 3 and day 1 post injection of SM. Note that Il1r-/- mice 

were injected inguinally while the rest were injected in the flank, this was due to a 

technique refinement. I have included flank-injected controls in this figure and refer to 

figure 5.8 for the inguinally injected WT control. (b) H&E and IHC (CC3, Ki67, CD3) 

analysis of skin from the centre of the lesional sites in the indicated strains at day 1 and 

day 3 post injection. Scale bars are 100um. 
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Similar to the Myd88-/- mice, Il1r-/- mice had a significant reduction in IL-6 and TNF at day 

1 post SM, however MCP1 production remained elevated. Despite there being no apparent 

macroscopic rescue IL-6 is also reduced, though not as substantially, in the Asc-/- and 

Caspase1-/- mice (Fig. 5.24). This may represent inflammation associated with secondary 

injury such as from dermal exposure upon epidermal ablation that does occur in part via the 

inflammasome, however it does not appear that pyroptotic cell death is a major driver of the 

epidermal injury observed in this model. 

 

We have shown previously that in vitro depletion of cIAP1, cIAP2 and XIAP can cause 

significant activation of IL-1β via TNFR1 or TLR induced caspase-8 (Lawlor et al., 2015, 

Vince et al., 2012). In the context of the TEN like lesional disease induced by loss of IAPs, 

it seems that the major cell death inducing events occur downstream of IL-1R activated by 

IL-1β. However, this activation is downstream of some sort of over-reaction to commensal 

microorganisms. The initial epidermal hyperplasia and T-cell infiltration appear to be a by-

 

Figure 5.24 – Analysis of cytokines in whole skin sampled from the lesional sites of 

mice of the indicated genotypes. Bars indicate the mean ± SEM, each data point 

represents an individual animal, significance calculated by two-way ANOVA and 

indicates a significant difference from the WT at the same time point. No significance 

indicator or ns mean not significant. 
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product of this loss of commensal tolerance. The Myd88-/- rescue I observed is likely due to 

its role in IL-1R signalling. Although it appears that signalling through MYD88 can 

sensitise keratinocytes to commensal microorganisms, this can also occur to a degree 

exclusively through TRIF mediated signalling as shown by the response in germfree mice 

pre-treated with Poly I:C and may occur through other signallings not yet identified. 

Nonetheless, it remains the case that germfree mice are highly resistant to the SM induced 

TEN like lesional disease, and that the role that commensal microorganisms play in 

contributing to the disease is an early, initiating event. 
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CHAPTER 6 – GENERAL DISCUSSION 

 

Cell death as an important feature in inflammatory skin disease (ISD) 

TRAF2, cIAPs and LUBAC are distinct ubiquitin E3 ligases that play important regulatory 

functions in TNFR1 and other signalling pathways. LUBAC is a multi-subunit E3 ligase 

composed of HOIL1, HOIP, and SHARPIN (Gerlach et al., 2011). TRAF2 helps recruit 

cIAPs to the TNFR1 signalling complex, while SHARPIN is recruited together with the 

other LUBAC components, to the ubiquitin chains generated by cIAPs. It is therefore 

unsurprising that genetic deficiency in any of these three proteins results in phenotypes 

with related pathologies, and in this thesis I have explored the role of these proteins in 

inflammatory cutaneous phenotypes by analysing knock-out (KO) mice. One consequence 

of TNFR1 signalling is cell death and I have particularly focused on the role of TNF 

induced cell death in inflammatory skin diseases in these mice. 

