
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.



Characterisation of mouse strains with 

spontaneous mutations, leading to epidermal 

barrier dysfunction and inflammation

submitted to 

Trinity College Dublin

for the degree of 

Doctor of Philosophy 

2013

by

Sean Saunders 

Supervisor: Professor Padraic G. Fallon



TRINITY COLLEGE 

1 S JU N  2013 

LIBRARY 1XJK.IN



Declaration o f Authorship

This thesis is submitted by the undersigned to the University o f  Dublin for the 

examination o f  a Doctorate in Philosophy. The work herein is entirely my own and 

has not been submitted as an exercise for a degree in any other university. The library 

at Trinity College Dublin has my permission to lend or copy this thesis upon request.

Sean Saunders



Summary

Atopic dermatitis is a chronic pruritic skin disease, associated with 

eczematous lesions, epidermal bam er dysfunction, and Immunoglobulin-E-mediated 

sensitization to food and environmental allergens. The complex aetiopathogenesis is 

attributed to the complex interplay, o f genetic predisposition and environmental 

factors. Atopic demiatitis is the first manifestation o f the atopic march, leading to 

progression to associated allergic disorders such as asthma. The pathogenesis of 

atopic dermatitis remains to be fully elucidated, though recent evidence strongly 

points to inherited epidermal barrier defects, such as filaggrin mutations, as 

representing a major risk factor for the disease.

In this PhD thesis, mouse models with spontaneous mutations have been used 

to experimentally address the role o f a dysfunctional epidemial barrier in the context 

o f atopic dermatitis, and progression to lung inflammation. 1 now present the first 

experimental evidence for the permissibility of the intact skin o f the flaky tail mouse 

to allergic sensitization. Sequencing o f the mutant f t  allele demonstrated that the 

deficiency in profilaggrin expression in these mice, results from a 1-bp deletion 

mutation 5303delA, analogous to all loss-of-function human FLG  mutations, within 

the murine Fig gene. The results represent the first experimental evidence that 

inherent spontaneous epidermal barrier dysregulation in the flaky tail mouse, 

predisposes to the development o f systemic allergen-specific immune responses 

following cutaneous allergen challenge to an intact skin banier, demonstrating that 

the skin o f flaky tail mice is pennissive to allergen ingress. The allergic sensitization 

following allergen application is demonstrated to induce further barrier dysregulation.

Congenic C57BL/6J flaky tail (maflg^') mice were generated with both the ma 

and F l^ ‘ mutations separated by backcrossing, allowing the assessment of the relative



contributions o f  both mutations to the phenotype estabhshed in the dual mutant 

maFlg^’ mice. The ma  allele was fine mapped and a nonsense tmncating mutation was 

identified in the Tmem79 gene encoding mattin, a transmembrane protein that is 

localized to the upper granular cell layer o f  the epidermis, and is indicated to have a 

putative role in stratum com eum  lipid biology.

The respective roles o f  the F/g^'and Tmem79'”‘' mutations in the context o f  the 

development o f  atopic dermatitis are presented, revealing that the absence o f  filaggrin 

expression in the epidermis, underlies the icthyosis characteristic o f  Tmem79^'"Fl^' 

neonates, whereas the Tmef7i79"“' mutation is responsible for the development o f  

spontaneous eczematous atopic dermatitis-like skin lesions that present with age. 

Tmem79"'“ mice develop atopic dermatitis-associated lung inflammation with elevated 

IL-17, neutrophil infiltration and pulmonary fibrosis, in the first experimental 

demonstration o f  the atopic march in a spontaneous mutant mouse. Furthermore, it is 

now shown in this thesis that the Tmeni79'"‘̂ mutation, and not the Flgf' mutation, 

predominates in promoting enhanced epicutaneous antigen transfer across a 

dysregulated barrier, and therefore the double mutant Tmem79"’'^Fl^' is not a true 

model o f  filaggrin-deficiency.

In this thesis, the impact o f  two human relevant spontaneous mutations in 

mouse models, are addressed in the context o f  human atopic demiatitis-like skin 

inflammation, and associated lung inflammation, in addition, the underlying genetic 

bases o f  these mutations have been identified. Consequently, the data presented will 

contribute significantly to our understanding o f  the aetiology o f  atopic dermatitis, and 

progression to atopic dermatitis-associated asthma.
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Chapter 1 

Introduction



1.1 A topy.

Atopy is a subset o f  disease, w here  individuals are predisposed to developing 

allergic hypersensitivty, characterized by elevated serum  levels o f  total and allergen- 

specific im m unoglobulin(Ig)-E . A topy occurs due to a com plex in terplay betw een 

genetic predisposition, and environm ental allergens that act as triggers initiating a 

dysregula ted  im m unologocal hyperresponsiveness. A topic individuals develop a 

sensitization and im m une responsiveness to allergens after inhalation, ingestion, or 

skin contact. The reasons as to why an atopic individual develops a hypersensitivity  to 

an allergen, which is an inoccuous environm ental factor for non-atopic individuals, is 

at the basis o f  all experim ental and clinical allergy research. Atopic individuals often 

develop a range o f  allergic diseases including atopic dermatitis, asthma, allergic 

rhinoconjuctivitis , food allergies and anaphylaxis. Clinically, these conditions range 

from the relatively mild d iscom fort typical o f  hay fever, to death that can occur in an 

anaphylatic reaction.

The current model for the pathogenesis  o f  allergic diseases, is that upon 

allergen ingress into the body, local dendritic cell (DC) populations capture and 

process antigen and m igrate  to the draining lymph nodes (LNs). In the LNs, DCs 

prim e naive C D4 T cells (Lam brecht et al., 2000; Brim nes et al., 2003). This  leads to 

T cell differentiation into allergen-specific T helper type 2 (Th2) cell effector 

lym phocytes that secrete pro-allergic inflam m atory  cytokines, in terleukin(lL)-4 , IL-5, 

IL-9, IL-13, and T um or necrosis fac to r(T N F)-a .  These pro-allergic cytokines 

peipetuate  allergic inflam m ation through multiple m echanism s including; inducing 

IgE class switching, stimulating the expression o f  adhesion m olecules, and 

chem okines that attract type 2 effector cells such as eosinophils, mast cells and 

basophils to the site o f  inflam m ation, resulting in goblet cell hyperplasia and mucus
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production. lL-4, in conjunction  with cell surface interactions, prom otes isotype class 

switching o f  allergen-specific B cells to IgE, resulting in mast cell grow th and 

activation (via IgE cross-linking), and the differentiation and/or proliferation o f  T 

cells that p roduce pro-allergic Th2 cytokines, inducing the recm itm ent o f  activated 

eosinophils and neutrophils. IL-5 p rom otes  the differentiation and activation of 

eosinophils. Mast cell and eosinophil degranulation then contribute directly to the 

clinical m anifesta tions o f  atopic disease (Sinke et al., 2002; N ovak  and Bieber, 2003; 

Leung et al., 2004).

In the context o f  allergic airw ay inflam m ation, many studies have shown that 

IL-13 is intrinsically involved in d irecting many o f  the Th2 associated processes 

involved in the allergic asthm atic  response. T hough  IL-4 is the central differentiation 

factor for Th2 response developm ent (N elm s et al., 1999), the use o f  lL-13-deficient 

mice has shown that deletion o f  the IL-13 gene results in attenuated differentiation o f  

Th2 cells, suggesting that IL-13 m ay have an indirect role in Th2 cell differentiation 

(M cK enzie  et al., 1998; N elm s et al., 1999). In term s o f  effector function, IL-13 

upregulation during airway inflam m ation induces the survival and m igration  o f  

eosinophils (Pope et al., 2001), induction o f  alternatively activated m acrophages 

(M artinez-N unez et al., 2011), goblet cell hypeiplasia  and m ucus production (Z hu  et 

al., 1999), and the induction o f  nitric ox ide synthase by  airway epithelial cells 

(Chibana et al., 2008). IL-13 also induces airw ay hyperresponsiveness (K uperm an  et 

al., 2002), and transform ation o f  fibroblasts to m yofibroblasts , leading to collagen 

deposition and airw ay rem odeling  (Zhu et al., 1999). Recently, there has been a focus 

on the role o f  group 2 innate lym phoid  cells (ILC2) in the pathogenesis  o f  as thm a and 

atopic dermatitis. Epithelial cells produce IL-25 and IL-33, that can induce ILC2s, 

potent producers o f  lL-5 and IL-13 (H am s and Fallon, 2012).
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In recent decades, there has been a profound increase in the incidence o f  

allergic disease in “w este ren ised” countries. R easons proffered  in explanation o f  this 

striking rise, have included the “hygiene hypothesis” (see Sect ion 1.1.1), changing 

environmental factors in developed countries, as well as the dram atic  decrease in the 

prevalence o f  parasitic helm inth infection. H owever, recent findings from clinical 

and experimental studies has led to the convergence o f  genetic and epidem iologic 

research, and there is now  a greater com prehension  o f  the role o f  gene-gene and gene- 

environm ent interactions in atopic pathology. This has led to a paradigm  shift in the 

understanding o f  allergic in flam m atory disease, advancing  from a small num ber o f  

causal factors to a new  conception o f  the interplay betw een com plex  genetic 

predisposition, and the environm ental milieu. Within this paradigm , m y thesis will 

address both strands, genetic and environm ental factors, that contribute to the genesis  

o f  atopic diseases, using m ouse models.

1.1.1 Hygiene hypothesis.

The reasons as to why there has been such a dram atic  increase in the incidence 

o f  atopic disease are unknow n, though our understanding  o f  the multifactorial causes 

behind the dramatic rise in atopy is increasing. The hygiene hypothesis  as originally  

presented by S trachan (Strachan, 1989), postulates that reduced  exposure to microbial 

factors during the deve lopm ent o f  the im m une system in infancy, results in a 

predeposition to allergies in later childhood, with microbial exposure providing 

evolutionary selected developm ental cues for the m aturing  im m une system. Strachan 

proposed that;

“The apparent rise [in prevalence o f  atopic diseases] could be explained 

i f  allergic diseases w ere  prevented by infection in early childhood.

3



transmitted by unhygienic contact with older siblings, or acquired 

prenatally from a mother infected by contact with her children. Later 

infections or re-infections by younger siblings might confer additional 

protection against hay fever. Over the past centui7 declining family 

size, improvements in household amenities and higher standards of 

personal cleanliness have reduced the opportunity for cross infection in 

young families. This may have resulted in more widespread clinical 

expression o f  atopic disease, emerging earlier in wealthier people, as 

seems to have occurred for hay fever.”

The hygiene hypothesis proposes that the improvements in ‘hygiene’ in 

developed societies, due to improved public health and sanitation, and the use o f  

antibiotics and vaccinations; concun-ent with increasing levels o f  obesity, changes in 

diet, and environment from rural to urban living, have led to a rise in the incidence o f  

allergies including atopic dermatitis, asthma and anaphylaxis. Therefore, early 

childhood infections may reduce the risk o f  developing allergy (Strachan, 1989; 

Umetsu et al., 2002).

Classically, Th2 responses are associated with the immune response to 

parasitic helminth infection. However, in developed societies, the predominant Th2- 

associated diseases are atopic disorders. The hygiene hypothesis proposed that 

microbial contact in juveniles primed a type 1 immune response, stimulating antigen 

presenting cells to produce lL-12 and IL-18, inducing naive T-cells to differentiate to 

a Thl phenotype (Bieber, 2008). This type 1 dominated immune response upon early 

exposure to infections was believed to decrease the risk o f  atopy, with the type 1 

skewed immune response believed to protect against allergic disease by reducing the
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expression o f  Th2 cytokines associated with allergy pathology, contaminant with the 

clearance o f  intracellular pathogens.

Many epidemiological studies are in support o f  this original version o f  the 

hygiene hypothesis. Such studies have demonstrated an inverse relationship between 

the development o f  allergies and childhood infections with various pathogens, 

including bacteria such as Mycobacterium tuhercolosis (Shirakawa et al., 1997) and 

Helicobacter pylori (Stroffolini et al., 1998), viruses such as measles and Hepatitis A 

(Matricardi et al., 1997), parasitic protozoan Toxoplasma gondii (Matricardi et al., 

2000), and parasitic helminths (van den Biggelaar et al., 2000).

With respect to mycobacteria, a compelling immuno-epidemiological study 

shows the inverse relationship between mycobacteria and atopy. In a study cohort of 

6,000 Japanese children, there was a strong inverse relationship between delayed 

hypersensitivity to M. tuhercolosis and atopic responses (Shirakawa et al., 1997). 

Early positive tuberculin responses in infancy were associated with lower serum IgE 

levels and a Thl immune skewed bias, and a lower incidence o f  atopic dermatitis, 

rhinoconjunctivitis and asthma in later childhood (Shirakawa et al., 1997). These 

findings were supported by a later study showing an inverse correlation between 

atopic dermatitis and asthma prevalence, and rates o f  tuhercolosis (von Mutius et al., 

2000). More rececntly, an epidemiological study o f  socio-economically distinct but 

genetically similar populations from Finland and the Karelian Republic in Russia, 

showed a higher incidence o f  allergen-specific IgE in Finnish school children 

(Seiskari et al., 2007). In contrast, levels o f  microbial antibodies to enteroviruses, 

hepatitis A virus, H. pylori and T. gondii were considerably increased in Karelian 

children (Seiskari et al., 2007). Such studies supports the argument that exposure to 

certain environmental microbes in infancy induces a shift towards type I immunity.
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that resuhs in a lower risk o f allergic sensitization and development of atopy by 

reducing expression of Th2 cytokines.

As discussed, many epidemiological studies have indicated an inverse 

relationship between allergic disease and infections in early childhood, but an 

increasing number of recent epidemiological studies appear to contradict this 

relationship, with the term ‘hygiene hypothesis’ being misleading in respects, as 

excessive ‘hygiene’ may not be a direct or sole causal factor. For instance, asthma 

prevalence has begun to decline in some western countries, but with no apparent 

causal factor in terms of a correlating increasing exposure to microbes associated with 

decreasing ‘hygiene’ (Brooks et al., 2013). In addition, despite high infection rates in 

Latin American countries, there exists a high prevalence of asthma (Brooks et al., 

2013).

However, these discrepancies contradict the narrow version of the hygiene 

hypothesis, where microbial pressure early in life promotes Thl responses, thereby 

protecting against deleterious over-active Th2 responses and the development of 

allergies. Increasingly, the original version o f the hygiene hypothesis is being refined 

to include a more valid cognisance o f the role o f early life immune challenge and 

immunoregulatory education. An alternative version o f the hygiene hypothesis has 

been proposed, the ‘old friends hypothesis’, which suggests that ‘the risk of 

developing allergies is not necessarily caused by a lack o f bugs and parasites in the 

environment per se, but rather by a lack o f certain organisms that have, over the 

course of evolution, trained our immune system to be more tolerant’ (Rook, 2009). 

Nevertheless, the aetiologic mechanisms associated with this refined hygiene 

hypothesis remain unclear. It is considered that the absence o f appropriate immune 

stimulation in utero or during early childhood in the context of programming
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responses to self- or non-self-antigens may account for the rise in the incidence o f  

atopy.

It is now appreciated that early exposure to environmental microorganisms 

induces regulatory T cells (T regs). As T regs are essential in promoting peripheral 

tolerance to self-antigen and preventing immune responses to innocuous 

environmental antigens, reduced T reg frequency or impaired function due to 

decreased microbial exposure in infancy, may result in dysregulated type 2 responses 

leading to Th2 associated disease. Changes in modern living standards in western 

societies have reduced human exposure to multicellular parasites and various 

microbial species, and there is an increasing recognition that single- or multicellular 

microorganisms have an important role in the development o f  immune regulatory 

mechanisms.

The relevance o f  the updated version, or alternative to the hygiene hypothesis 

is now well established, with ‘cleaner’ or ‘germ-free’ environments as opposed to 

necessarily more ‘hygienic’ environments, recognised as a causal factor in the relative 

explosion in the incidence o f  allergic disease in recent decades. An increasing number 

o f  comparative immuno-epidemiological studies are in support o f  the importance o f  

microbial exposure in the development o f  competent immune regulation. In the 

crudest and simplest terms, there is a growing appreciation that microbial exposure 

can be beneficial, when we appreciate the evolution o f  the ‘im m unom e’ in the context 

o f  the microbial rich environments in which humans function, the exception being the 

increasingly sanitized and urbanized environment o f  westernized society in the last 

few decades.

Epidemiological support for microbial exposure stimulating the development 

o f  beneficial immuno-regulatory mechanisms, is provided by helminth infections that
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have been associated with protection from allergic diseases in infected human 

populations (Yazdanbakhsh et al., 2002; Fallon and Mangan, 2007; Adisakwattana et 

al., 2009). A number o f  parasites including the vascular trematodes Schistosoma 

mansoni and S. haematobium  have been postulated to ameliorate atopy in humans 

(Yazdanbakhsh et al., 2002; Fallon and Mangan, 2007; Adisakwattana et al., 2009). 

Schistosomes like all heminth species, are characteristically associated with being 

potent inducers o f  Th2 cytokine responses, including eosinophilia and IgE responses 

(Fallon, 2000a; Fallon et al., 2000b). Though allergic disease is associated with potent 

type 2 responses, schistosome infections in humans are protective against the 

development o f  allergies in infected populations (Yazdanbakhsh et al., 2001; 

Adisakwattana et al., 2009). In a field study in The Gabon, this inverse correlation 

between schistosome infection and atopy was formally demonstrated in the context of 

atopic dermatitis, when 5. haematobium-'miecledi children had a lower prevalence o f  

skin reactivity to house dust mite, than children without infection (van den Biggelaar 

et al., 2001).

The propensity o f  parasitic helminths to chronically infect the human host 

without severe morbidity is indicative o f  co-evolution whereby the parasite has 

adapted to infect the host without killing all infected individuals. Parasitic helminths 

achieve long-term survival in the host, by having evolved multiple mechanisms to 

suppress immune responses and promote tolerizing regulatory responses to 

down-modulate inflammation. There is a growing awareness that these processes may 

protect against the more deleterious aspects o f  pathology in unrelated inflammatory 

diseases (Maizels and Yazdanbakhsh, 2003; Fallon and Mangan, 2007; 

Adisakwattana et al., 2009). In the context o f  human atopy, it is postulated that the 

immuno-modulatory mechanisms employed by helminths to alter host immunity may
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induce regulatory responses that down-modulate inflammatory allergic processes in 

the infected host, as illustrated in a study of Vietnamese children that had lower skin 

reactivity to house dust mites {Dermatophagoides pteronyssimts and 

Dermatophagoides farinae) and American cockroach {Periplaneta americana) (Flohr 

et al., 2006).

In broad terms, human-microbial interaction provides developmental cues for 

the immune system. An oft described study in the context o f  the hygiene hypothesis, 

compares allergic responses in children in West and East Germany post unification. 

The incidence of allergic disease was found to be considerably higher in children 

from the old West Germany when compared to their eastern neighbours with an 

increase in skin test reaction to common environmental allergens such as grass pollen 

and D. pteronyssimts (Nowak et al., 1996). An important comparative study 

illustrating the effects of microbial exposure during infancy is provided by the Allergy 

and Endotoxin study on Austrian, German and Swiss children from farming and non

farming homes, who were assessed by parental survey (n=2618) and specific-lgE 

analysis (n=901), for incidences of atopic dermatitis, hayfever and asthma (Riedler et 

al., 2001). Children having exposure to a farmyard stable, and/or farm milk in the first 

year of life, had significantly decreased atopy. Continued exposures up to the age of 

five, further decreased the levels of atopy.

A further example of the profound influence and timing of environmental 

exposures on host immune development, is highlighted by an elegant cross-sectional 

longitudinal study on the influence of prenatal exposure to a fanning environment. 

This study highlights the impact of matemal environmental exposure during 

pregnancy on immune regulatory development via possible inauterine mechanisms, 

and/or epigenetic programming. This high powered analysis incorporating parental

9



survey (n=8263), specific-IgE analysis (n=2086), and gene expression o f  innate 

immune receptors Toll-like receptor(TLR)2, TLR4 and CD 14 (n= 322), showed that 

upregulated innate receptor expression in offspring, strongly con-elated with maternal 

exposure to fann animal species (as defined by questionnaire) during pregnancy (Ege 

et al., 2006). CuiTently, our understanding o f  the risk o f  allergic sensitizarion is 

refining to encompass both exposure to microbial factors as well as non-specific 

immunostimulants that modify allergic risk, in the context o f  genetic predispostion.