 

Apoptotic cell death is often considered to be non-inflammatory. One basis for this idea is 

that over 1x1011 apoptotic cell deaths/day occur in the average human. And indeed, intrinsic 

apoptosis pathways that lead to the activation of caspase-9 and caspase-3 feature 

mechanisms that actively suppress potentially inflammatory responses. For example, the 

apoptotic caspase cascade functions to prevent type I interferon production during Bax/Bak 

dependent apoptosis (White et al., 2014) and DNA, which is highly inflammatory, is 

cleaved into small fragments (Kawane et al., 2014). However, the assumption that all 
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apoptosis is inherently immunologically silent is an over simplification. Indeed, multiple 

interacting factors are involved in the determination of whether or not cell death is 

immunogenic (Green et al., 2009). The activation history of the cell may affect 

immunogenicity - was it undergoing stress prior to death. Or the nature of the apoptotic 

stimuli and the particular pathway that is activated - apoptosis initiated via a pathway such 

as TNFR1 may result in production of further inflammatory mediators that are actively 

released during apoptosis. Innate receptors have the ability to activate RIPK containing 

complexes and the ripoptosome exists at the nexus of apoptosis, necroptosis, survival 

signalling, and the inflammasome. To say that apoptosis is immunologically silent is to 

focus on the final outcome, the packaging of cellular contents preventing the release of 

Danger Associated Molecular Patterns (DAMPs) and ignoring the process, which will 

rarely occur in isolation in living organisms. 

 

Rapid clearance of apoptotic cells can help limit immunogenicity. Apoptotic cells are 

known to emit ‘find me’ and ‘eat me’ signals to attract phagocytes and prompt them to 

rapidly consume the dying cell. These events may occur very early after the initiation of 

cell death, before membrane permeabilisation and thereby limit leakage of intracellular 

contents. However disposal of apoptotic cells in barrier tissues may pose unique problems. 

For example, rapid removal of dying cells, without a mechanism to seal the gap thereby 

generated, may be more damaging to barrier integrity than retaining a dying cell in place as 

long as possible. By analogy, a crumbling brick in a wall may function better than no brick 

at all.  And if the epidermal barrier is breached this may allow commensal bacteria to 

invade unleashing an intense inflammatory response. Furthermore, the tight junctions 

between surrounding keratinocytes might impair the ability of professional cells to 
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approach and engulf such cells. However if there is a delay in engulfment this can result in 

secondary necrosis and the release of DAMPs, as formerly apoptotic cells break down 

(Green et al., 2009).  

 

We have previously demonstrated that SHARPIN deficient keratinocytes are sensitised to 

TNFR1 induced, caspase-8 mediated apoptosis, and that it is this process that drives the 

dermatitis in the Sharpincpdm mice, while necroptosis and IL-1R activation play only a 

minor role in that skin pathology (Rickard et al., 2014). Similarly in the Traf2eko/eko mice 

MLKL deficiency did not prevent the phenotype, however, combined Mlkl and Caspase-8 

KO prevented TNF dependent cutaneous disease suggesting again that apoptotic cell death 

can be a driver of inflammatory phenotypes (Etemadi et al., 2015). 

 

It is interesting to consider not only the similarities between these mutants, but the 

differences. Despite cIAPs being recruited to TNFR1 signalling by TRAF2 the phenotype 

of the cIAP1eko/ekocIAP2-/- mice is considerably more severe than that of the Traf2eko/eko 

(Anderton et al., 2017, Etemadi et al., 2015). Indeed, while all three phenotypes that I 

examined manifest with related epidermal pathologies, the clinical presentation of each 

phenotype is distinctive. Thus each disease has a different localisation of inflammatory 

lesions. The ears and face are most affected in the Traf2eko/eko, while I see a widespread 

distribution in the cIAP1eko/ekocIAP2-/- knock-outs and in the Sharpincpdm mice the back, chin 

and face (except the ears) are most affected. The severity of the disease is also different 

with cIAP1eko/ekocIAP2-/->Sharpincpdm>Traf2eko/eko, as is the age of onset (neonatal for 

cIAP1eko/ekocIAP2-/-; post-weaning for Sharpincpdm; post maturity for Traf2eko/eko). This 

variability in phenotype presentation may reflect their different roles in regulating different 
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innate receptor signalling pathways and may also indicate a localisation specific expression 

of either these E3 ligases or the signalling modules (Cheng et al., 2018). However it also 

mimics the symptomatic heterogeneity of ISDs in general. There may be similarities in 

some genetic susceptibilities but each disease will manifest depending on multiple, 

complex interactions of particular signalling components. At any rate, it would be 

interesting to explore the expression levels of each of these proteins in human ISD, 

particularly those disease that feature keratinocyte cell death. 

 

Langerhans cells (LCs) can drive T-cell independent cutaneous pathologies 

While CD11b and CCR2 expressing cells may play some role in exacerbating the 

Sharpincpdm phenotype, the depletion of LCs afforded the best rescue of the phenotype in 

Sharpincpdm mice. We have previously shown that Chronic Proliferative Dermatitis (CPD) 

in SHARPIN deficient mice is TNF dependent (Rickard et al., 2014). Considering the 

degree of rescue provided by LC depletion it is possible that LCs are an essential source of 

the pathogenic TNF driving this phenotype. The transcriptomic analysis currently 

underway will address this question while also providing more insight into LC function 

during the inflammatory process.  

 

Could LCs be a possible treatment target in inflammatory skin disease? In fact LC 

inhibition may already be part of the success of one of the central treatments in ISD as 

depletion or alteration of LCs is a known effect of UV phototherapy (Bacci et al., 1998, 

Seite et al., 2003). This kind of therapy has been shown to have considerable clinical 

effectiveness in treating not only psoriasis, but also eczema and lichen planus (Jarrett and 
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Scragg, 2017, Vangipuram and Feldman, 2016), both of which feature keratinocyte cell 

death (Bloor et al., 1999, Devi et al., 2014, Gueiros et al., 2012, Sagari et al., 2016, Tobon-

Arroyave et al., 2004, Trautmann et al., 2000). Accumulation of LCs has also been 

observed in lichen planus (Devi et al., 2014, Gueiros et al., 2012). Do LCs play a death 

inducing role in those conditions and if so, is that cell death an important contributor to 

overall pathogenesis? It would be interesting to measure cell death in patient samples, 

before and after phototherapy. 

 

As previously mentioned psoriasis is sometimes associated with HIV/AIDs, where it is 

characterised by a paradoxical worsening of symptoms with increasing T-cell depletion. 

Furthermore, the pathology in these patients is not T-cell driven which is similar to the 

CPD associated with SHARPIN deficiency. This suggests that there might be a similar role 

for LCs in HIV/AIDs psoriasis. It has been shown that LCs can serve as a reservoir of HIV 

(Matsuzawa et al., 2017, Mayr et al., 2017). Could their viral status affect LC inflammatory 

functions, potentially contributing to the cutaneous disease aetiology in that context? 

Patients with HIV associated psoriasis often experience a reduction in psoriasis symptoms 

with restoration of the T-cell population by anti-retroviral treatment (Morar et al., 2010). 

However my findings open up the possibility that T-cell recovery is only part of the story 

and it maybe that anti-retroviral treatment reduces viral load and thereby allows LCs to 

function normally. 

 

The frequent association of both dying cells and LC accumulation with hair follicles that I 

observed in the 3D imaging of whole skin mounts suggests that LCs may indeed be 

detecting and responding to the dead and dying cells. Hair follicles are a prime location to 
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consider in terms of microbial interactions with the host because microbe access to cells is 

not limited to the, immunologically inert, stratum corneum. As observed with the Smac-

mimetic injection experiments, commensal microorganisms are capable of contributing to 

cell death and driving inflammation in the skin. Could microorganisms be responsible for 

attracting or activating LCs in the skin of Sharpincpdm mice? Are the LCs responding to 

signals from keratinocytes that are over-reacting to commensal species, particularly in hair 

follicles? Or perhaps there are direct interactions of LCs with microorganisms and the 

SHARPIN deficiency is driving them to over-react in some way. Like cIAP1/2 and TRAF2, 

SHARPIN regulates signals downstream of TLR signalling (Wang et al., 2012, Zak et al., 

2011). Therefore, its dysfunction could be driving keratinocytes or LCs to a loss of 

commensal tolerance. The transfer of the Sharpincpdm mice into a germfree environment 

will address the role of the commensals in the CPD pathology. 