1.1.2 A topic dermatitis.

Atopic dermatitis (AD), also known as eczema, is a chronic-intemiittent, 

highly heritable, eczematous dermatitis that starts in early childhood. Despite the 

considerable body o f  clinical, laboratory and experimental work, the pathophysiology 

o f  AD remains to be fully elucidated, given the multi-factorial causes and 

pathogenesis. AD is clinically classified into extrinsic and intrinsic sub-types, which 

are often referi'ed to respectively, as the allergic (classical) and non-allergic forms 

(Novak and Bieber, 2003). Clinically, intrinsic AD is typified by late onset, milder 

severity, and is associated with Dennie-Morgan folds, but not ichthyosis vulgaris or 

palmar hyperlinearity.

Skin barrier dysregulation is associated with extrinsic (allergic) AD, but not 

the intrinsic form o f  the disease. Further, filaggrin loss-of-function (see Section 1.2) 

mutations have not been associated with intrinsic AD (Tokura, 2010). Non-allergic 

intrinsic AD is characterized by an immunotype with lower expression o f  lL-4, IL-5, 

and IL-13, and the higher expression o f  Thl associated IFN-y (Tokura, 2010). It is 

had been proposed that intrinsic AD patients are not sensitized with Th2 immune 

polarizing protein allergens as typical o f  extrinsic AD, but with other antigens, with

10



metals being suggested as a candidates (Tokura, 2010). This thesis is concerned with 

the pathology associated with the allergic form o f  AD, and henceforth, extrinsic AD 

will be simply referred to as AD.

AD is an increasingly common allergic inflammatory skin disease, estimated 

to affect 15-30% o f  childem and 2-10% o f  adults in socio-economically developed 

countries (Williams and Flohr, 2006), making it the most common chronic 

inflammatoi7 skin disease o f  early childhood. The incidence o f  AD can often be mild 

and clear up, but in some patients the condition can be physically, socially, and/or 

emotionally debilitating (Lewis-Jones, 2006) contributing to considerable family 

stress and financial burdens (Williams, 2005). The complex aetiopathogensis is 

characterized by intense pruritus, erythema, edema and chronic eczematous lesions, 

disrupted epidermal barrier function, inflammatory immune response and IgE- 

mediated sensitization to food and environmental allergens. As an allergic disease, 

AD is often associated with a personal or family history o f  allergic disease (Bieber, 

2008). AD has a complex, multifactorial aetiology with genetic, immunologic and 

environmental factors all contributing to the pathogenesis (Bieber, 2008; Elias et al., 

2008; Scharschmidt et al., 2009a).

Elevated IgE is seen in 60-80% of AD patients attending secondai^ care. Total 

serum IgE values are significantly associated with the allergen-specific IgE status (Ott 

et al., 2009). Hence, total IgE can be regarded as a clinically useful parameter to 

demarcate between the extrinsic and intrinsic forms o f  AD in both adults (Folster- 

Holst et al., 2006) and children (Ott et al., 2009). While IgE sensitization increases in 

the first years o f  life o f  paediatric patients with AD (llli et al., 2004), the timing and 

pathogenic role that IgE sensitization plays in the development o f  AD remains 

unknown (Bieber, 2008). Evidence strongly suggests that children with early onset
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AD (< 3 months) and severe AD have the greatest risk o f  IgE sensitization. With 

regards to the specific IgE antibodies, paediatric AD patients are more allergic to 

food, while environmental antigens are common in adults (Park et al., 2006).

Although the underlying cause o f  AD pathology remains unknown, previous 

approaches to understanding the disease mechanism have focused on adaptive 

immunity, with a particular emphasis on the T h l-T h 2  paradigm, a dichotomy in 

cytokine responses between the Thl-associated lL-12 and IFN-y, and Th2-associated 

lL-4, IL-5, IL-9 and lL-13 (Bieber, 2008). In this regard, AD pathology has been 

established as a Th2-polarized disease (Novak and Bieber, 2003; Leung et al., 2004). 

The polarized Th2 immunological cascade is characterized by the production of 

proallergic cytokines lL-4, IL-5, and IL-13 by CD4 T cells (Jeong et al., 2003; Novak 

and Bieber, 2003; Bieber, 2008). AD skin lesions are associated with an influx of 

C D S' T cells, C D 4 ' T cells and Langerhans cells, marked eosinophil infiltration, 

deposition o f  eosinophil granular protein and higher staining for eotaxin (Jeong et al., 

2003; Rho et al., 2004). With regard to chemokines, patients with AD have high 

serum amounts o f  CCL17 (thymus and activation-regulated chemokine; also known 

as TARC) and CCL22 (macrophage drived-chemokine; also known as MDC), and 

high peripheral blood mononuclear cell expression o f  CCL17 and CCL22 (Park et al., 

2008).

Skin resident DCs are considered to play a crucial role in polarizing naive 

CD4 T cells to differentiate into Th2 lymphocytes. Epidermal CD la" DCs in AD 

patients a have high level o f  the expression o f  IgE high-affinity receptor (FCeR) 

(Oppel et a!., 2000; Novak and Bieber, 2003). Furthermore, surface expression o f  the 

high- and low-affmity receptor for IgE and the IL -4R a chain are significantly 

elevated in monocytes from AD patients (Romanet-Manent et al., 2002). Thymic
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stromal lym phopoietin  (TSLP), an lL-7-iike cy tokine has been shown to be expressed 

in the lesional skin o f  A D  patients, w here  it is associated with DC  activation and 

m igration  (Soum elis  et al., 2002). As increased T S L P  expression appears to be 

localized to the eczem atous lesional skin in A D  patients, there is an implication that 

local cutaneous factors play a role in inducing T S L P  upregula tion  upon allergen 

ingress in affected skin (Y oo et al., 2005). C onsequently , identifying these triggers is 

essential for d issecting the m echanism  o f  aetio logy in A D  pathogenesis. The familial 

association o f  A D  is well established, suggesting  a significant heritable component. 

This has developed a greater appreciation o f  the effect o f  skin barrier dysregulation as 

being a prim ary event, triggering a pathological im m une cascade in m oderate-to- 

severe AD.

1,1.3 Atopic march.

A considerable body  o f  epidem iological and genetic studies in recent decades, 

have dem onstrated  a unequivocal association linking A D  as the first clinical 

manifestation o f  a topy in infancy, leading to progression to asthma, allergic rhinitis 

and food allergy during the first several years  o f  life, in w hats is term ed the atopic 

march (Spergel, 2010). In the context o f  asthma, the skin putatively acts as the site o f  

prim ary sensitization, with later sensitization in the a iw a y s .  Though, the progression 

from A D  to other allergic diseases, has not been formally validated, an increasing 

num ber o f  studies are indicating an association betw een the initial occurrence o f  AD  

in childhood, and the subsequent developm ent o f  allergic disorders such as asthma, 

rhinitis and atopic conjunctivitis  ( F ig l . l ) .

A num ber o f  cross-sectional and longitudinal studies substantiate the 

hypothesis that A D  acts as the gatew ay atopic d isorder, with paediatric patients that
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develop AD having an increased incidence o f  secondary allergic disorders (Kulig et 

al., 1999; Gustafsson et al., 2000; Ohshima et al., 2002; Ricci et al., 2006; van der 

Hulst et al., 2007; Kapoor et al., 2008). In terms o f  progression from AD to asthma, 

one study shows that the incidence o f  asthm a may be over 50% in children with pre

exiting severe AD, with 75% o f  the cohort with severe AD developing allergic rhinitis 

(Kulig et al., 1999). Furtherm ore, severe AD influences the tim ing o f onset o f  asthma 

develpom ent (Ricci et al., 2006). Asthma is one o f  the most common non- 

comm unicable diseases in children (Asher et al., 2006). A recent systematic review o f 

prospective studies showed that on average, 1 in 3 young children with AD go on to 

develop asthma at the age o f  6 years or older (van der Hulst et al., 2007). These 

allergic disorders may persist for years, or may subside with increasing age 

(Barnetson and Rogers, 2002).
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Fig. 1.1, Progression o f  the atopic march. Adapted from Barnetson and 

Rogers, ""Childhoodatopic eczema" 2002

1.1.4 Dysregulated harrier function.

Until recently, the prevailing paradigm for the aetiopathogenesis of AD was 

that it was primarily an immunological disorder resulting from abberant 

inflammation. Despite the acknowledgement that AD involved defective skin bairier 

function, with skin dryness, xerosis, and the propensity to develop secondary skin 

infections such as skin colonization with Staphylococcus aureus that further 

exacerbated the pathology (Bieber, 2008), these ban'ier defects was considered a 

secondary phemomena to the primary immunological aberration, in what was termed 

“inside-outside” disease etiology (Elias and Steinhoff, 2008). The altered immunotype 

associated with AD, including elevated serum IgE, skin reactivity to allergen,
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increased Th2 cytokine responses and eosinophil recmitment to the skin, supported 

the dogma that a skewed immune response was the initiator for disease pathogenesis. 

However, our understanding o f  AD pathogenesis was to dramatically change with the 

discovery o f  loss-of-function mutations in gene encoding the epidermal protein 

filaggrin.

1.2. Filaggrin mutations

1.2.1 Filaggrin nm tatiom  in Ichtyhosis vulgaris.

The skin disease Ichthyosis vulgaris (IV), is a very common mendelian (single 

gene) pathology, and it is the most prevalent keratinization disorder o f  the skin with a 

population prevalence o f  at least 1 case in every 250 persons based on a study o f  over 

6000 English schoolchildren (Wells and Kerr, 1966). Clinically, IV manifests with the 

postnatal appearance o f  diy, flaking skin, with affected individuals having seasonal 

variations in the severity o f  these symptoms; in addition to the presence o f  rough skin 

surrounding the hair follicles (keratosis pilaris), particularly on the upper outer arms, 

thighs, buttocks and trunk. Affected individuals have hyperlinearity (an increased 

incidence o f  lines with greater depth) on the palms and soles, and erythema 

(reddening o f  the skin). Importantly, patients with IV have a well-established 

predisposition to eczema and associated asthma (Mevorah et al., 1985).

Previous evidence had pointed to a causative role for a defect in filaggrin in IV 

pathogenesis. Evidence included the loss o f  the granular layer as observed in 

histopathology sections, the absence o f  filaggrin in immuno-histochemical stained 

sections, downregulated FLG  mRNA expression in the skin, and reduced or absent 

filaggrin protein in the skin o f  individuals with IV (Sybert et al., 1985; Nirunsuksiri et 

al., 1995; Fleckman and Brumbaugh, 2002). However, the validation o f  genetic basis
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for filaggrin deficiency impacting on IV proved problematic given the difficulty in 

attempts to sequence the FLG  gene, given the highly repetitive DNA sequence that is 

common to the individual filaggrin repeat subunits. This had a major negative impact 

on the choice o f  suitable priming sites (Sandilands et al., 2009). Gene linkage analysis 

had previously shown strong association to the vicinity o f  the FLG  gene on 

chromosome lq21 (Fig.1.2) in relation to IV (Compton et al., 2002), though the 

inheritance pattern o f  ichthyosis vulgaris was unclear, with both dominant and 

recessive models o f  inheritance proposed.

In a seminal publication, Smith and colleagues demonstrated in a study on 

several large families that loss-of-function mutations in FLG  cause IV with 

inheritance being attributed to an autosomal semi-dominant inheritance pattern (Smith 

et al., 2006). Heterozygotes (single mutation) display a mild disease, whereas 

homozygotes or compound heterozygotes (two mutations) develop a more 

pronounced disease manifestation. Sequencing o f  exon 3 o f  the FLG  gene (which 

encodes almost the entire profllaggrin protein) in these families revealed two null 

mutations; R501X (a nonsense mutation o f  arginine codon 501 to a stop codon) and 

2282del4 (a frameshift mutation due to deletion o f  a 4-bp sequence at position 2282 in 

the filaggrin-coding DNA sequence). As both mutations result in a premature stop 

codon in the first filaggrin repeat, there is complete absence o f  filaggrin synthesis 

from these alleles (Smith et al., 2006). Individuals who are homozygous or compound 

heterozygous for these FLG  mutations fail to express any detectable filaggrin protein 

within their epidermis, as confirmed by histological and biochemical validation 

(Smith et al., 2006). The discovery that loss-of-function mutations in FLG  underlie 

IV, prompted a focus on the role o f  filaggrin mutations as a possible causative factor
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in AD, especially given that the two filaggrin mutations R501X and 2282del4, were 

highly prevalent in individuals o f European ancestry (Smith et al., 2006).

Exon 1 Exon 2

FLG lies within 
Exon 3 theEDCon1q21

N-terminal

o □ 0 o □

S100 calcium- Domain B Imperfect FLG C-terminal
binding domain FLG repeat repeat domain

Fig.1.2. The Genomic and Protein Organization o f Filaggrin. Filaggrin is 

encoded by FLG, a gene found within a cluster o f more than 70 genes, the 

epidermal differentiation complex (EDC). Most of profilaggrin is encoded by a 

single large exon (exon 3), which has a highly repetitive DNA sequence as it 

encodes the filaggrin repeat units. Profilaggi'in is a functionally inactive polymer 

that is cleaved into individual filaggrin monomers, which contribute to skin- 

barrier formation, hydration, pH, and protection against ultraviolet radiation. 

Adapted from Irvine AD. et al. NEngl J  Med 20] 1;365; 1315-1327.



1.2.2 Filaggrin mutations and  atopic dermatitis.

Initial evidence pointing to a role for a filaggrin defect as being a causal factor 

in the genetic susceptibility to AD, arose from a previous genetic-association study 

which identified a genetic linkage with polymoiphic markers at the location o f  the 

FLG  gene in the epidemial differentiation complex (EDC) on chromosome lq21 

(Cookson et al., 2001). Confinning this association, a second seminal paper 

elucidating the pathological significance o f  loss-of-function mutations in FLG, 

Palmer and colleagues showed in a screen of dermatologist diagnosed Irish and 

Scottish paediatric AD patients, that there was a strong association with the two 

prevalent loss-of-function FLG  mutations R501X and 2282del4, and that these 

mutations were associated with AD-associated asthma in the scottish cohort (Palmer 

et al., 2006).

A significant advance in the identification o f  FLG  gene mutations was 

achieved with the development o f  a sequencing strategy that allowed comprehensive 

analysis o f  the FLG  gene. This facilitated the identification o f  a a spectrum o f  

mutations located throughout the entire FLG  gene, o f  which some are recurrent, and 

ones that are rare or family specific (Sandilands et al., 2007). Indicative o f  the 

prevalence o f  FLG  mutations amongst paediatric AD patients with respect to the 

mutations identified in the population cohort, at least 47% o f  individuals from an Irish 

childhood eczema case series can^  one or more o f  these null FLG  mutations 

(Sandilands et al., 2007).

In addition to the originally identified FLG  mutations (R501X and 2282del4), 

another 47 mutations have been reported to date, all o f  which predict filaggrin loss o f  

function (Fig.1.3) (Irvine et al., 2011). Many single-nucleotide polymorphism (SNP) 

variants are linked to complex traits, with no clear indication as to function. All
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filaggrin variants are nonsense or frameshift mutations in a protein-encoding exon and 

are therefore readily identified as causative variants without functional analysis 

(Sandilands et al., 2007). The tllaggrin variants identified, include a combination o f  

recurrent and family-specific mutations, with recurrent mutations specific to certain 

ethnic groups, with distinct profiles evident in the European and Asian populations 

that have been comprehensively studied to date (Sandilands et al., 2007). The 

occurrence o f  FLG  risk alleles varies considerably amongst these populations, with 

the R501X and 2282del4 risk alleles accounting for 80% of  the FLG  risk alleles in 

Irish AD patients, and another 3 mutations accounting for a further 16%. 

Comparatively, there is a greater spectrum o f  risk alleles amongst AD patients in 

Singapore, with 16 recurrent mutations contributing individually, from 1 to 24% of  

total cumulative filaggrin mutations associated risk factor (Irvine et al., 2011). Given 

that the recurrent FLG  mutations thus far identified are specific to European and 

Asian ethnic groups, it has been hypothesized that FLG  mutations are population 

specific. However, a novel heterozygous 2-bp deletion, 632del2, has recently been 

identified in an Ethiopian AD patient (Winge et al., 2011). Comprehensive 

sequencing analysis o f  IV and AD patients in other ethnic populations is required to 

elucidate whether recurrent or rare FLG  mutations are indeed predominantly specific 

to individuals o f  European and Asian ancestry.

A number o f  recent meta-analyses o f  studies involving many thousands o f  

patients with AD have confirmed the association o f  FLG  mutations with AD 

susceptibility (Baurecht et al., 2007; Rodriguez et al., 2009; van den Oord and Sheikh, 

2009), with an overall odds ratio (OR) for AD ranging from 3.12 to 4.78 (Weidinger 

et al., 2006; van den Oord and Sheikh, 2009). FLG  null mutations are also 

significantly associated with asthma (OR, 1.48). However, although strong effects for
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the compound phenotype asthma phis AD (OR, 3.29) were observed, there appears to 

be no association with asthma in the absence o f  AD (Rodriguez et al., 2009).

With respect to milder forms o f  AD that present to general practitioners 

without requirement for specialist dermatologist referral, FLG  loss-of-function 

mutations are a risk factor (Brown et al., 2008). However the association between 

FLG  loss-of-function mutations and AD are more significant in cases o f  

dermatologist-diagnosed and moderate-to-severe atopic dermatitis, tacitly suggesting 

that patients with AD that have FLG  null mutations, may be predisposed to a distinct 

profile o f  AD pathology in comparison to patients without such mutations (Irvine et 

al., 2011). This inteipretation is supported by large longitudinal population based 

studies, which have shown that filaggrin mutation associated AD has an early onset, is 

more persistent, and strongly associated with secondary allergic conditions such as 

atopic asthma (Weidinger et al., 2006; Irvine, 2007; Henderson et al., 2008; 

Weidinger et al., 2008; van den Oord and Sheikh, 2009), than patients with AD 

without such mutations. Further, patients with AD with FLG  null mutations have a 

higher incidence o f  skin infections with heipes vinas (eczema herpeticum) (Gao et al., 

2009). Apart from the association o f  FLG  null mutations with AD pathogenesis, other 

studies have shown that such mutations are associated with both iiritant contact 

dermatitis (de Jongh et al., 2008) and nickel allergy (Novak et al., 2008), and in the 

context o f  alopecia areata, FLG  null mutations appear to have a modifier effect 

associated with more severe outcomes (Betz et al., 2007).

The high occurrence o f  FLG  null mutations in disparate populations, with a 

penetrance o f  approximately 10% in European populations, raises an interesting 

developmental question, suggesting a possible evolutionary advantage for the FLG  

null mutation. A hypothesis has been put forward that these mutations have resulted
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from evolutionarily driven adaptation, in so far as having a ‘leaicy’ skin barrier, 

facihtated ‘natural vaccination’ against bacterial antigens, perhaps providing an 

evolutionary advantage to those exposed by allowing occult vaccination against 

tuberculosis or other microbial pathogens (Irvine and McLean, 2006).
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Fig.1.3 Variations in filaggrin mutations among ethnic populations. A total of 49 

truncating mutations have been described throughout the profilaggrin molecule, with 

many European- and Asian-specific variants. Recurrent mutations in these populations 

are indicated in red, and rare or family-specific mutations are in black. All of these 

mutations are either nonsense or out-of-frame insertions or deletions that are predicted 

to cause loss-of-function, with the resultant absence o f processed filaggrin in the 

stratum comeum. From Irvine AD. et al. N  Engl J  M ed  2011; 365:1315-1327.
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1.2.3 Filaggrin mutations and  AD -associated asthma.