 

Differential role of cIAP1/2 during development vs homeostasis 

The early onset and severity of the ciap1eko/ekociap2-/- phenotype highlights the importance 

of these molecules during the neonatal period. In contrast, ciap1lox/loxciap2-/- mice that also 

carried a tamoxifen inducible form of cre, upon systemic treatment with tamoxifen from 6 

weeks of age until 4 months, developed only mild dermatitis on the ears (pilot data, not 

shown), akin to the phenotype of the ciap1eko/ekoXiap-/- mice. Similarly, the SM used 

throughout this thesis effectively targets cIAP1, cIAP2 and XIAP, however when we were 

piloting the protocol we also trialled another SM with a lower affinity for XIAP and found 

that the mice developed only mild dermatological symptoms after several weeks of 

treatment (data not shown). These preliminary results imply that cIAP1/2 are of critical 
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importance in the skin during the neonatal period, but less so during homeostasis in 

adulthood, so long as XIAP is still present. It would be interesting to study what the 

differences between neonatal and adult skin are that could be responsible for this difference 

in tolerance to cIAPs absence (Fig. 6.1). Could it be that XIAP is not effectively expressed 

in neonatal skin, making the neonatal keratinocytes effectively triple KO for the IAPs, and 

thus much more vulnerable to cell death? Or perhaps there are other important processes 

occurring during the developmental period for which the cIAPs are fundamentally required.  

 

This difference is potentially relevant in the context of ISD. A number of conditions, 

including psoriasis, are considered to be lifelong diseases and yet rarely manifests before 

the age of nine, with a peak onset for many patients in their 20’s or 30’s  (Guttman-Yassky 

et al., 2011a, Parisi et al., 2013). Why does it manifest particularly in this age group and is 

there a link with puberty? What is different about those patients that experience paediatric 

onset? In contrast atopic dermatitis is frequently a childhood condition with up to 25% of 

children developing symptoms at one time or another, and while the condition persists in 

many adults, a lot of children ‘grow out of it’, though up to 80% of them will go on to 

Figure 6.1 – Loss of cIAP1 

and cIAP2 in neonatal skin 

results in more severe 

disease than loss of the 

same molecules in adult 

skin. 
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develop asthma or allergic rhinitis later in life (Guttman-Yassky et al., 2011a). 

Understanding how these signalling defects alter the skin at different ages could help us to 

understand how these conditions might affect people of different ages, providing further 

insight into the aetiologies of these conditions. 

 

Commensal microorganisms prime adult keratinocytes to respond to SM 

injection 

It is clear from the SM experiments in germfree mice that in adult mouse skin, 

microorganisms or their products are required for an inflammatory response upon depletion 

of cIAP1, cIAP2, and XIAP. There were a number of KO strains that all had a similar 

reduction in clinical severity upon SM injection. These strains can be broadly categorised 

into three groups based on their histopathological features. Group 1 includes Tnfr1-/- and 

Ripk1+/-. These strains had mild (Tnfr1-/-) to moderate (Ripk1+/-) epidermal hyperplasia and 

some immune infiltration but no epidermal apoptosis. Group 2, consisting of Myd88-/-, Il1r-

/-, Il1β-/-, FasLgld/gld, FasLgld/gldTnf-/- and Tnf-/-Ifnγ-/- had moderate epidermal hyperplasia and 

immune cell infiltrate and mild to near absent scattered cleaved caspase-3 (CC3) positive 

keratinocytes indicating a low level of epidermal apoptosis. Group 3, consisting of the 

single Tnf and Ifnγ knock-outs had moderate epidermal hyperplasia and immune cell 

infiltration, comparable to group 2. Though apoptosis was reduced in group 3 when 

compared with wild type mice and therefore limited lesion formation, these mice still had 

considerably more epidermal apoptosis than group 2. 
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The degree of rescue observed in Tnfr1-/- mice when injected with SM suggests that 

activation of this pathway is a key event in the pathology. It is therefore striking that co-

injection of TNF with SM in germfree mice did not incite a response. This suggests that 

simply providing an appropriate ligand is insufficient to initiate the TNFR1 dependent 

steps. One reason for this could be that prior to exposure to microorganisms or microbial 

products adult keratinocytes are ‘naïve’, an idea already touched on when discussing the 

antibiotic pre-treatment experiments in chapter 5. Exposure to commensals may prompt 

these cells to start expressing some of the molecular machinery necessary for an 

inflammatory response.  

 

The microbial species that colonise the skin tend not to be harmful, at least in steady state. 

However tolerance and even mutualism does not prevent a bacterial species from 

potentially becoming pathogenic. While we have evolved mechanisms to ensure the skin 

does not over react to commensal microbial species, it is also important that skin cells, 

keratinocytes in particular as frontline cells, have mechanisms in place to ensure they are 

alert and responsive. The ‘primed’ keratinocytes would remain tolerant, but would be more 

capable of responding than ‘naïve’ keratinocytes. SM injection and the consequent 

depletion of the IAPs then triggers an overwhelming inflammatory response only if the 

keratinocytes are first primed (Fig. 6.2). To further investigate this possibility I have started 

to compare dermis and epidermis obtained from germfree and SPF mice, looking at the 

RNA and protein expression levels of the key molecular machinery associated with 

TNFR1, TLR, and IL-1R signalling.  
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IAPs maintain commensal tolerance in the skin 

Provided that keratinocytes have been "primed" then loss of cIAP1 and cIAP2 and 

inhibition of XIAP due to SM injection initiates a dangerous inflammatory response. The 

immediate consequences of SM injection include production of cytokines and chemokines, 

immune cell recruitment, and the epidermal proliferation response seen in all three KO 

groups and in the early time course, where proliferation clearly occurs prior to cell death. 

These features are cell death independent, seen to a degree even in the Tnfr1-/- mice upon 

SM injection. This suggests that these features are the result of activation of other 

signalling pathways regulated in some way by the IAPs that upon SM administration 

become deregulated. One possible source of this signal is from pattern recognition 

receptors (PRRs) activated by commensal microorganisms.  

 

Host/commensal interactions occur via microbial-associated molecular patterns (MAMPs) 

(Mackey and McFall, 2006). In steady state, there is continuous interaction of MAMPs 

with PRRs without initiation of inflammatory responses(Kubinak and Round, 2012, Round 

 

Figure 6.2 – Microbiota primes 

keratinocytes to respond to 

inflammatory stimuli including 

loss of IAPs. 
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and Mazmanian, 2009). Indeed a number of studies, primarily looking at the gut, have 

shown that TLRs, which allow cells to sense and respond to bacterial products, play a role 

in mediating non-inflammatory responses to the microbiota. PRR signalling in the mouse 

gut contributes to shaping the composition and localisation of the intestinal microbiota, and 

activation of TLRs and other PRRs can actually protect cells from inflammatory stimuli 

such as DSS induced colitis (Chu and Mazmanian, 2013, Rakoff-Nahoum et al., 2004, Saha 

et al., 2010). PRRs appear to have evolved not only as a means of initiating inflammatory 

responses to infection, but also in part to facilitate cross talk between commensal microbial 

communities and their hosts to maintain tolerance and enhance symbiosis (Chu and 

Mazmanian, 2013).  

 

It is known that signalling through the TLRs is affected by loss of the IAPs (Feoktistova et 

al., 2011, Lawlor et al., 2017, Lawlor et al., 2015, Vince et al., 2012) and thus SM induced 

loss of cIAP1 and cIAP2 and inhibition of XIAP could conceivably affect commensal 

tolerance in the skin, perhaps by switching the TLR signal from tolerogenic and 

communicative to inflammatory, resulting in the pathologies observed upstream of TNFR1 

activation and producing the inflammatory mediators required for the activation of TNFR1 

and other downstream processes leading to keratinocyte cell death (Fig. 6.3). 

 

The precise mechanism of how commensal tolerance is maintained and the nature of the 

link to IAPs remains an open question. If it is the case that SM induces a loss of commensal 

tolerance, then it can occur through either MYD88 or TRIF mediated pathways because 

loss of Myd88 or Trif alone did not prevent SM induced inflammation; however, there may 

also be other pathways involved. Injection of SM into Myd88-/-Trif-/- mice would answer 
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that question. If the loss of commensal tolerance is simply due to deregulated TLR 

signalling then the double KO would phenocopy the germfree result, however if loss of 

tolerance can occur through some other means, also potentially regulated by IAPs then the 

double KO would phenocopy the Myd88-/- mice.  