Importantly, FLG  loss-of-function mutations have also been shown to be 

highly associated with the development o f  several other complex diseases including 

asthma associated with AD, as mentioned above. The association o f  FLG  mutations 

with asthma aetiology is complex. In a number o f  large population studies, FLG  loss- 

of-function mutations have conferred an overall asthma risk ranging from 1.48 to 1.79 

OR, and the asthma risk associated with FLG  mutations in the Avon Longitudinal 

Study o f  Parents and Children study was 1.80, but this increased risk was associated 

with the occurrence o f  AD in these patients, or the patients having had a history of 

AD (O'Regan and Irvine, 2010). In addition, it has also been shown that there is an 

increased disease burden in terms o f  both lung function and medication requirements 

in patients with asthma associated with both dermatologist-diagnosed AD and FLG  

null mutations (Palmer et al., 2007).

Given that t'llaggrin has been shown not to be expressed in the respiratory 

epithelia (Ying et al., 2006), there is an implication that AD is a risk factor for 

progression to asthma development in the context o f  FLG  mutations (McLean et al., 

2008). It has been proposed that epicutaneous antigen ingress through a “ leaky” skin 

baiTier, induces keratinocyte production of TSLP in the epidermis, leading to system.ic 

effects in the lung (Ziegler and Artis, 2010). In support o f  the concept o f  dysregulated 

epidermal ban'ier function leading to systemic allergic sensitization, paediatric 

patients with elevated serum IgE and increased transepidermal water loss (TEWL), 

have an increased incidence o f  sensitization to aeroallergens (Bieber, 2008; Boralevi 

et al., 2008). As discussed, individuals with FLG  null mutations, have a greater risk o f  

developing asthma (Spergel and Paller, 2003; Henderson et al., 2008; Weidinger et
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al., 2008), but strikingly asthm a patients with FLG  m utations have m ore frequent 

exacerbations, with m ore severe sym ptom s (Palm er et al., 2007).

W ith respect to other secondaiy  allergic conditions, a strong association has 

been identified in the context o f  FLG  mutations, in population studies o f  allergic 

rhinitis  incidence (W eid inger et al., 2008; van den Oord and Sheikh, 2009). IgE- 

m ediated  peanut allergy is a com plex trait with strong heritability, with a 

m onozygotic  twin concordance o f  64%  com pared  with 7% in both dizygotic twins 

and other siblings (S icherer et al., 2000). Recently, FLG  null m utations where shown 

to be significantly  associated with peanut allergy (defined by positive food challenge) 

with an overall odds ratio o f  5.3 for peanut allergy, with a residual odds ratio o f  3.8 

w hen corrected for atopic dermatitis  (B row n et al., 2011). This implicates a barrier 

defect a llowing exposure o f  peanut allergen to antigen-presenting cells (APCs), even 

in the absence o f  atopic derm atitis  (Irvine et al., 2011).

In the context o f  allergenic sensitization in relation to the barrier dysregulation 

in A D  patients, m ore than 95%  o f  IgE is specific to unknow n antigen explaining the 

poor ou tcom e following anti-IgE therapies (O 'Regan and Irvine, 2010). As our 

understanding  o f  the d isease pathogenesis  o f  A D  advances, the pathology is also 

being  increasingly understood to arise as a consequence o f  epidermal bairier defects, 

focusing attention on the role o f  filaggrin loss-of-function m utations in the context o f  

the developm ent o f  atopy. FLG  null m utations are thought to have a m ajor role in the 

alteration o f  dow nstream  biological effects, including altered stratum corneum  (SC) 

pH, an altered skin m icrob iom e and aberrant innate and adaptive im m une responses 

(O 'Regan and Irvine, 2010).
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1.3 The skin barrier.

1.3.1 The epidermis.

A defective skin barrier is a key feature o f  the chronic inflammatory skin 

disease AD and FLG  null mutations strongly predispose individuals not only to AD, 

but also to associated secondary allergic diseases such as asthma. These findings have 

greatly increased our understanding o f  the pathogenesis o f  AD, and they place 

filaggrin and ultimately, skin barrier function, at the forefront o f  research into this 

extremely common skin disease.

The outer surface o f  human skin is composed o f  a stratified epithelial multi- 

cellular layer known as the epidermis. The primary function o f  the epidermis is to act 

as a physical and permeability barrier, preventing xerosis (water loss) and impeding 

the entry o f  pathogens and allergens (Sandilands et al., 2009). This ban'ier against the 

environment is continually regenerated by terminally differentiating keratinocytes in 

in a highly complex and orchestrated series o f  biochemical events resulting in 

cornification, a process o f  regulated cell death.

1.3.2 Terminal differentiation.

Keratinocytes move from a proliferative state in the basal layer o f  the 

epidermis, through the spinuous layer and granular layer where the cornified envelope 

is formed, to the uppermost cornified layer known as the stratum corneum (SC), a 

tightly packed organisation o f  desquaminated dead cells (Fig.1.4) (Fuchs, 2007). The 

barrier properties o f  the SC are characterised by two key structural properties. The 

process o f  keratinization and SC formation involves firstly, the formation of an 

cornified envelope (CE) beneath the level o f  the cellular plasma membrance in 

keratinocytes, and secondly, the covalent attachment o f  an intercellular lipid matrix to

25



defined  structural m olecules o f  the CE, thus fo n n in g  a rigid lipid-protein matrix 

acting as a physical barrier to the ingress o f  foreign bodies, and preventing xerosis 

(M ichel et a!., 1988; Kalinin et al., 2002).

The intercellular lipid matrix is com prised o f  almost equim olar am ounts o f  

cholesterol, free fatty acids (FFA ), and ceram ide, the ratio being important for proper 

lipid organization and com petent lam ellar structures (Sw artzendn iber et al., 1989). 

This  intercellular lipid m atrix  arises from  the extracellular processing o f  lipid 

precursors into m ature lipids, which then arrange spatially into lipid bilayers spanning 

the SC interstices, acting as a lipid ‘m orta r’ cem enting  the com eocy te  ‘b r icks’ 

(Sw artzendruber et al., 1989). T he com eocy te-bound  lipid envelope (CLE), a specific 

extracellu lar lipid m onolayer that replaces the p lasm a m em brane in com eocy tes  is 

covalently  bound to the CE, and acts as a scaffold to which the lamellae structures 

attach (Uchida et al., 2000). W ithin granular  layer keratinocytes, the lipid precursors 

that will form the lamellar structures, and the lipases involved in their maturation are 

sequestered into lam ellar bodies (LB). LBs are specialized vesicles o f  the granular 

layer that fuse to the plasm a m em brane  at the granu la r  layer-SC interface to extrude 

lipid precursors via exocytosis, as well as a variety o f  enzym es including proteases 

and their respective inhibitors that involved in desquamation.

During terminal differenetiation, d ifferentiating keratinocytes migrate from the 

basal layer o f  the ep iderm is to eventually  desquam ina te  forming the cornified layer. 

T he  biochem ical events o f  keratinocyte differentiation, death and desquam ination 

occur sequentially. Recent convergent approaches provide insights into the molecular 

processes involved, and the d iseases associa ted with defects in these respective 

processes (O 'Regan et al., 2008). In normal healthy skin, keratinocyte proliferation in 

the stratum basale (basal layer), is in tight linkage with tenn inal differentiation.
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requiring a tightly regulated balance between proteases and protease inhibitors (Candi 

et a l„ 2005).

stratum
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Fig.L4 The epidermis. Proteins expressed in the epidemiis during skin differentiation 

are shown. Cornification occurs in the granular layers, forming the stratum comeum. 

At the molecular level, the comified envelope is formed by proteins that are 

crosslinked by transglutaminases (TGs). This guarantees specific physical properties in 

association with the lamellar layer. SPR, small proline-rich proteins. Adapted from 

Candi et al,. 2005; “ The Cornified envelope: A model o f cell death in the skin” .
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1.3.3 The epidermal differenliation complex.

The epidermal differentiation complex (EDC) on chromosomal region Iq21.3 

is intrinsically important to competent epidermal barrier function as it comprises over 

70 genes, which are essential in the latter stages of keratinocyte terminal 

differentiation (McKinley-Grant et al., 1989; Mischke et al., 1996). Genome-wide 

screens have shown significant linkage colocalization in the EDC with psoriasis, 

autoimmune diseases, and AD, focusing intense interest on the locus (Cookson, 

2004),

Many EDC proteins share considerable sequence homology, and phylogenic 

data suggests that these proteins may have derived from a common ancestor, and have 

evolved to meet tissue-specific needs (O'Regan et al., 2008). Genes found within this 

locus encode for proteins involved in stratum corneum formation such as loricrin, 

involucrin, trichohyalin, small proline-rich proteins (SPRRs), the S I00 calcium- 

binding proteins, of which “filaggrin” (FLG) named according to its function as a 

“keratin filament aggregating” protein is a member, and filaggrin 2 (FZ.G2). Evidence 

is emerging for redundancy mechanisms in CE fonnation, in so far as the absence o f 1 

CE protein may be compensated by increased expression o f other CE proteins, as 

demonstrated in experimental animal models (Kubo et al., 2012). The loricrin- 

deficient mouse displays mild epidennal erythema at birth that resolves within days, 

despite loricrin typically comprising 70% to 85% of the protein content o f CE. This 

phenotype is associated with the compensatory upregulation o f the EDC structural 

proteins Sprr2D, Sprr2H, and repetin. Targeted ablation o f the murine involucrin 

gene, a near-ubiquitous component o f CE, similarly lacks a discernable phenotype 

(Kubo et al.,2012).
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The structural keratin proteins K5 and K14 are the predominant keratin protein 

in proliferating keratinocytes in the basal layer. These keratins assemble into keratin 

intermediate filaments (KIFs) to forni the cellular cytoskeleton, along with 

microtubules and actin microfilaments, and are linked from the desmoplakin in the 

inner dense plaque o f  the desmosome structural complexes, to the nuclear lamina 

(Candi et a l ,  2005). Keratinocytes migrate from the basal layer to the spinuous layers 

where they synthesize structural proteins and enzymes involved in terminal 

differentiation. At the onset o f  terminal differentiation, K1 and KIO are produced, 

replacing the pre-existing K5 and K14 cytoskeleton (Candi et a!., 2005). At a more 

advanced stage during the cornification process, keratinocytes acquire keratohyalin 

granules, containing the giant (>400kDa in humans) inactive precursor protein 

profilaggrin, a complex highly phosphorylated insoluble peptide that is the main 

constituent o f  the keratohyalin F granules which are visible in the granular layer in the 

epidermis (Fig. 1.4) (Sandilands et al., 2009).

1.3.4 Filaggriii in terminal differentiation.

Processing o f  profilaggrin to filaggrin monomers is essential for competent 

terminal differentiation and epidermal homeostasis (Fig.1.5). Filaggrin specifically 

interacts with KIFs, but not with other cytoskeleton components such as actin 

microfilaments or microtubules. KIFs and filaggrin constitute 80-90%  of  the protein 

mass o f  mammalian epidermis, and therefore, they form a uniform layer that functions 

as a template or scaffold for the subsequent maturation or reinforcement steps o f  CE 

assembly. The proprotein precursor profilaggrin has no keratin binding activity, but it 

is dephosphorylated and proteolytically cleaved in a multi-step process into active 

filaggrin monomers, which bind KIFs and aggregate them into macrofibrils, dense
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tightly packed parallel arrays o f  interm ediate  filaments (O 'Regan et al., 2008). This 

results in the com paction, flattening and desquam ination  o f  the cell, and facilitates the 

cross-linking o f  the KIFs by transg lu tam inases (TG M s) to form a highly insoluble 

rigid keratin matrix which acts as a protein scaffold to which cornified envelope 

proteins and lipids attach, fonn ing  the stratum co m eu m  (O 'Regan et al., 2008).

T he im portance o f  T G M s in terminal differentiation, is exemplified by a study 

using mice deficient in T G M l ,  w hich  are show n to have defective CE cross-linking, 

resulting in a severe im painnen t  o f  epidermal barrier function and subsequent 

postnatal lethality (M atsuki et al., 1998). T he impact o f  defective cross-linking o f  the 

CE is seen in patients with the autosom al recessive skin disorder lamellar ichthyosis, 

where  several m utations in the gene encoding T G M l have been identified in families 

with lamellar ichthyosis (M atsuki et al., 1998).
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Fig.1.5 Processing o f  filaggrin during term inal differentiation. Inactive insoluble 

profilaggrin is stored in keratohyalin granules in the granular layer. During terminal 

differentiation, profilaggrin undergoes dephosphorylation and proteolysis into free 

filaggrin monomers. In the stratum corneum, filaggrin monomers bind keratin 

filaments, causing condensation o f  the keratinocyte cytoskeleton and desquamination. 

Filaggrin undergoes subsequent degradation into free amino acids and derivatives such 

as urocanic acid (UCA) and pyrrolidone carboxylic acid (PCA). From Sandilands A. et 

al. Journal o f  Cell Science 2009;122:1285-1294.
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Profilaggrin is encoded by the FLG  gene, which as mentioned, shares 

considerable homology with other EDC genes such as trichohyalin, hornerin and 

repetin (Sandilands et al., 2009). Filaggrin is characterised by a large repeat domain 

consisting o f several protein motifs arranged in tandem. The FLG  gene contains three 

exons and two introns (Presland et al., 1992; Markova et al., 1993). Exon 1 is non

coding and protein translation initiates within exon 2, but the majority of the 

proprotein precursor is encoded for by exon 3 (Presland et al., 1992; Markova et al., 

1993). Human profilaggrin is a histidine-rich polypeptide comprising 10 to 12 

tandemly arranged filaggrin repeats, which are flanked on each side by two partial 

filaggrin repeats and then by the N- and C-terminals (Fig.1.2) (McKinley-Grant et al., 

1989; Gan et al., 1990; Presland et al., 1992). In humans, the 10 to 12 repeating 

filaggrin monomers are each 324 amino acids in size, with linker regions interspersed 

between each monomer, that undergo proteolytic cleavage releasing active filaggrin 

monomers. In humans, each filaggrin repeat shows some heterogeneity in sequence, 

whereas the filaggrin repeats in the mouse show > 90% homology between filaggrin 

repeats in amino acid sequence (McKinley-Grant et al., 1989; Gan et al., 1990; 

Rothnagel and Steinert, 1990).

1.3.5 The filaggrin N-terminal domain.

The N-terminal domain of human profilaggrin is 293 amino acids in length 

and can be subdivided into two distinct domains, the 81 amino acid A domain that is 

highly conserved between humans and mice, and the less-well-conserved 212 amino 

acid B domain (Presland et al., 1992; Pearton et al., 2002). Two alpha-helical Ca"^- 

binding motifs comprising the A-domain, temied EF-hands, share significant 

sequence homology with the SI 00 family of small Ca2+-binding proteins (Presland et
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al., 1995), suggesting that C a '*  is a key regulator o f  processing o f  profilaggrin  during 

term inal d ifferentiation o f  the epidermis. In support o f  this, profilaggrin  but not the 

active filaggrin  m onom er, has been shown to bind calcium in vitro  (M arkova  et al., 

1993). T he in vitro  removal o f  C a‘" from the head dom ain o f  profilaggrin using 

e thylenediam ine tetraacetic acid (ED TA ), has been shown to induce confonnational 

changes, suggesting  that the functional ca lc ium -binding dom ain  at the N -te rm inus  o f  

p rofilaggrin  p lays a role in profilaggrin  processing and in other ca lc ium -dependent 

processes during terminal differentiation o f  the epiderm is (Presland et al., 1995).

D uring the processing o f  hum an profilaggrin  into filaggrin m onom ers , the A 

and B dom ains are cleaved from profilaggrin  as a single 32 kD a species that has been 

show n to strongly localize to keratohyalin  F granules, indicating that these A and B 

dom ains are an integral part o f  the stored profilaggrin precursor (Presland et al., 

1997). Further proteolytic cleaving o f  the N-term inal dom ain  results in the c leavage 

o f  the B dom ain  from the A dom ain (Presland et al., 1997), with the B dom ain  in both 

hum ans and mice, containing a bipartite nuclear localization signal that results in the 

translocation o f  the N -term inal dom ain  to the nucleus in term inally  differentiating 

keratinocytes (Ish ida-Y am am oto  et al., 1998; Pearton et al., 2002; Zhang  et al., 2002).

T he nuclei o f  transitioning keratinocytes contains fragm ented D NA  

characteristic o f  apoptosis, as these cells undergo the transition from granular cells to 

anucleated corneocytes, stained positive for antibodies against the N-terminus. 

C onsequently , it is thought that the N -tenn ina l dom ain  o f  profilaggrin  has an alternate 

role during terminal differentiation, prom oting  keratinocyte denucleation and may 

function as a Ca" -dependent transcriptional regulator o f  genes that are associated

with late stratum corneum  differentiation (Pearton et al., 2002; Z hang  et al., 2002).

2—

This  is in addition to its role in the Ca -dependent regulation o f  the processing o f
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profilaggrin to functional filaggrin monomers involved in the keratin binding function 

(Ishida-Yamamoto et al., 1998).

A recent study, using a variety o f  techniques such as keratinocyte 

nucleofection, confocal immunofluoresence and electron microscopy analyses o f  

human epidermal biopsies, revealed that the N-terminal domain interacts with loricrin 

and KIO />? vivo, interactions which are likely integral to formation o f  the cornified 

envelope and epidermal barrier (Yoneda et al., 2012). Furthermore, there is evidence 

that the N-terminal domain appears to be important in regulating epidennal 

homeostasis, with an intrinsic involvement in controlling the balance between 

keratinocyte proliferation and epidennal differentiation (Aho et al., 2012).

1.3.6 The filaggrin C-term inal domain

The human profilaggrin C-terminal domain comprises 157 amino acids, but in 

mice the domain is much smaller, comprising only 26 amino acids (Presland et al., 

1992), with the final 15 C-terminal amino acids in both species sharing -6 0 %  

homology, including a highly conserved tyrosine m otif  (Presland et al., 1992). The 

precise function o f  the C-terminal domain is unclear, but its expression has been 

shown to be essential for processing o f  precursor profilaggrin to functional filaggrin 

monomers, as humans that cany  nonsense or frameshift mutations resulting in 

translation o f  truncated versions o f  profilaggrin without the C-temiinus, have an 

absence o f  processed filaggrin monomers in the skin (Sandilands et al., 2007). An 

analogous lack o f  filaggrin in the epidermis has been previously reported in the fiaky 

tail mouse (Presland et al., 2000; Fallon et al., 2009).
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1.3.7  Profilaggrin phosphoiylation.

Following the synthesis o f  profilaggrin, the giant polypeptide is extensively 

phosphorylated, a process that is assumed to prevent unregulated association with 

KlFs, as only the dephosphoiylated filaggrin m onomer has keratin-filament- 

aggregating properties (Lonsdale-Eccles et al., 1982). The high insolubility of 

phosphorylated profilaggrin is thought to facilitate its packing into keratohyalin 

granules (Sandilands et al., 2009). Clusters o f  phosphorylated amino acid residues 

have been identified within each filaggrin repeat, as well as within the linker regions 

o f  mouse sequences (Resing et al., 1985). It is speculated that the heavy 

phosphorylation o f  the polypeptide induces conformational changes in the protein 

structure rendering proteolytic cleavage sites such as the linker peptide inaccessible to 

proteolytic cleavage and may protect against unregulated premature processing o f  

profilaggrin (Resing et al., 1993).

1.3.8 Kinases acting on profilaggrin.

To date, casein kinase(CK)-2 is the only protein kinase that has been shown to 

directly phosphorylate rat filaggrin, in an in vitro study (Kam et al., 1993). 

Considering the extent o f  in vivo phosphorylation o f  profilaggrin with 17-20 

phosphorylation sites per filaggrin repeat, as well as the phosphoiylation sites on the 

linker regions, it is evident that additional kinases act in phosphorylating profilaggrin 

(Sandilands et al., 2009). Human profilaggrin protein sequence analysis using 

phosphorylation-site prediction software (http://scansite.mit.edu), and comparison 

with known protein kinase consensus sequences, indicates the presence o f  multiple 

protein kinase consensus sites within each filaggrin repeat, the linker regions and N- 

terminal region (Sandilands et al., 2009).
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The likely CK2 target sites within human filaggrin repeats (which have also 

been identified in the rat sequence by MS/MS analysis) are quite well conserved 

between human and rat (SDSE, SEDSE or SDDSE), and are present in all repeats, as 

are potential glycogen synthase kinase 3, CKl and DNA-dependent protein kinase 

consensus sequences (Sandilands et al., 2009). Nevertheless, apart from some o f the 

CK2 phosphorylation sites, these predictions are based on a comparison o f known 

peptide substrate data with proposed physiological substrate sequences, as it has not 

been determined which o f  these kinases, if  any, are involved in profilaggrin 

phosphorylation in vivo (Sandilands et al., 2009).

As phosphorylation is central in controlling post-translational processing o f  

profilaggrin preventing improper breakdown into functionally active filaggrin 

monomers, identifying the kinases involved will provide an increased understanding 

o f the mechanisms involved in terminal differentiation. Dysregulation in these 

phosphorylation mechanisms may result in pathologies related to abnormal filaggrin 

processing (Sandilands et al., 2009).

1.3.9 Post-translational processing o f  profilaggrin to filaggrin.

The analysis o f  post-translational processing o f  profilaggrin has proved very 

complicated due to the size and extreme insolubility o f the molecule, making the 

expression o f  recombinant profilaggrin quite problematic. Furthermore, profilaggrin 

processing is difficult to faithfully mimic in vitro using cultured keratinocytes, as only 

incomplete processing can be observed after calcium-induced differentiation (Pearton 

et al., 2002). The proteolytic conversion o f  profilaggrin to functionally active filaggrin 

monomeric subunits during the transition from a granular cell to a cornified cell
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during terminal differentiation, involves dephosphorylation by one or more 

phosphatases and site-specific proteolysis.

Both the N- and C-terminal domains are cleaved from the profilaggrin 

precursor with the N-terminal domain translocating to the nucleus where it is cleaved 

into the A and B domains (Presland et al., 1997). Sequence comparison o f  tryptic 

peptides derived from proteolytic processing o f  profilaggrin in the C57BL/6 mouse 

identified two types o f  linker region based on different residues immediately 

following the carboxyl terminus o f  filaggrin. One type has YYY and the other has a 

FYPVYYY m otif (Resing et al., 1989). This led to a model o f  profilaggrin with the 

two different linker regions alternating along the length o f  the molecule, thus 

providing a structural model for two stages o f  proteolytic processing (Resing et al., 

1989), related to the two types o f  linker segment identified, containing either a GY 

(ay )  or a GF (ap) site o f  proteolytic cleavage.

The limited proteolysis with thermolysin in vitro, w'hich should cleave qh 

preferentially, yields intermediate segments o f  two and three domains (Resing et al.,

1989). As the two-domain intermediate contains only one type o f  uncleaved site cxy, a 

model for profilaggrin processing is proposed where the sites are processed 

initially by one enzyme followed by a y  cleavage by another enzyme. Residual amino 

acid residues are then cleaved from the linker regions by further unknown protease 

activity. Irregular linker domain alterations along the length o f  the profilaggrin 

molecule yields three-domain intermediates as opposed to solely two-domain repeats 

(Resing et al., 1989). Distribution o f  linker regions may alternate amongst mouse 

strains. In comparison, sequence comparison o f  individual filaggrin domains in 

human profilaggrin indicates that there is only one type o f  linker region (Gan et al.,

1990).
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1.3.10 Proteases processing prqfilaggrin - evidence from  knockout mice.

Specific proteolysis o f the precursor profilaggrin is an essential stage during 

terminal differentiation, and several proteases have been implicated in its processing. 

During the process, proteolytic processing o f the linker regions between the filaggrin 

repeat domains releases these soluble filaggrin subunits in a two-stage process. In the 

first stage, a serine protease enzyme, profilaggrin endoproteinase 1 (PEPl) cleaves 

mouse profilaggrin at a subset o f the linkers, resulting in intermediates o f several 

filaggrin repeats (Resing et al., 1995). The Ca -dependent |i-calpain has also been 

shown to cleave profilaggrin (Yamazaki et al., 1997), and Ca‘*-dependent serine 

proteases furin and PACE4 are able to cleave at the linker region between N-temiinus 

and the first filaggrin repeat in vitro (Pearton et al., 2001).

More recently, a number or studies using mouse models have revealed 

additional proteases involved in the profilaggrin-processing pathway. It was 

demonstrated that a targeted deletion o f the type 11 transmembrane serine protease 

matriptase (also known as M T-SPl, TADG15, and epithin) results in perinatal 

lethality in the S tl4 '' mouse, due to severe skin barrier impairment (List et al., 2002). 

Matriptase is expressed in most cells o f epithelial origin, such as keratinocytes (Kim 

et al., 1999; Lin et al., 1999; Takeuchi et al.,; 19990berst et al., 2001).

Loss o f keratinocyte matriptase results in major defects in stratum corneum 

formation and loss o f epidermal baiTier function. Formation of the stratum corneum 

lipid matrix, comified envelope morphogenesis, and desquamination were all shown 

to be dependent on Matriptase (List et al., 2003). Matriptase related epidermal barrier 

defects were correlated with a specific loss o f competent proteolysis of profilaggrin 

molecules at the molecular level, with the selective loss o f functionally active 

filaggrin monomers and filaggrin N-terminal S-100 protein (List et al., 2003). Limited
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proteolysis o f  profilaggrin does occur in these mice, and aberrant intennediates 

consisting o f  the N-tenninal domain linked to a truncated filaggrin repeat can be 

detected (List et al., 2003).

Links have been established between defects in filaggrin and congenital 

ichthyosis, implicating a direct causal relationship between matriptase-deficiency, loss 

o f  profilaggrin processing, and impaired barrier function. The spontaneous mouse 

mutant flaky tail has a truncating mutation, leading to translation of a truncated 

profilaggrin molecule, with approximately half the number o f  filaggrin repeat 

domains and the S-100 N-terminal domain (Presland et al., 2000). Newborn //’/// mice 

have a phenotype similar, but milder than the matriptase-deficient mice, with dry, 

scaly skin with orthokeratotic hyperkeratosis.

In humans, ichthyosis vulgaris is a heterogeneous and common disease 

associated with dry flaky skin, with both autosomal dominant and recessive 

inheritance patterns (Francis, 1994; Compton et al., 2002). Another example o f  a 

mouse model that has shown a defect in profilaggrin proteolysis and epidemial barrier 

formation, involves the murine homolog o f  the human glycosylphosphatidylinositol- 

anchored membrane serine protease prostatsin, known as channel-activating serine 

protease (CAP) 1 (or protease serine SI family member 8 (Leyvraz et al.,

2005). Mice deficient for CAPl display a phenotype identical to the Matriptase- 

deficient mice, with early post-natal lethality, defects in the stratum corneum lipid 

matrix, defective cornified envelope morphogenesis and processing o f  profilaggrin, 

with an absence o f  filaggrin monomers, and two-domain filaggrin intermediates 

accumulating in the stratum corneum (Leyvraz et al., 2005). Detailed histological, 

biochemical and genetic comparison o f  the phenotypes o f  these two knockout mice 

strains, indicates that matriptase and prostasin are localized in the same epidermal
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zymogen activation cascade, with matriptase acting upstream of prostasin, and 

activating the prostasin zymogen (Netzel-Arnett et al., 2006).

1.3.11 Netherton syndrome.

Studies using serine protease knock-out mice show how essential functional 

serine protease activity is in epidermal barrier formation and post-natal survival, but 

dysregulated activity o f these serine proteases due to defective inhibition mechanisms 

can also lead to a loss in ban'ier integrity and post-natal lethality. In humans, 

Netherton syndrome is an autosomal recessive multisystemic disorder caused by 

mutations within the SPINK5 gene (Judge et al., 1994), and characterized by 

congenital ichthyosiform eiythroderma associated with excessive proteolytic 

degradation o f corneodesmosomes and cadherins, which leads to stratum corneum 

separation between the granular and transitional layers. This causes the severe skin 

peeling due to the widespread loss o f the stratum corneum leading to exposure o f the 

underlying live-cell layers of the epidermis to the external environment, severe 

eiythema, and skin inflammation predisposing to recurrent bacterial infections. Many 

newborns develop hypematraemic dehydration, a failure to thrive, difficulties in 

thermoregulation and high postnatal mortality (Komatsu et al., 2002; Muller et al., 

2002 ).

Patients with Netherton syndrome have a high incidence o f atopic 

manifestations including elevated serum IgE and eosinophilia, and systemic allergic 

manifestations, such as AD, asthma, and food allergies are hallmarks of the syndrome 

(Smith et al., 1995a, b; Bitoun et al., 2002). SPINK5/spink5 encodes the serine 

protease inhibitor molecule known as lympho-epithelial Kazal type inhibitor (LEKTI) 

and mutations in human SP1NK5 were found to cause the severe autosomal recessive
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skin disorder Netherton syndrome (Sprecher et al., 2001; Bitoun et al., 2002; 

Descargues et al., 2005), with most mutations causing premature stop codons with 

truncated or null expression from the mutated allele.

Markedly reduced SPINK5  RNA levels have been confirmed in patients with 

Netherton syndrome (Chavanas et al., 2000). LEKTI is a 15-domain serine protease 

inhibitor, synthesized as three different high-molecular-weight precursors, which are 

cleaved by furin into shorter fragments and secreted extracellularly resulting in single 

and multidomain LEKTI fragments, which are essential in maintaining regulated 

desquamination (Deraison et al., 2007). Desquamination is the shedding o f  the 

outermost layer o f  corneocytes and represents the culmination o f  the process o f  

epidermal differentiation, and therefore properly regulated desquamination is essential 

for maintaining appropriate stratum corneum thickness, and thereby epidermal 

homeostasis. Desquamation is achieved by proteolytic cleavage o f  the cellular 

adhesions between corneocytes (comeodesmosomes).

Work pioneered by Egelrud and colleagues, described a set o f  epidermis- 

specific trypsin-like serine proteases known as kallikreins (KLKs, fomierly known as 

stratum corneum tryptic enzymes) in the stratum corneum, which have the capacity to 

degrade comeodesmosoinal proteins (Hansson et al., 1994; Brattsand and Egelrud, 

1999; Caubet et al., 2004). The identity o f  the single and multidomain LEKTI 

fragments ( Dl ,  D5, D6, D8-D11, and D9-D15) was inferred from biochemical 

analysis using a panel o f  LEKTI antibodies (Deraison et al., 2007). All LEKTI 

fragments apart from D l ,  showed specific and differential inhibition o f  the human 

KLK 5, 7, and 14, with the strongest inhibition observed with D 8-D 11, toward KLK5 

(Deraison et al., 2007). Inhibition o f  the KLKs by LEKTI is pH-dependent, being

41



efficient at neutral pH, with the release o f  active KLKS from the complex occun ing at 

an acidic pH (Schechter et al., 2005).

This insight into the pH gradient controlling proteolytic processing during 

epidermal differentiation has led to hypothesis for the regulation o f  desquamation 

whereby pro-KLK molecules are synthesized in the granular layer and are 

proteolytically converted to their active forms (Sales et al., 2010). LEKTl forms 

inhibitory complexes with the activated KLKs preventing premature degradation o f  

conieodesmosomes in the granular layer and the lower stratum corneum (Sales et al., 

2010). Acidic pH levels in the upper epidermis, result in the dissociation o f  the 

LEKTI-KLK complexes, with released bioactive KLK being able to degrade 

corneodesmosomes, causing desquamation o f  the uppermost layer o f  the stratum 

corneum. A failure in KLK inhibition by LEKTl results in corneodesmosome 

degradation along the granular and transitional layers where KLK activation takes 

place, leading to shedding o f  the entire stratum corneum and loss o f  the epidermal 

baiTier (Sales et al., 2010). KLKS was identified as the major target o f  LEKTl and 

having the pivotal role in the desquamation process (Deraison et al., 2007).

A recent study defined the amino acid sequence o f  most o f  the LEKTl 

polypeptides physiologically generated in the human epidermis, and identitled the 

most effective LEKTl fragments inhibiting the desquamination inducing KLKs 

(Fortugno et al., 2011). Furthermore, LEKTl was shown to be involved in the 

shedding o f  the stratum corneum as some o f  its polypeptides were shown to inhibit 

KLKs mediated proteolysis o f  Desmoglein-1 (Fortugno et al., 2011). Generation o f  a 

spinkS ' mouse (Yang et al., 2004; Descargues et al., 200S), or 5/?//7/r5-deficient mice 

with a mutated premature stop codon at amino acid R820X producing an allele that 

closely mimics a point mutation (E827X) in human SPINKS (Hewett et al., 2005),
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demonstrated accelerated profilaggrin processing with an over abundance o f  filaggrin 

monomers in the epidermis. 5/)//?M-deficient mice mimic the key pathological 

features o f  Netherton syndrome.

The disease is characterised by desmosome cleavage at the granular layer-  

stratum comeum interface through degradation of desmoglein 1 due to hyperactivity 

o f  K.LK5, abnomial keratinocyte overdesquamation, hair malformation and a severe 

skin-barrier defect (Yang et al., 2004; Descargues et al., 2005; Hewett et al., 2005). 

5/?/>7^5-deficient mice, have hyperactive proteolytic processing o f  profilaggrin 

resulting in up to twice as much as 30 kDa filaggrin monomers in the epidermis and 

an associated reduction in the precursor intemiediates (Descargues et al., 2005; 

Hewett et al., 2005), due to the overactive proteolytic processing due to a failure in 

mechanism o f  inhibition, that would normally be under the regulation o f  LEKTl 

inhibitory fragments. These mice display all the principle features o f  Netherton 

syndrome including aberrant proteolytic activity, corneodesmosome fragility, stratum 

comeum  loss, and skin inflammation. In .v/jm/rJ-deficient mice, matriptase is shown to 

activate epidermal pro-KLKs that are in LEKTI-KLK complexes at the granular- 

transitional layer interface, where the pathogenic epidermal separation takes place in 

Netherton syndrome (Sales et al,, 2010).

Further insights into the proteolytic processing o f  profilaggrin, and 

desquamination were gained using the i'/jm/r^-deficient mice, when Hovnanian and 

colleagues demonstrated the presence o f  another protease, elastase 2 (ELA2), which 

was hyperactive in the absence o f  LEKTl (Bonnart et al., 2010; O'Regan and Irvine, 

2010). As shown, absence o f  LEKTl results in KLK5 hyperactivity, and this protease 

is shown to cleave pro-ELA2 into its active form in vitro (Bonnart et al., 2010). ELA2 

is shown to co-localize with profilaggrin in cytoplasmic keratohyalin-F granules, but
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extracellular secretion from cultured murine keratinocytes reveals that the molecule 

has both an intra- and extracellular location in the epidennis. Further, ELA2 is shown 

to degrade all forms of (pro-) filaggrin in vitro (Bonnart et al., 2010).

Generation o f  a 12Rlipoxygenase ( 12R-L0X)-deficient mouse, results in 

aben'ant filaggrin processing, illustrating that I2R -L 0X  has a crucial role in terminal 

differentiation (Epp et al., 2007). 12R-L0X is an epidermis-specific member o f  the 

lipoxygenase (LOX) family, which are involved in the catalysis the dioxygenation o f  

fatty-acid substrates (Krieg et al., 2002). 12R-L0X-deficient mice have a severe 

barrier dysfunction with profound transepidermal water loss (TEWL) and postnatal 

lethality with death within 3-5  h after birth due to severe dehydration. Proteolytic 

processing o f  filaggrin is impaired in 12R-LOX~-deficient mice with the complete 

absence o f  filaggrin monomers in the epidermis, and a concomitant increase in levels 

o f  proteolytically processed filaggrin intermediates (Epp et al., 2007).

Filaggrin monomers are degraded into free amino acids and amino acid 

derivatives that together with specific salts, constitute the natural moisturizing factor 

(NMF) that is essential in stratum corneum hydration (Rawlings et al., 1994; 

Rawlings and Harding, 2004). The mechanism whereby 12R-L0X-deficiency results 

in defective filaggrin processing is as yet unknown, but 12R-L0X-deficiency also 

results in an altered epidermal lipid composition, highlighting the important role 

played by this protein in both lipid metabolism and protein processing (Epp et al., 

2007). What is increasingly evident from murine studies, examining the function of 

epidermal proteases in the context o f  stratum comeum formation, is that there is a 

finely regulated balance involving the appropriate activations and inhibitions o f  these 

proteins, with dysregulation leading to profound disruption in skin ban'ier integrity.
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1.4 Natural moisturising factor.

In addition to its role key role in maintaining epidermal homeostasis via its 

pivotal role in terminal differentiation, filaggi'in has an essential role in skin hydration 

via the role o f  NMF. As mentioned above, filaggrin monomers are proteolytically 

degraded into hygroscopic amino acids including histidine and glutamine, which are 

further converted to their derivatives urocanic (UCA) and pyrrolidone carboxylic acid 

(PCA) respectively, constituting the major contributors o f  NMF, making the filaggrin 

monomer processing essential in hydration o f  the skin (Rawlings et al., 1994; 

Rawlings and Harding, 2004). In the latter stages o f  terminal differentiation, filaggrin 

and several other key epidermal proteins, such as keratin 1 and trichohyalin, undergo 

the post-translational conversion o f  arginine residues to citrulline residues, in a 

process termed deimination. Deimination is catalyzed by peptidylarginine deiminases 

(PADs) (Tarcsa et al., 1996). PAD isoforms PADl and PAD3 are thought to be 

involved in filaggrin deimination given their colocalization with filaggrin in the 

granular layer and SC (Mechin et al., 2005; Nachat et al., 2005). The unfolding o f  

filaggrin by the modifying actions o f  PADs ultimately renders filaggrin susceptible to 

further proteolysis and promotes its degradation into free amino acids (Sandilands et 

al., 2009).

Altered keratohyalin F gi'anules are evident in caspase-14-dQT\c'\QX\\ mice, and 

these mice have an abnormal accumulation o f  filaggrin monomer breakdown 

fragments with a low molecular mass (12-15 kDa) in the stratum corneum (Denecker 

et al., 2007). The filaggrin monomer is shown to be a proteolytic target o f  aspartate- 

specific protease caspase-I4, with recombinant caspase-14 shown to restore filaggrin 

monomer degradation in caspase-14-deficient epidermal extracts (Denecker et al., 

2007). Indicating a defect in the NMF associated skin hydration, TEW L is markedly
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elevated in caspase-14-dief\c'\Qn\m\cQ (Denecker et al., 2007). Given that profilaggrin 

processing to filaggrin monomers appears to be unaffected in these mice, it suggests 

that caspase-14 is only required for the downstream processing o f  the tllaggrin 

monomers.

It was recently shown that caspase-14 cleaves the filaggrin monomer at two 

separate cleavage sites. This results in defective filaggrin degradation in caspase-14- 

deficient skin and the consequent substantial reduction in the amount o f  NMFs, such 

as UCA and PCA (Hoste et al., 2011). Deiminated filaggrin undergoes sequential 

degradation by the proteases calpain 1 and bleomycin hydrolase (BH), with calpain 1 

proteolysing deiminated filaggrin to intermediate small peptides, and BH completely 

degrading these breakdown products to produce NM F (Kamata et al., 2009). Filaggrin 

degradation derived NMF is essential in maintaining skin hydration and preventing 

xerosis within the stratum corneum in conditions o f  low environmental humidity 

(Rawlings and Harding, 2004).

Filaggrin proteolysis, is initiated immediately after birth following the 

transition from the aqueous in utero environment to the dry postnatal environment, 

but the initiation o f  proteolysis can be inhibited by maintaining the neonates in an 

environment o f  100% humidity (Scott and Harding, 1986). In fact, environmental 

humidity has been shown to directly affect the levels o f  free hygroscopic amino acids 

derived from filaggrin proteolysis, in hairless mice (Katagiri et al., 2003). Mice 

housed in a low-humidity environment with increasing dryness, had a lower water 

holding capacity as evidenced by conductance, had a lower free amino acid content, 

and evidence o f  decreased filaggrin expression in the epidermis, implying that the rate 

o f  filaggrin synthesis and degradation within the epidermis is detennined by the water 

content o f  the stratum comeum, which in itself is influenced by the relative
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environmental humidity and TEW L (Katagiri et al., 2003), and pH (Horii et al., 

1989). TEW L is influenced by the integrity o f  the epidermal barrier, with the 

composition and structure o f  the lamellar layer influencing water loss (Kezic et al., 

2008).