 
Production of lymphotoxin-α (LT-α) may be an important consequence of 

loss of commensal tolerance 

Tnfr1-/- mice have a high degree of rescue from the effects of SM injection, clinically and 

histopathologically, suggesting that activation of that pathway is an early event following 

loss of commensal tolerance. However, the Tnf-/- rescue is considerably less effective 

suggesting that the early stage activation of TNFR1 in this model occurs in the absence of 

TNF. It is therefore likely that TNFR1 activation in this case is partly, if not completely, 

initiated by the alternative TNFR1 ligand LT-α, which can initiate the same signalling 

cascade as TNFα (Etemadi et al., 2013). Although, I have not yet measured the level of LT-

Figure 6.3 – Loss of cIAP1/2 and XIAP 

drives a loss of commensal tolerance in 

primed keratinocytes. The consequence 

of this includes production of 

inflammatory mediators, immune cell 

recruitment, and epidermal proliferation. 

These three processes are likely 

interacting and influencing each other.  
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α in our model, this cytokine is likely to be produced by the infiltrating immune cells or by 

keratinocytes following SM injection, upstream of TNFR1 activation. 

 

SM injection into LT-α deficient mice would determine to what degree this cytokine 

contributes to the early activation of TNFR1 in this model. One might predict that LTα-/- 

mice would phenocopy the response seen in the Tnf-/- mice suggesting that both ligands are 

produced following SM injection and they operate semi-redundantly in this model. 

Alternatively, if LT-α is the dominant cytokine produced following loss of commensal 

tolerance then a LTα-/- mouse may phenocopy the Tnfr1-/-, by interrupting the process at this 

early stage. Either way, a LTα-/-Tnf-/- double knock-out would be expected to phenocopy the 

Tnfr1-/- upon SM injection. This investigation would help determine whether both TNF and 

LT-α should be targeted to treat TEN, and potentially other cutaneous diseases with related 

biochemical mechanisms such as lichen planus and GvHD. 

 

Mechanism of the TEN like lesional response upon injection of SM 

Based on the results of both the KO screen and the investigations into the role of the 

microbiota I have constructed a model outlining the mechanisms leading to the lesional 

response when IAPs are pharmacologically depleted in the skin (Fig. 6.4). 

 

Following keratinocyte priming by the microbiota and the proposed SM induced loss of 

commensal tolerance, there is activation of TNFR1. As this occurs in the absence of IAPs 

TNFR1 signalling favours complex II formation, RIPK1 dependent activation of caspase-8, 

and cell death (Fig. 6.4 section A). The group 1 KOs, Tnfr1-/- and Ripk1+/- block this cell 
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death. The Ripk1+/- rescue is particularly remarkable given that in the Ripk1+/- heterozygote 

there is still approximately 50% protein expression (Najoua Lalaoui, unpublished data).  

 

The phenotypes we see in the group 2 KOs suggest that the amount of cell death actually 

occurring as a result of this initial TNFR1 activation is minimal. Similar to the group 1 

KOs, the group 2 KOs all feature epidermal hyperplasia and immune infiltrates. What 

differentiates this group from group 1 is scattered keratinocyte apoptosis, attributable to 

TNFR1 induced cell death in a minority of sensitive cells. The keratinocytes, even when 

primed, are still mostly resistant to TNFR1 induced cell death.   

 

The rescue seen in the group 2 KOs suggests that the confluent apoptotic cell death that 

occurs upon SM injection into WT mice is dependent on IL-1β, IL-1R, MYD88, and FasL, 

acting downstream of TNFR1. The non-rescue of the Asc-/- and caspase-1-/- KOs suggests 

that cleavage of IL-1β and subsequent MYD88 dependent activation of IL-1R is occurring 

independent of the inflammasome and without inducing pyroptotic cell death. 