In addition to its role in skin hydration, NM F is proposed to have additional 

significant roles in maintenance o f  the pH gradient o f  the skin, in cutaneous 

antimicrobial defense, and in regulating key enzymatic processes in the SC (Krien and 

Kermici, 2000; Rawlings and Matts, 2005). Using confocal Raman microscopy 

(Caspers et al., 2001; Caspers et al., 2003), patients who are heterozygous or 

homozygous for FLG  loss-of-function mutations, have been show to have 

significantly reduced levels o f  NMF compared with noncarriers, with homozygous 

and compound heterozygous carriers, having lower NMF levels than heterozygous 

carriers o f  filaggrin mutations (Kezic et al., 2008).

PCA, which is derived form glutamine, comprises 12% o f  NMF in normal 

skin and is often used as a marker o f  NMF status. In contrast to PCA, UCA is formed 

from histidine breakdown by an enzymatic reaction catalysed by the enzyme histidase 

(Suchi et al., 1993). Filaggrin is particularly rich in histidine, and its degradation, 

which is triggered by environmental humidity and changes in water content in the 

stratum corneum (Katagiri et al., 2003), is thought to provide a major source o f  

epidermal UCA. Hence, the amount o f  UCA will be dependent on levels o f  filaggrin 

in the SC.

UCA serves as a major chromophore in the skin and is o f  a significant 

immunological importance given the immunoregulatoi^ properties o f  the cis isomer, 

and its role in UV-induced immune-suppression (Gibbs et al., 2008). Upon exposure 

to UV radiation, trans-\}C A  is converted to c/.v-UCA (Gibbs et al., 2008).
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Interestingly cm-UCA  has been shown to induce the UV-inducible genes associated 

with apoptosis, cell growth aiTest, cytokine production and oxidative stress (Kaneko 

et al., 2008).

Both PCA and UCA, at concentrations physiologically in line with normal 

skin levels, have been shown to inhibit the bacterial growth rate and protein 

expression profile o f  Staphylococcus aureus in vitro (Miajlovic et al., 2010). The 

filaggrin protein is one o f  the main precursors o f  the amino-acid derived NMF, and 

given that filaggrin null mutations result in the dry skin typically associated with AD, 

the NM F profile o f  a patient has been shown to have potential as a diagnostic for 

filaggrin status (Kezic et al., 2009). A method o f  high-perfomiance liquid 

chromatography (HPLC) analysis o f  tape-stripping samples from the SC was found to 

be an efficient way to measure the levels o f  multiple NMF components in this study. 

In this regard, PCA is a better biomarker o f  the FLG  genotype in comparison to UCA, 

as levels o f  PCA can be more directly related to the quantity o f  filaggrin in the 

epidemiis. PCA is non-enzymatically derived from glutamine, whereas the enzyme 

histidase processes histidine resulting in ^ra/7.v-UCA. Consequently, the amount of 

UCA in the SC is additionally influenced by the catalyzing enzyme histidase, thus the 

concentration o f  UCA is additionally influenced by the activity o f  the catalysing 

enzyme histidase (Kezic et al., 2009).

Indeed. UCA levels are also influenced by the endogenous histidine 

concentrations, with a histidine-rich diet shown to increase levels o f  UCA in the skin 

(Shibata et al., 2001). In a further study exemplifying the strong association between 

raman NMF profiles and FLG  status, is illustrated in a study on patients with 

moderate to severe AD (O'Regan et al., 2010). In this well powered study, NMF 

levels were shown to faithfully discriminate between AD patients with or without
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filaggrin mutations, and between carriers o f  one or two mutations (O'Regan et al., 

2010). In addition, the results revealed that increased TEWL in patients with moderate 

to severe AD is independent o f  the FLG  status o f  the patient, but rather is a common 

end point in patients with moderate-to-severe AD (O'Regan et al., 2010).

An investigation o f  whether NMF levels were altered in AD patients without 

FLG  mutations in comparison to control patients revealed lower levels o f  NMF 

constituents PCA, UCA and histidine in the SC o f  AD patients (Kezic et al., 2012). 

Consistent with the findings in the earlier studies (Kezic et al., 2009; O'Regan et al., 

2010), FLG " AD patients had a threefold decrease in NM F levels in comparison to 

F L G ^ ' AD patients, implying that filaggrin is the major source o f  histidine, PCA and 

UCA in the SC (Kezic et al., 2012). Taken together these results conclude that FLG  

genotype is the major determinant o f  filaggrin-derived NMF.

Cjiven that even in the absence o f  FLG  mutations, NMF is significantly 

reduced in the non-lesional skin o f  patients with AD (Kezic et al., 2012), there is an 

implication that skin inflammation associated with AD pathogenesis reduces filaggrin 

expression. This finding is in line with previously published in vitro results, where IL- 

4 and lL-13 downregulated filaggrin expression (Howell et al., 2007). It also supports 

an outside-inside-outside mechanism o f  AD pathogenesis, whereby an initial barrier 

defect (outside-inside), in an individual with attenuated filaggrin expression (FLG ~' 

genotype), may lead to the development o f  AD with subsequent immunological 

responses resulting in an inflammatory milieu that can further downregulate filaggrin 

expression (inside-outside) (Elias et al., 2008). Hence, the observation that AD 

severity also has an effect on NM F levels (Kezic et al., 2012), is o f  a critical clinical 

importance as it suggests that decreased NMF is a general outcome in AD 

pathogenesis and that therapeutic upregulation o f  filaggrin expression, somewhat
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negating the deleterious aspects o f  inside-outside pathogenesis, may generally benefit 

AD patients, and not just in the context o f  individuals with FLG  mutations. 

Regardless, NMF profiling o f  AD has the potential to prove an important diagnostic 

in the context o f  AD, and could also inform on the efficacy o f  any future therapeutics.

1.5 The skin microbiome.

The skin is colonized by a diverse collection o f  microorganisms, including 

bacteria, fungi, viruses and mites (Grice and Segre, 2011). Many skin-colonizing 

microorganisms are commensal (non-pathogenic). These symbiotic microorganisms 

occupy a wide range o f  microenvironments within the skin o f  an organism, and can 

protect against invasion by more pathogenic microbes, and these commensals have 

been hypothesized to prime skin resident T cells to respond to phylogenitically related 

pathogenic species (Grice and Segre, 2011). Alterations in the skin microbiome are 

believed to contribute to the pathogenesis o f  many common skin pathologies, with 

antimicrobial treatments often resulting in an improved prognosis (Grice and Segre, 

2011 ).

Nevertheless, a causative microbial component that fully satisfies K och’s 

postulates (four prerequisite criteria establishing a causal relationship between the 

putative causative microbe and a disease) has rarely been identified in skin 

pathologies. These postulates became the founding principles for establishing the 

pathogenic role o f  a microorganism in a disease process. To satisfy the four original 

postulates; (1) a microorganism must be regularly associated with a given disease but 

not be present in healthy individuals, (2) the microorganism must be isolated from the 

diseased host and grown in culture, (3) the cultured microorganism should cause 

disease when introduced into a healthy susceptible host, and (4) the microorganism
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must be reisolated from the diseased experimentally infected host, and identified as 

being identical to original causative agent.

AD pathology is characterized by an altered localized and systemic immune 

response, but whether an altered microbiome is a causative factor in the pathogenesis, 

or is a secondary phenomenon remains unclear. The pathogenesis is associated with 

reduced levels of NMF-derived anti-microbial products as compared with levels from 

normal skin (Ong et al., 2002; Nomura et al., 2003a; Nomura et al., 2003b; de Jongh 

et al., 2005). There is a well established association with AD and the occurrence of 

microbial colonization, and infection in AD lesions with pathogenic bacteria, 

especially S. aureus (Bieber, 2008). Given the dramatically increased incidence of AD 

in recent decades, alterations in the skin microbiome, have been proposed to modulate 

the gene-environment interactions in the epidermis, resulting in exacerbations in AD 

pathology (Grice and Segre, 2011). in a comprehensive and elegant study, Segre and 

colleagues demonstrated the diversity of the skin microbiome, with a microbe 

population analysis across multiple human skin sites; including the antecubital fossa 

and the popliteal fossa, which are skin microenvironments that share a similar 

microbe profile, and are prone to eczematous lesions (Grice et al., 2009).

Over 90% of AD patients are colonized with 5. aureus on both lesional and 

non-lesional skin, in comparison to < 5% S. aureus colonization in normal skin 

(Marples et al., 1974; Hanifin and Rogge, 1977). However, no direct link has been 

identified between S. aureus virulence factors and flare-ups in patients with AD 

(Grice and Segre, 2011). Interestingly, in the spontaneous Nc/Nga model of AD that 

is deficient in ceramide production (Aioi et al., 2001), application of Staphylococcus 

protein A with an agitating detergent, resulted in a severe AD-like phenotype (Terada 

et al., 2006).
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Mice lacking the serine protease matriptase (St 14-/-), die perinatally due to 

severe skin barrier impairment (List et al., 2003). Mice with one null and one 

hypomorphic allele o f  St 14 (St 14*’ ’̂’°' '̂), express ~ \%  o f  St 14 at birth and survive to 

adulthood (List et al., 2007). The skin barrier defect in these mice is associated with 

impaired filaggrin processing (List et al., 2003). St 14'’̂ '’° '  mice are shown to have 

significant changes in skin microbiota during the first month o f  life (Scharschmidt et 

al., 2009a).

1.6 Skin immunology.

Whilst the function o f  the skin as a physical barrier is well established, there is 

increasing understanding that the skin as the bodies largest epithelium, acts also as an 

immunological barrier, with the primary interaction between external stimuli and 

innate immunity in the epidermis, ‘programming’ the adaptive systemic immune 

response. In this context, genetic mutations leading to dysregulated skin barrier 

function, result in a number o f  inflammatory skin conditions that progress from 

localized skin inflammation to atopic systemic disease.

As discussed (see Section 1.1.3), an increasing number o f  clinical and 

experimental studies provide a compelling association between the initial 

development o f  AD in early childhood, and the subsequent development o f  secondary 

allergic disorders such as asthma, allergic rhinitis, atopic conjunctivitis and 

anaphylaxis. The skin as an epithelial barrier, is in perpetual and dynamic interaction 

with the skin microbiome, and there is a requirement to tolerate commensal microbes 

and maintain immunological homeostatis. The diverse commensal populations o f  the 

skin microbiome, requires that the skin functions as a immunological sensor, with a 

network o f  unique skin specific innate immune cell populations to maintain
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homeostasis and regulate skin inflammation in the steady state, but with the capacity 

to respond to a trauma that may lead to infection or exposure to allergen. The skin 

itself has primary innate immune function, as keratinocytes are immunologicaly 

active (Fig. 1.6). In this regard, barrier trauma alone is sufficient to stimulate 

keratinocyte proliferation and the production o f  pro-inflammatory cytokine and 

chemokine production ( IL - la ,  IL-1(3, IL-8, T N F-a , and Granulocte-macrophage 

colony-stimulating factor[GM-CSF]), a production profile that is characteristic o f  skin 

inflammation (Wood et al., 1992; Nickoloff and Naidu, 1994; Oyoshi et al., 2010).

1.6.1 TSLP.

However, in the context o f  AD and allergy in the broader sense, though 

disease pathogenesis has long been associated with Th2 polarization, elevated IgE, 

eosinophilia, and mast cell activation, the mechanisms by which the Th2 immunotype 

was initiated remained unknown until recently. Keratinocytes from the lesional skin 

o f  AD patients express a proallergic cytokine, TSLP. Human TSLP has been shown 

to potently activate CDl I c '  Dendritic cells (DCs), which in turn prime naive CD4^ 

Th cells to differentiate to Th2 cells, which produce high concentrations o f  lL-13, IL- 

5 and T N F-a , and moderately increased levels o f  IL-4, with the production o f  lL-10 

and Thl IFN-y downregulated (Soumelis et al., 2002).

TSLP is an activator o f  B cells (Leonard, 2002), and coordinates the effector 

functions o f  many myeloid and lymphoid populations (Ziegler and Artis, 2010). 

Epithelial cells including keratinocytes, and other cells such as granulocytes, produce 

TSLP in response to an insult, inducing an inflammatory environment that is 

permissive to the development o f  Th2 cytokine responses (Ziegler and Artis, 2010). 

The TSLP receptor being a heterodimer comprising the lL-7 receptor a  chain (IL-

53



7Ra), and a common y-like receptor chain called TSLPR (Soumelis et al., 2002). 

TSLP induces a DC2 phenotype, CD40L and IL-7 activation, and the production of 

Th2-attracting chemokines CCL17 (thymus and activation-regulated chemokine; also 

known as TARC) and CCL22 (macrophage drived-chemokine; also known as MDC) 

(Soumelis et al., 2002). AD patient biopsies reveal that the local increase o f  TSLP is 

associated with Langerhans cell (LC) activation and migration to skin draining lymph 

nodes, where they trigger the differentiation o f  naive Th cells into proallergic Th2 

cells (Soumelis et al., 2002; Ebner et al., 2007), LCs are primarily epithelial resident 

DCs, mainly associated with epidermal expression (Romani et al., 2006).

High TSLP expression in keratinocytes is associated with lesions o f  acute and 

chronic atopic dermatitis but not in other types o f  skin inflammation (Soumelis et al., 

2002). These observations in human studies have been corroborated in an elegant 

mouse study that has further illuminated the mechanistic role of TSLP in the 

pathogenesis o f  AD (Yoo et al., 2005). Transgenic mice were generated that express a 

keratinocyte-specific, tetracycline-inducible TSLP transgene under the control o f  the 

keratin promotor, resulting in skin-specific overexpression o f  TSLP that resulted in a 

spontaneous AD-like phenotype (Yoo et al., 2005).

Inducible TSLP overexpression in mice resulted in a phenotype that displayed 

the histopathological features consistent with AD-like skin inflammation including 

acanthosis, spongiosis, hyperkeratosis and mononuclear dermal cellular infiltrate that 

included lymphocytes, mast cells and eosinophils (Yoo et al., 2005). These mice had 

elevated basal IgE, a hallmark o f  atopy, as well as having a dramatic increase in lL-4 

producing Th2 cells in both skin-draining lymph nodes and the spleen, which were 

CCR4~, and expressed P- or E-ligands. In addition, RT-PCR analysis revealed the 

lesional skin in these mice had a pro-allergic phenotype with elevated IL-4, IL-5, and
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T N F-a , and cutaneous chemokines CCL17 and CCL22. Importantly, by crossing 

these mice to TCR-(3" mice, it is demonstrated that TSLP can initiate an AD-like 

allergic inflammation independent o f  Th2 cells, demonstrating that TSLP can directly 

act on macrophages, mast cells and eosinophils (Yoo et al., 2005).

A similar phenotype was observed in a KI4-TSLP mouse, overexpressing 

TSLP under the control o f  human K I4  (Li et al., 2005). In the same study, a mouse 

made with the epidermal keratinocyte-specific ablation o f  both a  and [3 isotypes o f  the 

retinoid X receptor, a member o f  the nuclear receptor superfamily, point to an 

initiating role for keratinocytes in the development o f  AD pathogenesis. These mice 

develop a severe AD-like inflammation, with eczematous lesions, xeroxis, and 

pruritus; and similar to mice that overexpress TSLP in the epidermis (Li et al., 2005; 

Yoo et al., 2005), there is a significant demial infiltration o f  Th2 cells, mast cells and 

eosinophils (Li et al., 2005).

These mice have a generalized Th2 skewed cutaneous immune response, with 

epidermal RT-PCR analysis revealing elevated IL-4, IL-5, lL-13, and IL-31, in 

addition to the Th2 associated chemokines C C LI7 , CCL22 and CCL8. Further, there 

is a markedly increased epidermal expression o f  TSLP, providing increasing evidence 

for the key role for this cytokine in initiating the proallergic Th2 environment 

associated with AD pathogenesis (Li et al., 2005). Finally, this model also displays a 

systemic Th2 phenotypic features that are typical o f  AD patients with increased serum 

levels o f  IgE and IL-5 and blood eosinophilia (Li et al., 2005). In mice defective for 

Notch signaling in the skin, elevated TSLP levels and development o f  AD-like skin 

inflammation are also observed, following the keratinocyte-specific ablation o f  the 

Notch transcriptional effector RBP-j (Demehri et al., 2008).
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1.6.2  Antigen p resen ting  cells.

Given that DCs acquire antigens such as allergens, and then stimulate the 

proliferation o f  T cells to induce distinct T helper cell responses to the pathogens 

(Banchereau et al., 2000), it has been suggested that DCs initiate AD in humans 

(Novak et al., 2007). As yet, it has not been determined which epidennal subtypes 

initiate epicutaneous sensitization to protein antigens. Langerhans cells (LCs) in the 

epidermis had been considered as the exclusive APCs o f  the skin, detecting skin- 

penetrating pathogens before presenting antigen to T cells present in the cutaneous 

lymph nodes (CLNs). However, LCs are not the sole skin resident APC. The skin 

contains a second type o f  DC known as dermal DCs. Five distinct DC subsets have 

been identified in steady state in the dermis (Henri et al., 2010). Migratory LCs, as 

well as four populations o f  dermal DCs; CD207” CD l Ib^, C D 207 ' CDl lb~ dermal 

DCs constitute the majority o f  DCs found in steady-state dermis, with CD207* 

CD 103' and CD207' CD 103* dermal DCs representing minor populations o f  dermal 

DCs.

LCs have been shown to be able to uptake large molecules such as protein 

antigens restricted to above the size-selective tight junction barrier, via the extension 

o f  their dendrites through the reorganized epidermal tight junction (Kubo et al., 2009), 

implicating LCs as opposed to other dermal DC populations in the initiation of 

epicutaneous sensitization with protein antigens, associated with the development of 

AD. However, contrasting results have shown that CD207* dermal DCs are the 

predominant skin-migratory subtype that cross-present Ovalbumin (OVA) antigen 

whose expression is keratinocyte-restricted, with migratory LCs dispensable for 

transferring OVA into the dermis for presentation to CD207~ dermal DCs (Henri et 

al., 2010). TSLP signaling has been shown to activate dermal DCs to induce a Th2
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response fo llow ing traum a elicited by tape-stripping, and LC activation following 

topical application o f  vitam in D3 analogues through T S L P  signaling (E lentner et ai., 

2009; O yoshi et al., 2010).

These skin in flam m atory  m odels are induced in a protein antigen independent 

m anner,  and have a limited re levance with respect to the epicutaneous sensitization to 

allergen typical o f  A D  pathogenesis. To  address the re levance o f  TSL P  signaling to 

the generation o f  a Th2 polarized local im m une environm ent, upon protein  antigen 

ep icu taneous sensitization, a system o f  LC ablation was em ployed  in a model o f  O V A  

sensitization, revealing that LC s are crucial for Th2 induction and IgE induction, via a 

m echan ism  o f  T S L P  signaling (N akajim a et al., 2012). LCs were shown to be the 

prom inent cutaneous DC subset in inducing IgE upon epicutaneous sensitization with 

O V A , with expression o f  T S L PR  upregulated on LCs, which are required  for 

com petent T S L P-T SL PR  signaling in the skin following protein sensitization 

(N akajim a et al., 2012). Furtherm ore, T SL P  stimulation upregulates T h2-inducing  co

stim ulatory  m olecule O X 40L  on LCs, following protein sensitization (N akajim a et al., 

2012). A num ber o f  previous studies have dem onstra ted  that dermal DCs, and not 

LCs, were critical for facilitating epicutaneous sensitization in hapten m odels, such as 

T h l-m e d ia te d  contact hypersensitivity  (Rom ani et al., 2006; E bner et al., 2007; Li et 

al., 2009; Demehri et al., 2009).

H ow ever, the respective roles o f  dermal DCs and LCs in the process o f  contact 

hypersensitiv ity  (C H S) to epicutaneously applied haptens, rem ains controversial. 

U tiliz ing direct expression o f  the diphtheria  toxin (DT) receptor (D T R) or subunit A 

o f  DT (D T A ) to LC, generating  mice with respective inducible or constitutive LC 

ablation, dem onstrated  divergent roles for LCs in CH S with either decreased, 

increased or no change in ear sw elling  and inflam m atory responses (K aplan et al..
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2008). Reasons as to the differences may be on account o f  the timing o f  DT 

administration, as well as the fact that Langerin-DTA mice have an ablation in 

Langerin* demial DCs in addition to LCs.

1.6.3 Inflamm ation in the absence o f  a barrier insult.

In a seminal study, Hovnanian and colleagues demonstrated a direct link 

between an epidermal protease defect and innate immune activation in the absence of 

barrier insult or adaptive immune responses (Briot et al., 2009). As discussed, the 

prevailing consensus was that the “ leaky” skin barrier associated with AD 

pathogenesis due to epidermal barrier dysregulation, leads to epicutaneous allergen 

ingress and sensitization. It has been shown that epidermal keratinocytes directly 

modulate immune activation. Under baseline culture conditions, keratinocytes from 

patients with Netherton syndrome and increased expression o f  Intercellular adhesion 

m olecule(lC A M )-l, and secrete pro-inflammatory cytokines lL-8, and TNF-(x, and 

Th2-polarizing mediators, TSLP, CCL17, and CCL22 in the absence o f  stimulation 

(Briot et al., 2009). This experimentally excludes a necessity o f  skin barrier disruption 

and/or pathogen and allergen penetration, in the initiation o f  a primary immune 

activation in the epidermis. The protease KLK5, that has shown to be central in the 

process o f  terminal differentiation, is now show'n to have a secondary function in an 

immunological cascade. KLK5 hyperactivity, via proteinase activated receptor(PAR) 

2 cleavage and NF-kB pathway activation, leads to IC A M l, IL-8, T N F-a  and TSLP 

overexpression in keratinocytes (Briot et al., 2009). Further exemplifying the 

importance o f  dysregulated protease activity in immune cascade activation, the 

CCL17 and CCL22 are overexpressed in keratinocytes from netherton syndrome 

patients (due to LEKTI-deficiency), due to hyperactive KLK7 or KLK14 activity
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(Briot et al., 2009). These results were validated in vivo following in utero analysis. In 

embryonic SpinkS-def\c'\ent mice, the KLK5 biological cascade has been shown to be 

activated in the skin, leading to upregulation o f  IC A M l, 1L-If3, T N F-a , TSLP, 

CCL17 and CCL22, with no inflammatoiy infiltrate evident (Briot et al., 2009). These 

experiments were confirmed in a pathogen-free environment, illustrating the 

importance o f  keratinocytes in initiating an immunological cascade through PAR2 

cleavage and TSLP production in vivo.

Interestingly, perfomiing 5jy/«A:5-deficient skin grafts on athymic nude mice, 

illustrated marked inflammation, comprising eosinophil and mast cell infiltration, in 

the absence o f  T cell-mediated immunity (Briot et al., 2009). Similarly, T cell- 

deficiency in K5-Tslp  mice crossed to TCR-(3-deficient mice did not affect eosinophil 

and mast cell skin infiltration. Thus, in the context o f  TSLP-mediated skin 

inflammation, it appears that the innate immune system may directly recruit and 

activate mast cells that express TSLP receptor (Allakhverdi et al., 2007). TSLP, acting 

synergistically with 1L-1(5 and T N F-a , stimulates the production o f  pro-allergic Th2 

cytokines by activated mast cells, but did not induce the release o f  granule-associated 

mediators such as histamine and tryptase, or the synthesis o f  lipid mediators such as 

PGDt and LTC4 (Allakhverdi et al., 2007). These results support earlier findings that 

demonstrated in experimental models o f  dermatitis that TSLP-transgenic mice lacking 

T cells (TCRp~^~ or RAG” '  mice) developed cutaneous inflammation in T ce ll-  and 

IgE-deficient animals (Yoo et al., 2005; Li et al., 2006). These results in studies on 

spink5-def\c\en\ (LEKTl-deficient) mice illustrate the importance o f  competent 

epidermal regulation o f  the protease/protease inhibitor balance in skin barrier 

function, in the context o f  immune homeostasis given the capacity o f  keratinocytes to 

initiate the progression to skin inflammation and AD, via the production o f  TSLP
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(Liu, 2006). This mechanism could explain why the eczematous skin lesions in 

paediatric patients often start in the absence o f  specific IgE antibodies, indicating that 

IgE sensitization may occur secondai7 to AD (Briot et al., 2009).
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1.7 Im m unology  in the progression to lung inflam m ation.

Although the m uh itude  o f  data that has em erged  from an ever increasing 

n u m b er  o f  clinical studies, has inferred a susceptibility  o f  A D  patients to go ing  on to 

develop asthma, the m echanism  that m ediates this “atopic m arch” has remained 

unclear until recently. A llergic  asthm a is a chronic lung disease associated with 

dysregulated  T h2-m edia ted  inflammation, and bronchial hyperactivity and airway 

obstruction in response to allergen challenge (M eyer et al., 2008). Its is estimated that 

up to 300 m illion are affected by asthma w orldw ide (M asoli et al., 2004). A lthough it 

is estim ated to affect betw een  4-8%  o f  people in the general population, the incidence 

rises dram atically  to up to 70%  in patients with a preceding history o f  A D  (Spergel 

and Paller, 2003). Given that epidem iological data points to A D  being the first 

m anifesta tion  o f  the atopic m arch (Spergel and Paller, 2003), it has been hypothesized 

that skin bairie r defects predispose an individual to atopic dermatitis, with the 

aberrant allergic im m une reactions at the epidermal barrier, initiating a barrier defect 

facilitating allergen ingress (Segre, 2006). Furtherm ore, this im m une prim ing is 

believed to predispose to the developm ent o f  secondary  allergic conditions, notably 

asthma, as there is a systemic Th2 im m une polarization following the initial encounter 

with an allergen.

In support o f  this theo iy  o f  a prim ary banner defect being the causal factor 

resulting in progression from  AD  to asthma, arises from evidence em erging  from 

studies on patients with filaggrin loss-of-function m utations, who have been shown to 

have an increased susceptibility  to the developm ent o f  A D  associated as thm a (see  

Section 1.2.3). In addition, a num ber o f  informative m echanistic studies in m ice have 

indicated that epicutaneous sensitization underlies the developm ent o f  airway 

hyperreactiv iy  and lung inflam m ation (Spergel et al., 1998; Spergel et al., 1999; He et
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al., 2007; He et al., 2009). However, apart from models o f  epicutaneous sensitization 

leading to pulmonary inflammation, it now emerges that an intrinsic skin hairier 

defect can lead to an asthmatic phenotype in the absence o f  epicutaneous 

sensitization, where high levels o f  systemic keratinocyte-derived TSLP is shown to 

result in the development of atopy and progression from AD to asthma, illustrating 

that a factor produced by AD skin can sensitize the airway epithelia.

Strikingly, the high levels o f  systemic TSLP associated with the keratinocyte- 

specific deletion o f  RBP-j in mice (RBP-jCKO) leads to a pronounced asthmatic 

phenotype in these mice, upon antigen-induced allergic challenge o f  the airways 

(Demehri et al., 2009), thus providing the first experimental evidence in a mouse 

model, for the progression from AD to asthma supporting the atopic march 

hypothesis. These mice developed severe lung inflammation, eosinophilia, goblet cell 

hyperplasia and a profound airway hyperresponsiveness (AHR), following a regimen 

o f  OVA sensitization (Demehri et al., 2009). Given the highly elevated serum levels 

o f  TSLP, and given that TSLP overexpression in the lung epithelium is capable o f  

inducing asthma (Al-Shami et al., 2005; Zhou et al., 2005; Liu, 2006), it was 

hypothesised that TSLP was the main driver o f  progression to an asthmatic 

phenotype.

Inhibition o f  TSLP receptor function in RBP-jCKO mice reduced the severity 

o f  AD-like skin inflammation, but did not abrogate it, and had no effect on the 

magnitude o f  the Th2 skewed immune responses nor the levels o f  serum IgE 

(Demehri et al., 2009), inferring that alternate mechanisms to TSLP signaling are also 

responsible for the skin inflammation observed in RBP-jCKO mice. However, TSLP 

receptor inhibition in RBP-jCKO mice completely attenuated the OVA-induced 

airway inflammation and AHR seen in RBP-jCKO mice, demonstrating the critical
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role o f  TSLP signaling in conferring a predisposition to the development o f  

experimental asthma (Demehri et al., 2009). Therefore, overexpression o f  TSLP in the 

skin results in high systemic levels (Demehri et al., 2008), in marked contrast to TSLP 

overexpression in the lung, which does not result in systemic accumulation o f  this 

cytokine (Zhou et al., 2005). This emphasizes the key role o f  the skin as an epithelial 

barrier, generating a proallergic environment by releasing TSLP that can activate DCs 

(Liu et al., 2007), T cells (Rochman et al., 2007; Rochman and Leonard, 2008), and 

myeloid cells (Reche et al., 2001), predisposing to allergic inflammation in secondary 

barrier organs such as the lung in the case o f  allergic asthma. Most crucially, in the 

final part o f  this study, the authors sought to demonstrate that an intrinsic barrier 

defect could stimulate an inflammatory environment predisposing to asthma-like 

inflammation in the absence o f  lesion formation and skin inflammation.

It was demonstrated that outbred K14-TSLP mice developed no overt basal 

skin, in comparison to the pathology seen in inbred K14-TSLP mice (Yoo et al., 

2005). Outbred K14-TSLP mice did develop a severe asthmatic response which the 

authors claim demonstrates that epidermal TSLP overexpression alone increased the 

susceptibility to the development o f  asthma upon airway allergen challenge, in the 

absence o f  skin inflammation (Demehri et al., 2009). It is suggested that the absence 

o f  overt skin inflammation and lesion formation, infers an absence o f  epicutaneous 

allergenic priming.

In a separate study assessing an experimental model o f  the atopic march, the 

role o f  TSLP as a master regulator predisposing to asthmatic susceptibility following 

a primary bairier defect is validated. Topical application o f  MC903 (calcipotriol; a 

low-calcemic analogue o f  vitamin D3) has been shown to induce AD-like 

inflammation via the inducement o f  TSLP expression by keratinocytes (Li et al..
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2006; Li et al„ 2009), but also leads to an exacerbation o f  a concom itan t O V A - 

induced asthm a-like lung inflam m ation (Zhang et al., 2009). Again  in this m odel 

s im ilar to study by Dehmeri and colleagues, skin derived TSL P  leading to elevation in 

system ic circulating T S L P  levels, does not result in spontaneous lung inflam m ation, 

in the absence o f  O V A  sensitization and challenge (Zhang et al., 2009).

W hat can be concluded  from these studies is that ep icutaneous allergenic 

p rim ing  leads to an upregulation o f  T SL P  expression by keratinocytes, which 

activates a proallergic environm ent, which can predispose to the deve lopm ent o f  

as thm a-like inflam m ation, in m ouse models. Nevertheless, an important caveat with 

the observations in these animal models, is that high levels o f  circulating TSL P, are 

not seen in people with atopic dermatitis, therefore the im portance o f  T S L P  in the 

context o f  the atopic m arch rem ains to be elucidated. T hough  a num ber o f  em erging  

studies associa te T S L P  po lym oiph ism s with a num ber o f  allergic conditions in 

hum ans, thus far, no association has been linked with AD  in patients (Siracusa et al., 

2 0 1 1 ).

Interestingly, a recent study shows that activated hum an basophils express 

T S L P  receptor, and that basophils isolated from eosinophilic oesophagitis  patients 

w ere  distinct from classical basophils, infeiring a previously unrecognized 

heterogeneity  within the basophil cell lineage and indicating that expression o f  T SL P  

m ay  influence susceptibility to multip le  allergic d iseases by regulating basophil 

haem atopoiesis , and thereby functionally distinct basophils that induce proallergic 

Th2  skewed im m une responses (Siracusa et al., 2011). This highlights the role o f  

innate cells in the generation o f  allergic responses via T S L P  signaling, w arranting  an 

investigation into the role o f  the new ly described innate lym phoid  cells in the skin.

65



1.8 Mouse models of AD

The use of animal models, specifically mouse models, have been fundamental 

in the understanding o f human disease, allowing mechanistic investigation of 

pathogenesis. Many aspects o f the aetiology of AD and allergic disease as a whole, 

have yet to be elucidated, and current therapies are largely ineffectve. In light of this, 

the study o f animal models o f allergic disease are essential to advance the mechanistic 

understanding of AD pathogenesis, and progression to asthma. The description o f the 

Nc/Nga mouse in 1997, was the first such model o f spontaneously occurring AD-like 

inflammation (Matsuda et al., 1997). Since then, a number o f mouse models have 

been developed, which can be categorized into three general classifications: (1) 

models induced by epicutaneous application of sensitizing antigens; (2) transgenic 

mice that selectively overexpress or lack targeted molecules; (3) mice that 

spontaneously develop AD-like pathology. These models have been intrinsic to the 

advancement o f our knowledge o f the aetiology of human AD.

1.8.1 Models o f  epicutaneous antigen sensitization.

1.8.1.1 Model of epicutaneous OVA sensitization.

Geha and colleagues initially developed a mouse model of AD induced by 

repeated epicutaneous sensitization o f tape-stripped skin with OVA (Spergel et al., 

1998), which has been shown to induce AD-like inflammation in both BALB/c and 

C57BL/6 strains (Spergel et al., 1999). The premise of this model, is that the tape- 

stripping of the clipped mouse skin mimics the excoriation or skin injury brought 

about in AD patients by scratch behavior, which is followed by an allergen (OVA) 

application regimen to the excoriated skin. In the initial model, OVA sensitized mice 

developed increased pruritis, skin lesions, epidermal and demial thickening. In the

66



skin, there are increased levels o f  the chemokines, eotaxin and CCL17, which 

chemoattract the skin infiltration o f  skin-homing CCR3^ eosinophils and CCR4~CD4 

T cells respectively (Spergel et al., 1998). Further, there was marked upregulation of 

pro-allergic cytokines IL-4, lL-5, and IL-13, and increased collagen deposition. 

Systemically, serum OVA-specific IgG l, IgE, and lgG2a are elevated, and 

splenocytes from OVA sensitized mice produce increased level o f  lL-4, IL-5, IL-13, 

and IFN-y in response to OVA re-stimulation (Spergel et al., 1998). Importantly, 

OVA-sensitized mice developed increased airway hyperresponsiveness (AHR) 

following OVA sensitization and inhalation challenge, experimentally demonstrating 

allergic lung inflammation upon allergen inhalation following initial epicutaneous 

sensitization (Spergel et al., 1998). In this model, the use o f  R A G 2 "  mice, B-cell- 

deficient IgH "  mice, TCRP " mice, and CD40-deficient mice, demonstrated that 

TCRa(3 T cells, were essential for the progression to AD-like skin inflammation, 

whereas yb T cells, B cells, or C D 40L-CD 40 interactions were not necessary for skin 

inflammation and the Th2 response (Woodward et al., 2001).

In addition to the described Th2-polarized immune response associated with 

this model, it was found that epicutaneous sensitization with OVA (a Th2 polarizing 

experimental allergen) induced Th l 7  cells in the dLNs and spleen, indicating a local 

and systemic T h l 7  response (He et al., 2007). OVA inhalation by epicutaneously- 

sensitized mice induced IL-17, CXCL2 expression, neutrophil influx in the lung, and 

AHR, which was reversed by IL-17 neutralization. This is in contrast to the Th2 

polarized eosinophil-associated lung pathology in response to intraperitoneal 

immunized mice upon OVA inhalation. Mechanical disruption o f  the epidennal 

barrier resulting from the tape-stripping upregulated the expression o f  IL-6 and IL-23 

in skin (He et al., 2007). IL-6 is an inducer o f  Th l 7  cells (Veldhoen et al., 2006), and
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IL-23 stimulates T h l7  proliferation (Langrish et al., 2005), further implicating a role 

for T h l7  in experimental skin inflammation. Indeed, dLN migrating DCs had 

increased IL-23 expression and induced increased levels o f IL-17 expression by naive 

T cells than splenic DCs (He et al., 2007). These data implicate a role for Th l7  

immune responses upon barrier disruption, epicutaneous sensitization to allergen, and 

progression to lung pathology, in the context o f human pathologies. In this regard, IL- 

17 has been demonstrated to be elevated during the acute stage o f atopic dermatitis 

(Toda et al., 2003), and shown to contribute to asthma in humans (Poon et al., 2012; 

Silverpil and Linden, 2012).

1.8.1.2 Hapten-induced mouse models o f AD.

Haptens such as oxazolone (Ox) and trinitrochlorobenzene are routinely used 

in models o f allergic contact dennatitis, which are typified by a Thl-dominated 

responses. However, studies involving a regimen o f continued hapten application to 

hairless mice, induced a shift from the typical Thl-dominated delayed 

hypersensitivity response, to a chronic Th2-polarized inflammatory response that 

shares a number o f features consistent with human AD (Man et al., 2008; Matsumoto 

et al., 2004). The chronic Th2-like skin inflammation was characterized by dermal 

infiltration o f Th2 cells, mast cells, and eosinophils, increased expression o f IL-4 in 

the dennis, and highly elevated serum IgE levels. Repeated Ox challenge led to 

increased epidermal hyperplasia and decreased expression o f filaggrin, loricrin, and 

involucrin. Further skin barrier dysregulation was evident given the increased TEW L, 

decreased SC ceramide content and hydration, and impaired lamellar body secretion, 

resulting in reduced lamellar membranes, consistent with AD pathology in patients 

(Matsumoto et al., 2004; Man et al., 2008). Similar to AD in patients, epidermal
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serine protease activity in the SC increased, and the expression of two lamellar body- 

derived antimicrobial peptides, CRAMP and mBD3 decreased after repeated 

challenge, paralleling the decrease o f their human homologs in eczematous AD skin 

lesions (Matsumoto et al., 2004; Man et al., 2008). These studies reinforce the concept 

of the outside-inside-outside model of AD pathogenesis, whereby allergen ingress at a 

defective epidermal barrier drives inflammation that further disrupts the skin barrier.

1.8. 1.3 Superantigen-induced mouse models o f AD.

Skin colonization with Staphylococcus aureus colonization is known to 

exacerbate AD pathogenesis (Bieber, 2008). Up to 65% of S. aureus strains isolated 

from lesional skin o f AD patients, produce exotoxins with superantigenic properties. 

In an adoption o f the tape-stripping and epicutaneous sensitization regimen used in 

OVA studies, application of Staphylococcal enterotoxin B (SEB) induces both 

localized and systemic Th2-dominated inflammation (Laouini et al., 2003).

1.8 . 1.4 Vitamin D3 analogue induced mouse models o f AD.

Mice treated with the low-calcemic vitamin D3 analogue MC903, have been 

shown to develop AD-1 ike inflammation associated with elevated serum IgE (Elentner 

et al., 2009). Strikingly, LC-depleted mice treated with MC903 do not develop AD- 

like inflammation. MC903 application to control mice, induces the expression of 

maturation markers on LCs, whereas maturation of dermal DCs is not altered. LCs are 

shown to induce Th2 polarization in a OX40-L/CD134 redundant mechanism. 

Furthermore, production of CCL17 and CCL22, is shown to be controlled by 

keratinocyte TSLP production. These results indicate that LCs are required for the
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development of AD in mouse models of AD involving epidemial TSLP

overexpression.

1.8.2 Genetically engineered mouse models o f  AD.

1.8 .2.1 IL-4 transgenic mice.

Transgenic mice that overexpress IL-4 in the epidermis develop spontaneous 

pruritus and chronic dermatitis from 4 months (Chan et al., 2001). The onset o f skin 

inflammation con'elated with increased Th2 associated IgE and IgGl in the serum. 

Pathology manifested in two phases, with the appearance o f early stage skin lesions 

characterized by prominent T cell infiltration in the epidermis and dermis. Chronic 

lesions had increased T cell infiltration in the dermis, and histopathological features 

typical o f AD including acanthosis, hyperkeratosis, and demial eosinophil infiltration.