 

We and others have previously shown in vitro that in the absence of IAPs caspase-8 

activated by TNFR1 or TLR signalling can cleave pro IL-1β to the biologically active IL-

1β form and that this can occur independent of inflammasome and caspase-1 activation 

(Lawlor et al., 2017, Lawlor et al., 2015, Vince et al., 2012, Wicki et al., 2016, Yabal et al., 

2014). The role of caspase-8 in IL-1β processing may therefore account for the clinical and 

histological phenotypes seen in Il1r-/-, Il1β-/-, and Myd88-/- mice injected with SM (Fig. 6.4 

section B). In the in vitro model, XIAP loss is required for LPS or TNF induced IL-1β 
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secretion (Lawlor et al., 2015). Consistent with this, a SM targeting XIAP as well as cIAP1 

and cIAP2 is required to achieve the full inflammatory lesional response in-vivo. 

 

Loss of functional FasL phenocopied the other group 2 KOs suggesting that FasL 

production is necessary for confluent keratinocyte death, and that its production is a 

consequence of the activation of MYD88 mediated IL-1R, predominantly by IL-1β, 

downstream of TNFR1 induced cell death.  

 

An additional result, also phenotypically group 2, suggests that production of FasL alone is 

insufficient to induce confluent keratinocyte cell death. Tnf-/-Ifnγ-/- double knock-out mice 

provided a similar histopathological rescue to the FasLgld/gld mice. However, the 

FasLgld/gldTnf-/- double mutant mice had no additional rescue over the FasLgld/gld mice, 

supporting the idea that in this instance TNF is contributing to FasL induced killing but is 

not inducing keratinocyte death in its own right. The group 3 KOs, (individual Tnf and Ifnγ 

KOs) had increased epidermal apoptosis over the group 2 phenotype, suggesting that they 

can operate individually to partially sensitise keratinocytes to FasL induced cell death. 

Nevertheless expression of only one of these ligands is insufficient to cause confluent 

keratinocyte apoptosis and lesion formation, thus these individual KOs score clinically 

similar to the group 2 and group 1, while being histopathologically more severe. This 

suggests that in WT mice these two ligands act synergistically and are required for 

sensitisation of the keratinocytes to FasL killing, potentially by production of iNOS as is 

thought to occur in TEN (Viard-Leveugle et al., 2013) (Fig. 6.4 section C).  
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T-cells are considered to be a likely source of TNF and IFNγ in TEN (Schwartz et al., 

2013a, Viard-Leveugle et al., 2013), and one study showed that IFNγ isolated from the 

blister fluid of TEN patients originated from mononuclear cells present in the blister fluid, 

while FasL and TNFα originated from elsewhere, presumably from activated keratinocytes. 

In this study, FasL was also found over expressed on the membranes of keratinocytes from 

TEN lesional skin (Nassif et al., 2004).  

 

Figure 6.4 – SM induced lesions, a model for TEN, involves multiple interacting 

processes involving keratinocytes, immune cells, and the microbiota.  
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It is worth noting that FasL/FasR activates caspase-8, which means that once FasL 

mediated apoptosis is underway there is potentially further IL-1β cleavage, more IL-1R 

activation, and more FasL production; an amplification loop. 

 

I have not mentioned necroptosis or pyroptosis in this model. At this stage I cannot identify 

these types of cell death in the lesional sites. Given the regulatory roles IAPs play in these 

processes it is possible that they may be occurring in the SM induced lesions where they 

potentially contribute to overall pathogenicity by exacerbating the inflammatory situation 

or, as discussed in chapter 5, delaying healing in cases of epidermal disruption. However 

Mlkl-/-, Ripk3-/-, Asc-/-, and Caspase-1-/- all develop inflammatory lesions featuring confluent 

keratinocyte cell death, suggesting that neither necroptosis nor pyroptosis are required for 

the process leading to the confluent apoptotic cell death that defines the SM induced 

inflammatory lesions. On the other hand, RIPK3 and pMLKL have been shown to be 

upregulated in lesional samples from TEN patients (Kim et al., 2015). This up regulation 

may reflect the secondary injury that occurs when the epidermal barrier is disrupted. This is 

in line with my observations in the Ripk3-/- and Mlkl-/- mice in which, despite a massive 

inflammatory response and confluent epidermal ablation upon SM injection, these strains 

had reduced dermal injury and accelerated recovery.  These molecules could therefore be 

attractive targets for aiding recovery in patients. 