1.8.2.2 IL-31 transgenic mice.

lL-31 is a recently described cytokine associated with Th2 immune 

polarisation. It has been shown to be associated with pruritic skin lesions in AD 

(Dillon et al., 2004). lL-31 expression is shown to correlate closely with the 

magnitude of skin pruritis. At 6 months, transgenic mice overexpressing IL-31, 

developed skin lesions with histopathological features such as hyperkeratosis, 

acanthosis, inflammatory cell infiltration, and an increase in mast cells numbers. No 

upregulation o f serum IgE was apparent.

1.8 .2.3 Caspase-1 and lL-18 transgenic mice.

A SNP in the IL-18 gene has been associated with the development o f AD 

(Kim et al., 2007). Like 1L-1(3, lL-18 is present in the cell types such as keratinocytes
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and m acrophages, as a biologically  inactive proprotein  precursor, and only  becom es 

active upon inflam m asom e-associated  cleavage by caspase-1. Transgenic mice that 

have been engineered to overexpress the hum an caspase-1 precursor gene in 

keratinocytes under the control o f  the hum an keratin 14 p rom oter (Caspase-1 

transgenic mice), have been shown to have elevated IgE in the serum, with a m ild 

pruritic dermatitis  apparent around the eyes and ears, developing  with age (Y am anaka  

et al., 2000).

H istologpathological exam ination revealed prom inent acanthosis, 

papillomatosis, parakeratosis, and intracellular edem a with m arked  dermal infiltration 

o f  lymphocytes, neutrophils, and mast cells, but with no eosinophil infiltration in the 

skin lesion. Interestingly, Caspase-1 transgenic mice on STA T6-deficient background, 

a transcription factor associated with the induction o f  Th2 associated responses, still 

developed a m agnitude o f  chronic dermatitis  sim ilar to that observed in Caspase-1 

transgenic littermates, but with no detectable IgE production (Y am anaka et al., 2000). 

This  indicates that IgE is not necessary for the developm ent o f  dermatitis in this 

model, similar to the results observed in the transgenic lL-31 mouse. IL-18-deficient 

Caspase-1 transgenic mice did not develop the dermatitis  seen in Caspase-1 

transgenic mice, indicating an essential role for IL-18 in the Caspase-1 transgenic 

m ouse model o f  AD. Given that A D  occurs in this model in the absence o f  elevated 

IgE and STAT6 activation, and that AD-like inflam m ation occurs in this model in the 

absence o f  allergen exposure, it has been proposed that the Caspase-1 transgenic 

m ouse model m ay m im ic the pathology associated with intrinsic A D , a condition in 

which serum IL-18 levels are elevated, coire lating to the increase in IL-18 in Caspase- 

1 transgenic m ice  (Konishi et al., 2002).
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Importantly, IL-l(3-deficient Caspase-1 transgenic mice and IL-18 transgenic 

mice also developed AD-like inflammation but at a later stage, from approximately 6 

months onwards. This indicates that IL-1(3 has an early role in inducing the pro- 

inflammatory skin inflammation, initiated by elevated lL-18 activity in the skin 

(Konishi et al., 2002). Both Caspase-1 transgenic and lL-18 transgenic mice had 

elevated serum IgG l as well as IgE levels. Significantly, both Caspase-1 transgenic 

and lL-18 transgenic mice had an increase in mast cells in the skin, levels o f 

histamine in the plasma, and pruritis, pathological features that are characteristic o f 

human AD.

1.8.2.4 Cathepsin E knockout mice.

The aspartic proteinase cathepsin E (Cat E) is mainly localized mainly to 

endosomal structures in APCs in antigen processing via the MHC class II pathway 

(Zaidi and Kalbacher, 2008). Cat E "  mice on C57BL/6 background developed 

pruritic and erosive skin lesions, colonized by S. aureus (Tsukuba et a!., 2003). 

Histolopathology revealed epidemial hyperplasia and dermal inflammatory infiltrates 

including eosinophils, lymphocytes, and macrophages. IgE was elevated in the serum 

and there was evidence o f Th2 polarization.

1.8.2.5 SC chymotryptic enzyme transgenic mice.

Expression o f the stratum comeum chymotryptic enzyme (SCCE), also known 

as KLK? has been shown to be increased in chronic lesions o f AD as well as in 

psoriasis (Ekholm and Egelrud, 1999). Overexpression o f human SCCE transgene in 

epidermal keratinocytes o f mice, led to AD-like skin pathology with increased
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epidermal thickness, hyperkeratosis, and dernial inflammation from 8-weeks, and the 

development o f  later pruritis (Hansson et al., 2002).

1.8.2.6 Apolipoprotein Cl transgenic mice.

APOCl is an apolipoprotein involved in lipoprotein metabolism (Jong et al., 

] 998), and in humans is expressed in macrophages and keratinocytes. Mice transgenic 

for human apolipoprotein Cl (A PO C lT g  mice) in the skin, have increased levels of 

FFA, cholesterol, and triglycerides, but have a total absence o f  subcutaneous fat and 

atrophic sebaceous glands. As discussed previously, the composition o f  the SC is 

dependent on lipid homeostasis. A P O C lT g  mice develop severe spontaneous AD-like 

inflammation with age with moderate epidermal hypeiplasia, parakeratosis, scaling, 

lichenification, excoriations, and pruritus. Histological analysis shows increased 

epidermal thickening and spongiosis in conjunction with elevated numbers of 

inflammatory cells, including eosinophils, neutrophils, mast cells, macrophages, and 

CD4 T cells in the dermis (Nagelkerken et al., 2008). Furthermore, A P O C lT g  mice 

have increased serum levels o f  IgE and profound numbers mast cell infiltration in the 

dermis. In addition, elevated TEW L values indicate epidermal barrier dysregulation, 

further supporting the im.portance o f  skin barrier integrity in the pathogenesis o f  AD.

1.8.3 Spontaneous mouse models o f  AD.

1.8.3.1 The Nc/Nga mouse.

The first spontaneous model o f  AD-like inflammation to be characterized was 

the Nc/Nga mice, an inbred mouse strain (Matsuda et al., 1997). Nc/Nga mice have 

mutations on chromosome 9, associated to immunological function, specifically 

increased IgE production as well as increased Th2 responses. Skin changes develop
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spontaneously in Nc/Nga mice housed in conventional housing but not under specific 

pathogen free (SPF) conditions, suggesting an environmental influence on the 

development of inflammation. Pruritis occurs between 6-8 week, followed by 

erythema, and eczematous lesion development with contaminant excoriation and 

edema. Histopathological analysis indicates that the infiltration of dermal eosinophils 

and mononuclear cells precedes clinical skin manifestations. Hypeiparakeratosis, 

hyperplasia, and spongiosis are observed in the skin lesions at the age of 17 weeks.

The constitutive and enhanced tyrosine phosphorylation of Janus kinase 3, a 

tyrosine kinase responsible for IL-4R and CD40 mediated signaling, is thought to be 

involved in the enhanced sensitivity of B cells to lL-4 and CD40L, leading to the 

elevation of total IgE levels (Matsumoto et al., 2004). Along with a marked increase 

of eosinophils and mast cells in skin lesions, Nc/Nga mice have increased serum 

levels of total IgE, and the Th2-associated chemokines, CCL17 and CCL22 

(Vestergaard et al., 1999; Kohara et al., 2001), data which indicates a strong role for a 

Th2-polarized immune responses as the main driver of AD-like inflammation in 

Nc/Nga mice. However, STAT6-deficient Nc/Nga mice display the same magnitude 

of skin inflammation as observed in Nc/Nga littermates, but with undetectable IgE in 

the serum. This suggests that the skin inflammation in Nc/Nga mice is lgE/Th2 

independent (Yagi et al., 2002).

Interestingly, in eczematous skin lesions in STAT6-deficient Nc/Nga mice, 

there is a high expression of caspase I and IL-18, and elevation of eotaxin 2 and 

CCR3 expression, which again implicates a role for the inflammasome in AD-like 

inflammation in the absence of allergen challenge, or Th2-polarized immune 

responses. Interestingly, the il-18 gene is near the locus responsible for skin disease in 

Nc/Nga mice on chromosome 9, implicating an innate immune defect in the
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spontaneous skin inflammation. In the context o f  a secondary barrier defect in Nc/Nga 

mice under conventional conditions, TEW L is elevated, and there is altered skin 

conductivity, and ceramide metabolism is impaired (Aioi et al., 2001).

1.8.3.2 DS-nonhair (DS-Nh) mice.

The DS-Nh mouse is a spontaneous hairless inbred mutant o f  the DS mouse 

strain established in 1974. These mice present with spontaneous dermatitis and 

elevated serum IgE levels under conventional conditions, and under SPF occasionally 

(Watanabe et al., 2003). Histology o f  skin lesions in these mice revealed dermal 

inflammatory infiltrates including mast cells, eosinophils, CD4 T cells, C D l l b  

macrophages, in addition to Th2 cytokine expression, with the magnitude o f  AD-like 

inflammation correlating with the serum titer o f  IgE (Hikita et al., 2002). The 

increased levels o f  serum IgE, and elevated TEWL, were demonstrated to only occur 

following clinically observable skin lesions, indicating that these are secondary 

responses, similar to the pathogenesis observed in Nc/Nga mice. Interestingly, in the 

context o f  the skin microbiome, the skin lesions were colonized S. aureus, and it was 

demonstrated that the application o f  heat-killed 5. aureus was sufficient to induce 

bacteria associated lesion development (Hikita et al., 2002).

1.8.3.3 Naruto Research Institute Otsuka (NOA) mice.

The Naruto Research Institute Otsuka (NOA) mice present with alopecia and 

pruritic ulcerative dermatitis with significant dermal infiltration o f  mast cells and 

elevated levels o f  serum IgE (Watanabe et al., 1999). A lack o f  any increased 

lymphocyte infiltration in the dermis, or many o f  the characteristic AD-like
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pathological features m ean  that this m odel is limited in its scope as a m ouse model o f  

AD-like inflammation.

1 .8.3.4 Flaky tail (ft) mice.

The flaky tail (ft) m ouse is a spontaneously  arising autosomal recessive 

m utation that first arose in 1958, located on chrom osom e 3 within the EDC. This 

m utation is in close linkage with another m utation m a tted  (ina) that causes a 

keratinization defect resulting in a ‘m atted ’ hair phenotype. Ft ij't/ft) m ice present with 

dry, flaky skin, and necrotic annular tail and paw  constrictions in the neonatal period 

from day 3. T he skin o f  f t / f t  m ice exhibits m arked attenuation o f  the epidermal 

granular layer, mild acanthosis, and hyperkeratosis  (Presland et al., 2000). The 

precursor protein profilaggrin is abnorm ally  expressed in the skin o f  f t / f t  mice and is 

not processed to filaggrin m onom ers , resulting in the lack o f  normal keratohyalin F- 

granules. Filaggrin protein  is show n to be absent in the epidermis. Expression o f  

filaggrin associated epidermal keratins rem ains unaltered and the cornified envelope 

proteins involucrin and loricrin are increased in f t / f t  epidermis. Keratinocytes from 

f t / f t  mice express reduced am ounts  o f  profilaggrin m R N A  and protein, indicating that 

the defect in profilaggrin  expression is intrinsic to epidermal cells. This data 

implicates the absence o f  filaggrin expression in the epidermis, underlies the dry, 

scaly skin characteristic o f  f t /f t  mice.
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1.9 Thesis objectives

Increasingly, epidermal barrier dysfunction is being recognized as the major 

causal factor in the pathophysiology o f  atopic dermatitis, and in initiating the atopic 

march in patients. Loss-of-function mutations in the FLG  gene, have being identified 

as the major genetic predisposer to the development o f  AD, and these variants are 

strongly associated with progression to asthma. It is believed that the flaky tail 

spontaneous mutant mouse may provide novel insights into the role o f  filaggrin in 

skin barrier dysregulation in humans, in the context o f  ichthyosis vulgaris and atopic 

dermatitis, due to the flaky tail’s inherent filaggrin defect. Therefore the objective o f  

this PhD thesis is to examine the impact o f  both the filaggrin defect, and the unknown 

ma mutation in flaky tail mice, in the context o f  the development o f  atopic dermatitis, 

and progression to atopic dermatitis-associated lung inflammation. The three overall 

aims o f  this thesis are;

1. To elucidate the genetic basis underlying the filaggrin defect in the flaky tail 

mouse, and assess the ease o f  allergen priming through the intact skin barrier.

2. To extend these studies by separating the newly identified F !^' mutation 

and the ma mutation, by backcrossing, generating two distinct novel mouse 

strains; and identify the genetic basis o f  the ma phenotype, and elucidate its 

impact on the phenotype o f  the parent strain flaky tail.

3. To investigate the role o f  1L-17A in the progression to lung inflammation as 

observed in Aim 2 in TmemlQ""' mice, and to assess this mouse in a model o f  

cutaneous Staphylococcus aureus infection.
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Chapter 2 

Materials and Methods



2.1 Mice.

2.1.1 Breeding.

C57BL/6J mice were initially purchased from the Jackson Laboratoi^ (Bar 

Harbor, ME, US), via Charles River, and were bred in-house. The spontaneous 

recessive mouse mutant flaky tail (ft; maFlg^'/maFl^') arose in 1958 on the mixed 

strain background o f  an existing recessive hair phenotype, matted (ma), and since then 

has been maintained on a mixed strain in the Jackson Laboratory (Bar Harbor, ME, 

US) (Sundberg, 1984). Breeding pairs o f  m a F l^ 'Im a F l^ ' mice (original mice from 

Jackson Laboratoiy, Bar Harbor, ME, US; Stock a/a ma ft/ma ft/JSun; JR#9078; 

provided by Dr John P. Sundberg), were kindly provided by Dr John P. Sundberg. 

Congenic B6.CBAGr-/?/a/J {Tmem79'""-}) mice were obtained from Jackson 

Laboratories.

The maFlg"/niaFlg^' mice obtained from Jackson laboratories were crossed 

with wild-type C57BL/6J mice to generate m aF I^'/+  mice. The (FlgfU

identified in Chapter i )  and ma  (identified as Tmem79'"‘’in Chapter 4) mutations, 

were separated by backcrossing and the isolated mutations backcrossed to congenic 

C57BL/6J background in accordance with the breeding strategy outlined (Fig.2.1). 

F l^ '  and ma mice used in all experiments were congenic C57BL/6J, Homozygous 

F l^ '  and ma mice were used in all experiments, unless otherwise indicated. Congenic 

B6.CBAGr-ma/J (Tm em 7^"“-]) mice were obtained from Jackson laboratories.

Mice were maintained on an irradiated and OVA-free diet (Harlan, UK), with 

food and water supplied ad  libitum. Sentinel mice were routinely screened (Harlan, 

UK; SuiTey Diagnostics Lttd, UK) to ensure Specific Pathogen-Free status o f  the unit 

where breeding o f  mice occurred, and also the unit where mice were housed while 

undergoing experimental procedures. All animal experiments were performed in
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compliance with Irish Department o f Health and Children regulations and approved 

by the Trin ity College Dublin’s BioResources ethical review board.

maFIg^ mice were 
also backcrossed to 
C57BL/6J congenic

maFlg''/maFlq'’ _ W T - C57BL/6J

maFlcf’/-!-*
( F I - no phenotvpe )

y V
Fig" mice were backcrossed to congenic 
C57BL/6J using an allele-specific 
genotyping protocol for the 5303delA 
mutation in Fig.

c O
m a/^7  ( N2 intercross ) F lv "A  ( N2 )
( N2) ^  ( N2 )

<rC5> X
ma/ma ( N2)

f / a V * ( N 3  ) 

1
* / *

't '
X ▼

c OmoA ? m aA ? 
( N3 ) ( N3 )

F h '’/-^ F h 'V *

(N 1 2 ) ^  (N 1 2 )

ma/ma 
( N3 75% B6 )

ma/ma 
( N12 conqenic )

maFh^'/maFh''

FIc/’A

Fh'VFh"

maA

ma/ma

FIq'VFIq '̂

( N12 conqenic )

Figure 2.1. Breeding strateg)’ fo r generating homozygous Flg'̂  and ma mice.

79



2.1.2 Sequence analysis

2.1.2.1 F/gsequence  analysis and F/g^'mutation identification.

Prof Irwin McLean and colleagues (University o f  Dundee) annotated the 

genomic sequence o f  the mouse Fig  locus derived from BAC clone RP23-227A12 

from C57BL/6J Chromosome 3 (Accession number A C l 58361), and annotated using 

the ClustalW tools within Mac Vector version 9.0. To identify the causative mutation 

in f t / f t  mice, a shotgun method was used as per identification o f  FLG  mutations in 

humans with atopic dermatitis (Sasaki et al., 2008). Six pairs o f  PCR primers were 

designed to amplify each filaggrin homologous sequence unit based on Fig  exon 3 

sequence from BAC clone RP23-227A12, designed to amplify each filaggrin 

homologous sequence unit (A ppendix  VI). The PCR products were cloned into the 

TA-cloning vector pGEM-tEasy (Promega). Plasmid DNA template was generated 

using the TempliPhi system (GE Healthcare Biosciences) and directly sequenced. An 

identical 1-bp deletion o f  A in shotgun clones derived from four independent PCR 

fragments. To confinn the mutation and determine the full sequence o f  Fig  from the 

mutant strain, a BAC library was constructed from hom ozygous//■/// mice, which was 

screened by hybridization, and the resultant hits were confirmed by PCR (Amplicon 

Express). From a BAC containing the entire locus, we subcloned exon 3 into a 

plasmid vector by recombineering (Red/ET system. Gene Bridges). The subclone was 

subjected to random transposon insertion using the EZ-Tn5 oKAN-24 insertion kit 

(EPICENTRE Biotechnologies), and 96 transposon insertion clones were sequenced 

bidirectionally from the Tn5 insertion site, allowing full assembly o f  exon 3 with 

-n inefold  oversequencing.

Accession codes. BAC clone RP23-227AI2, AC158361; 5 ’ Fig, AF510860; 3 ’ Fig, 

J03458; Fig  complete sequence from ft mouse strain, FJ824603.
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2.1.2.2 rm em 79 sequence analysis.

The location o f Tmeni79 on mouse Chromosome 3 is 88132575:88183555. 

Seven primer pairs were used in the sequencing o f the sequnce of the 4 exons o f the 

gene (Appendix VII).

2,1.3 Genoty’ping mutant mouse strains.

2.1.3.1 Isolation o f genomic DNA for genotyping.

Ear punches were taken for the crude isolation o f genomic DNA for PCR 

genotyping. DNA was isolated using the Viagen DirectPCR DNA Extraction System 

(Viagen Biotech, CA, US) according to the manufacturers instructions. 0.2 cm 

diameter ear punches were lysed for 4-5 hours at 55*’C in a digestion mix with 

DirectPCR Lysis Reagent (Ear) containing 0.2 mg/ml Proteinase K (Sigma, UK). 

Samples were then incubated at 85^C for 45 minutes to inactivate the Proteinase K.

For genomic DNA isolation were the DNA integrity and purity of DNA was 

important for DNA quantification post-extraction, DNA was isolated using the 

Wizard SV Genomic DNA Isolation Kit (Promega) according to manufacturer’s 

protocol for “Isolation of genomic DNA from animal tissue using a microcentrifuge". 

0.2 cm diameter ear punches were digested overnight at 55°C in digestion mix 

containing Proteinase K (lOng/ml; Sigma). After a number o f spin and wash steps to 

clean up the template, DNA was isolated from the supernatant by elution twice in 100 

[il o f nuclease-free water.
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2.1.3.2 F / /  {Flg"'^) genotyping.

For allele-specific PCR detection of the F !^ ' mutation a two-step PCR 

reaction was developed. Genomic DNA was amplified with the primers mFlgdelA-F 

and mFlgdelA-R (Appendix III), using DreamTaq™ Green PCR Buffer containing 

0.72 nmol M gCb, 1 U o f  DreamTaq™ DNA polymerase (Fermentas, Germany).

PCR amplification conditions were as follows:

Step Action Temp C'C) Time

Denaturing 94 2 min

1 Denaturing 94 15 sec

2 Annealing 70 30 sec

3 Extension 72 2 min

Repeat fro m  step  
for 35 cycles

4 Extension 72 5 min

Cooling 4

PCR products were analyzed on 1.5% agarose gel. This PCR primer set is 

positive for ////? anA ft/w t mice, but negative for wt/\\'t mice (Fig.3.3C).