 

As SM induced lesions present features of TEN (Chapter 4) (Anderton et al., 2017), my 

genetic analysis has uncovered new therapeutic avenues to be considered for the treatment 

of this disease. I have shown that even a halved genetic dose of RIPK1 results in effective 

cell death inhibition and complete prevention of the lesional response. This suggests that 
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cell death inhibition is a therapeutic avenue for TEN. RIPK1 inhibitors currently in clinical 

trials for treatment of inflammatory conditions could prove useful in treating TEN and 

other cutaneous diseases with a cell death component (eczema, lichen planus).  Caspase 

inhibition is another, related therapeutic avenue. Emricasan is a clinical caspase inhibitor 

that has been trialled for reduction of apoptosis during liver inflammation (Frenette et al., 

2018). This compound could also potentially reduce the severity of TEN, not only by 

blocking cell death but also by preventing cleavage of IL-1β and activation of IL-1R. My 

results suggest that it would be worth investigating if IL-1β features in TEN and thus 

whether targeting IL-1β/IL-1R directly or via caspase inhibition could be an effective 

therapeutic strategy. 

 

TNF inhibition has been reported to be partially successful in treating TEN across multiple 

case studies (Woolridge et al., 2018). If a loss of commensal tolerance plays a role in TEN, 

as I suspect it does in my model, there may be a place for also targeting LT-α rather than 

TNFα alone. The majority of case studies involving TNF inhibition for TEN involve either 

Infliximab or Etanercept (Woolridge et al., 2018). One recent randomised control trial 

looked at the clinical effectiveness of Etanercept vs corticosteroids in SJS/TEN and found 

that Etanercept improved clinical outcomes for patients. They also found that Etanercept 

reduced not only TNF levels in blister fluid, but also granulysin, another key apoptotic 

mediator in SJS/TEN (Wang et al., 2018). It would be interesting to evaluate the clinical 

efficacy of Etanercept vs other TNF inhibitors in TEN, as it is the only TNF inhibitor 

currently on the market that targets both LT-α and TNFα (Mpofu et al., 2005).  
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General conclusion 

As complex trait disorders, ISDs rarely come down to a simple defect in a single signalling 

pathway but are rather the consequence of the complex interplay between keratinocytes, 

resident and infiltrating immune cells, and the environment. Different signalling pathways 

from each of these cellular compartments can interact with the others in unique ways that 

are not yet fully understood.  

 

The complex set of interactions initiated by injection of SM nicely highlights the 

multifaceted processes involved in skin inflammation and cell death. FasL mediated 

keratinocyte apoptosis requires activation of multiple signalling pathways within the 

keratinocytes that are mediated by ligands produced by immune cells in response to a loss 

of commensal tolerance, thus a full response to SM depends on interactions between innate 

immune signalling pathways, immune cells, and the microbiota. The Sharpincpdm mice 

similarly require interactions between immune cells and keratinocytes, to cause disease, 

and though the important triggering factors in those mice are yet undetermined, the 

microbiota and a lack of commensal tolerance may yet be shown to play a role in 

Sharpincpdm pathology also.  
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APPENDICES 

Appendix  1 - Data from Michael Chopin  

Figure A1 – Suz12 conditional KO on CD11c expressing cells results in near absent 

Langerhans cells while the langerin expressing cDC1 population in the dermis remains 

intact. A) Representative FACS plot and quantification of LCs (MHCII+CD11c+) in the 

epidermis of wt and Suz12cKO mice. B) Langerin IFC of epidermal ear sheets from mice of 

the indicatd genotypes. C) Representative FACS plot and quantification of migratory LCs 

(MHCII+CD11c+Lang+CD103lo) and cDC1 (MHCII+CD11c+Lang+CD103+) populations 

in the dermis of wt and Suz12cKO mice.  