To more conveniently and accurately genotype animals, a PCR assay was 

developed to detect a 15-bp insertion polymorphism at the 5 ’ end o f  exon 3 in linkage 

disequilibrium with the ft mutation. This insertion creates an A ccI restriction enzyme 

site. Allele-specific PCR detection o f  the FJ^' mutation at the 5 ’ end o f  exon 3, was 

performed by amplifying genomic DNA with the primers FTinslS.F and FTinslS.R 

(Appendix III), using DreamTaq™ Green PCR Buffer containing 0.72 nmol M gCb, 

1 U o f  DreamTaq^'^ DNA polymerase.
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PCR amplification conditions were as follows:

Step Action Temp ("C) Time

Denaturing 94 5 min

1 Denaturing 94 40 sec

2 Annealing 58 40 sec

3 Extension 72 90 sec

Repeat fro m  step  
for 35 cycles

4 Extension 72 10 min

Cooling 4

Five microliters o f  PCR product were digested for 3 hours with 2.5U AccI 

restriction enzyme (New England Biolabs, UK), and resolved on 2% agarose gels. 

The 678-bp C57BL/6J allele does not digest; whereas the F l^ ' allele digests to yield 

fragments o f  559 bp (Fig.3.3D), and 134 bp.

To prevent “ loss” o f  the F I^ ' gene during backcrossing via recombination, 

genotyping at both the 5 ’ and also 3 ’ end o f  exon 3 was performed. Allele-specific 

PCR detection o f  the F l^ '  mutation at the 3 ’ end o f  exon 3 was performed by 

amplifying genomic DNA with the primers FT3’F and FT3’R (Appendix III), using 

DreamTaq™ Green PCR Buffer containing 0.72 nmol M gCb, 1 U o f  DreamTaq™ 

DNA polymerase.
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PCR amplification conditions were as follows;

Step Action Temp ( ’C) Time

Denaturing 94 5 min

1 Denaturing 94 40 sec

2 Annealing 58 40 sec

3 Extension 72 90 sec

Repeal from step 
for 35 cvcles

4 Extension 72 10 min

Cooling 4

This produces a 697bp PCR product for both the The CSV and Fl̂ ' alleles.

Five inicroliters o f PCR product were digested for 3 hours with 2.5U N lalll restriction 

enzyme (New England Biolabs, UK), and resolved on 2% agarose gels. The C57 

allele will cut once to give 2 fragments o f 390bp and 307bp. The Flg^' allele will cut 

twice to give 3 fragments of 390bp, 163bp and 144bp.

2.1.3.3 Tmem79"'“ (ma) genotyping.

For allele-specific PCR detection o f the Tmem79'’“' mutation, genomic DNA 

of exon 3 o f Tmem79 was amplified with the primers mTmem79-F and mTmem79-R 

(Appendix III), using DreaniTaq'’''  ̂ Green PCR Buffer containing 0.72 nmol MgCli, 

1 U of DreamTaq™ DNA polymerase (Fennentas, Germany).

84



PCR amplification conditions were as follows:

Step Action Temp C'C) Time

Denaturing 95 5 min

1 Denaturing 95 30 sec

2 Annealing 56 30 sec

3 Extension 72 60 sec

Repeat from  step 
for 35 cycles

4 Extension 72 10 min

Cooling 4 yy

This produces a 644bp PCR product for both the wild-type C57 and 

Tmem79"'“ alleles. Five microliters of PCR product were digested overnight with 2U 

CviQI restriction enzyme (New England Biolabs, UK), and resolved on 2% agarose 

gels. The C57 allele will cut once to give 3 fragments of 390bp, 186bp and 78bp. The 

Tmem79'''‘' allele will cut twice to give 2 fragments o f 458bp and 186bp (Fig.4.25A).

2.1.4 Agarose gel electrophoresis.

A 1.5% or 2% agarose gel was prepared by mixing the required mass of 

agarose (Sigma, UK) for the volume, in Tris-borate EDTA (TBE; see Appendix I) 

and boiling the mixture for approximately 3 mins to dissolve the agarose. After 

cooling, 5 jil o f 20 mg/ml ethidium bromide (EtBr) was added in order to visualise the 

bands under UV light. The gel was then placed in a gel rig (Biorad, UK), containing 

IX TBE buffer. 6X loading dye (Invitrogen) was added to PCR products and DNA 

ladder (Size: 100 bp -  1000 bp; Invitrogen), and 10 ^1 of each sample was run on a 

gel. Samples were electrophoresed in IX TBE buffer at 100 volts using a power-pack
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(Biorad) for ~40 mins. DNA bands on the gel were visualized under UV ligt using 

Sygene computer software and photographed using a Sony Syngene digital graphic 

printer.

2.2 Protein extraction and imniunoblotting

2.2.1 Protein extraction fro m  skin.

The epidermis was seperated from dermis from neonate mice after incubation 

in 5mM EDTA, after incubation at 50°C for 5-10 mins, followed by rapid cooling in 

ice-cold PBS. The seperated epidermis was extracted in 500 [il Urea/Tris Buffer with 

a protease inhibitor cocktail (Halt; Thermo Scientific, UK.), by homogenization, 

followed by centrifugation at 25000 re f  for 15 min at 4°C. Protein supernatants were 

kept on ice for use on the same day or frozen at -20°C for later use. Protein 

concentrations o f  the samples were quantified using the BCA assay (see Section 

2.13).

2.2.2 Immunohlotting.

The C-terminal antibody specific for mouse profilaggrin was generated against 

the amino-acid sequence ESIFTAKHLDFNQSHS (provided by Richard B. Presland, 

University o f  Washington, Seattle, US). The peptide was conjugated to KLH via an 

N-terminal cysteine residue before injection into New Zealand white rabbits 

(Genemed Synthesis). The antibody was affinity purified before use. Protein samples 

were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 

PAGE) on 5-1 2% gels and transferred to PVDF membrane (Millipore). Blots o f  skin 

protein extracts from ft/ ft  and wt/wt mice were probed with the anti-profilaggrin C- 

terminal antibody. A duplicate gel was stained with Coomassie Brilliant Blue R-250.
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For analysis o f  mattin expression, membranes were probed with rabbit polyclonal 

antibodies specific for human mattin (TMEM79; Novus Biologicals, CO, US). 

Primary antibodies were detected by incubation with a horseradish peroxidase- 

conjugated goat anti-rabbit secondary antibody (Dako, Stockport, UK). Immuno- 

labeled proteins were visualized by chemiluminescence using the ECL detection 

system (Millipore).

2.3 Allergen challenge

2.3.1 OVA sensitization and  challenge.

2.3.1.1 Cutaneous challenge with OVA.

To assess the propensity o f  mutant mice to develop skin inflammation 

following epicutaneous allergen challenge, OVA (fraction V; Sigma, UK) was applied 

to the intact skin o f  wt/wt, ft/w t and f t / f t  mice in a regimen involving three cycles of 

daily OVA challenge for 5 consecutive days (Fig.2.2). Abdominal hair was carefully 

removed using electrical clippers 24 h before application o f  OVA. Mice with any 

visual damage to the skin following hair clipping noted and mice not used. OVA was 

prepared in DPBS (Dulbecco’s PBS; Sigma) at 1 mg/ml. Mice were restrained, and 50 

jil o f  OVA solution, or 50 jil o f  PBS, was applied to the clipped skin and allowed to 

air dry.
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Figure 2.2. Protocol fo r  cutaneous application o f OVA to the intact skin ofwt/M't, 

ft/w t and ft/ ft  mice. The abdomen was clipped on indicated days. A suspension o f 

OVA (50 |ig in 50 ul PBS) or 50 |al PBS was applied to abdomen as shown.

2.3.1.2 Intraperitoneal challenge with OVA.

To address systemic allergen sensitization \n f t / f t  mice, we challenged wt/wt 

and Ji/ft mice with OVA in Imject^*^ Alum (Pierce, UK) as an adjuvant by 

intraperitoneal (i.p.) injection as described (Mangan et al., 2006) (Fig,2.3). On days 0, 

14 and 21 mice received an i.p. injection o f 100 [il o f sensitization solution, 

containing 20 lag OVA and 2 mg Alum prepared in PBS. Mice received 100 [.il PBS 

i.p. as a vehicle control.
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Figure 2.3. Protocol fo r  systemic immunization o f  wt/wt and  ft/ ft  mice with OVA 

and  adjuvant. On days 0, 14 and 21 mice received an i.p. injection of 100 j l̂ o f  

sensitization solution containing 20 |ig OVA and 2 mg Alum prepared in PBS. 

Mice received 100 |il PBS i.p. as a vehicle control.

2.3.1.3 Preperation o f  OVA for aii"way challenge.

For an airway challenge study using OVA to induce pulmonary allergic 

inflammation and airway hyperresponsiveness (AHR), it was necesssary to remove 

endotoxin contamination fonn OVA preperations. OVA that is commercially 

available has approxiametely 1.5-3 endotoxin Units (EU) per mg protein. Endotoxin 

itself has previously been shown to alter the development o f  AHR (Delayre-Orthez et 

al., 2004), and therefore could potentially modify the resistence and compliance 

values, and the immunological responses under investigation in these studies. Fallon 

and colleagues have previously optimised methods for the purification o f  antigens 

with endotoxin removal (Smith et al., 2009).
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A robust method o f  endotoxin removal was employed to remove endotoxin 

contamination from OVA using endotoxin-free reagents, and all glassware and 

equipment were endotoxin decontaminated with Pyroclean (Alerchek, US) or NaOH. 

All glassware was first depyrogenated with Pyroclean for 30 minutes followed by 

extensive rinsing in endotoxin-free water. Metalware was soaked overnight in 0.5M 

NaOH followed by extensive rinsing in endotoxin-free water.

OVA preperations were applied to Detoxi-gel endotoxin removing gel 

columns (Pierce, UK) used according to the manufacturers instructions, to remove 

endotoxin. After Detoxi-gel columns, OVA was rigorously dialysed against sterile 

(<1 Endotoxin units (EU)/ml) Dulbecco’s PBS (DPBS; Biowest, France) using 

dialysis cassettes (Pierce, UK), and sterile-filtered (0.45 and 0.22 ^m  filters). The 

levels o f  LPS present in purified in antigen preperations were assessed using the 

Limuliis amebocyte lysate (LAL) assay, obtained commercially (Lonza, UK). 

Endotoxin levels were measured according to the manufacturer’s instructions and 

semi-quantifled by a simple equation to give endotoxin amounts in EU/mg protein, 

and BCA protein quantification (Section 2.13). OVA for use in experiments had < 0.5 

EU/mg. Any antigen that had a contamination o f  > 1 EU/mg was not used in 

experiments.

2.3.1.4 OVA challenge regimens for airway hyper-responsiveness studies.

wt/wt and f t  (ft mice were exposed to OVA as described for cutaneous (see 

Section 2.3.1.1) or intraperitoneal (see Section 2.3.1.2) sensitization, and then 

exposed to 20 min o f  continuous aerosol o f  1% OVA each day for five consecutive 

days (Fig.2.5 & 2.6). Mice received a 20 minute aerosol challenge with 1% OVA in
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DPBS on the appropriate days, using a sensitization chamber connected to a nebuHser 

(Fig.2.4), Control mice received an aerosol o f  PBS.

As a control method to assess the propensity o f  mice to develop AHR after 

epicutaneously challenge with OVA to intact skin, an established method was used 

that induces AD-like inflammation and increased airway hyperresponsiveness in a 

mouse model. In this model, epicutaneous exposure to OVA is achieved via 

mechanical disruption o f  epidermal banner integrity, (Spergel et al., 1998). After hair 

removal with a clippers, the back skin o f  mice were tape stripped six times with 3M 

tape, which mimics the skin excoriation induced by scratching behavior inflicted by 

scratching in patients with AD. A 50 |.ig portion o f  OVA in 50 [il o f  DPBS was 

applied to the tape stripped skin o f  mice and allowed to air dry. Each mouse has a 

total o f  three 5 day exposures to OVA using the same regimen as described for 

epicutaneous OVA challenge to intact skin (Fig.2.6),
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Sensitization Nebuliser OVA aerosol
chamber

Figure 2.4. OVA sensitization o f  C57BL/6J strain mice. Mice are placed in the 

sensitization chamber (left photograph) and then challenged via the airways for 20 

mins with 1% OVA (right photograph).

92



Lung
Function

Immunology
Histology

Shave Shave Shave

1 i I t
Day 0 I 2 3 4 5 13 14 15 16 17 18 26 27 28 29 30 31 39 40 41 42 43 44

t t t  t t t t t
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Figure 2.5. Protocol fo r  cutaneous challenge ofwt/wt and ft/ft mice with OVA and 

subsequent puhnonajy OVA challenge. The abdomen was clipped on indicated 

days. A suspension o f O VA (50 |j.g in 50 |al PBS) or 50 i-tl PBS was applied to 

abdomen as shown. Following cutaneous challenge with OVA, mice were 

subjected to 20 mins o f 1% OVA aerosol challenge for 5 days as indicated. Lung 

function was analysed by measurement o f lung resistance in a dose response to 

metacholine challenge.
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Figure 2.6. Protocol fo r  intraperitoneal challenge o f  wt/wt and  f t  f t  mice with 

OVA and subsequent puhnonary OVA challenge. On days 0, 14 and 21 mice 

received an i.p. injection o f  100 j.tl o f  a sensitization solution containing 20 fxg 

OVA and 2 mg Alum prepared in PBS. Mice received 100 |il PBS ip as a vehicle 

control. Mice were subjected to 20 mins o f  1% OVA aerosol (or PBS aerosol) 

challenge, for 5 days as indicated. Lung Function was analysed by measurement 

o f  lung resistance in a dose response to metacholine challenge.
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2.3.1.5 OVA induced Airway hyper-responsiveness (AHR).

AHR was analyzed on the day following the final OVA aerosol challenge. 

Mice were anesthetized, tracheostomized and ventilated. AHR was measured using a 

plethysmograph with a pneumotachograph linked to a transducer. The average lung 

resistance (Rl), area under the resistance curve (Rl AUC), and lung compliance (Cdyn) 

parameters were quantified for 90 seconds periods, at baseline and after exposure to 

nebulized endotoxin-free DPBS (Biowest, France) and acetyl-b-methycholine 

chloride (Sigma, UK) at 10, 30, 60, 100 and 120 mg/ml (see Section 2.4.1).

2.3.2 House dust mite sensitization and challenge.

The intact skin of WT and Tmem79''“' mice was challenged with HDM (Greer 

Labs, Lenoir, USA) by cutaneous exposure. To induce allergic skin sensitization 

(Moniaga et al., 2010), HDM (300^g) was topically applied to the dorsal flank in Finn 

chamber patch tests (Smart Practice, Arizona, USA), and secured with Scanpor tape 

(Biodiagnostics, UK), in a regimen involving 5 1-week exposures to the allergen 

patch separated by 2-week intervals (Fig.2.7). Hair was carefully clipped 24 hours 

before application o f HDM; mice with any visual skin damage/inflammation were not 

used. HDM was prepared in endotoxin-free DPBS and vehicle to a concentration o f 1 

mg/ml. PBS in vehicle was used as a control. One gram of HDM body product 

contained 323mg total protein. Mice were euthanized after the fifth 1-week challenge 

with HDM on day 92.

95



Analyze.
Sera

Systemic
Skin

Shave Shave Shave Shave Shave

0 1 - 7 21 2 2 -2 8
..............

42 4 3 - 4 9 63 6 4 -7 0  84 85-  91 92

300 HDM epicutaneous sensitization 
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Figure 2.7. Protocol fo r  cutaneous application o f  House dust mite (HDM) to the 

intact skin o f  WT, Fig”, and  Tmem79'™ mice. The abdomen was clipped on 

indicated days. A suspension of HDM (300 fig) was applied to abdomen with Finn 

chambers for 5-day s of challenge on indicated days.

96



2.4 Airway hyperresponsiveness (AHR).

2.4,1 Assessm ent o f  AH R by lung resistence and compliance.

AHR was analyzed according to previously described protocols (Fallon et al., 

2009; Amu et al., 2010). Twenty-four hours after the last ovalbumin aerosol 

challenge, lung function was analyzed by an invasive method in which mice were 

tracheostomized, cannulated and ventilated using a plethysmograph with a 

pneumotachograph linked to a transducer (EMMS, Hants, United Kingdom), to 

measures airflow and trans-pulmonary pressure to derive airway resistance and lung 

compliance (Fig.2.8), The system is commonly used in airway hyperreactivity studies 

where changes in the shape o f  the respiratory waveform can be quantified, following 

acetyl-methycholine chloride (methacholine; Sigma) induced bronchoconstriction. 

Changes in average lung resistance (R l), area under the resistance curve (Rl AUC), 

and lung compliance (Cjyn) parameters, were quantified for 90 second periods at 

baseline and after delivery o f  nebulized aerosolized in endotoxin-free DPBS 

(Biowest), at doses o f  methacholine, 10, 30, 60, 100 and 120 mg/ml. In some studies, 

area under the curve was determined for individual mice for statistical analysis. 

Compounds can be delivered to the subject via nebulised aerosol.

The measurements o f  Rl and Cdy,, in mice, are employed to assess central 

versus peripheral aherations in lung mechanics (Irvin and Bates, 2003). The 

calculation o f  Rl and Cdyn in this system, is deducted from the measurement o f  

intrathoracic pressure in a mouse is obtained either by opening the chest (Irvin and 

Bates, 2003). Airflow in the airways, is obtained with a pressure transducer. The 

values o f  Ri, and Cdyn, are then derived, by fitting the equation o f  motion;

P = R V  + { \ I Q V
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to measurements of pressure, flow and volume; where P  denotes opposing 

pressure, V represents lung volume, and R and C, equate to R l and Cdyn respectively. 

The measurement of Rl and Cdyn, give an insight into the mechanisms of 

bronchoconstriction, as induced by methacholine. Increasing Rl reflects both 

narrowing o f the conducting airways and alterations in the lung periphery (narrowing 

o f distal airways, and changes in the intrinsic mechanical properties o f the 

parenchyma). In comparison, decreases in Cdyn, reflect only events in the lung 

periphery, particularly airway closure (Bates and Irvin, 2002). If the response to an 

intervention is limited largely to Rl, then a relatively proximal location is implicated 

for the effect. By contrast, a selective change in Cdyn is indicative of a more distal site 

o f action (Martin et al., 1988; Drazen et al., 1999; Kanehiro et al., 2000).
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Figure 2.8. AHR assessment. A mouse tracheostomized, cannulated and ventilated in 

a whole body plethysmograph attached to a pneumotachograph linked to a transducer, 

for the measurement o f lung resistance and dynamic compliance.

2.4.2 Lung immunology’

2.4.2.1 Bronchoalveolar lavage and cytospins.

Bronchoalveolar lavage (BAL) fluids were collected by cannulating the 

trachea and lavaging the lungs twice with 0.8 ml of ice-cold PBS. BAL cells were 

pelleted, supernatants were removed for measurement o f cytokines by ELISA 

(Section 2.6.!), and cells washed and counted for immunofluorescence staining or for 

cytospins. Cytospins were prepared with 5 X 1 0 ' ^  bronchoalveolar cells using a 

cytocentrifuge (Shandon, PA, US). Cytospins were fixed and stained using Diff-Quik 

Wright-Giemsa Stain kit (Thermo Scientific, UK). Diff-Quik is a commercial
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Romanowsky stain variant based on a modification o f  the Wright-Giemsa Stain, used 

to rapidly stain and differentiate a variety o f  smears, allowing cell identification. The 

procedure involves fixation followed by Eosin and Methylene Blue staining. 

Differential cell counts were determined by counting a minimum o f  200 cells/slide 

using the moiphological criteria.

2.4.2.2 Lung tissue processing and histology.

Whole lungs were were perfused with PBS and removed from mice and either 

snap-frozen for later homogenization and assessment o f  tissue cytokines (Section 

2.6.1), Myeloperoxidase (MPO; Section 2.4.2.4) and tissue collagen analysis (Section 

2.4.2.5); or fixed in 10% formalin saline and then paraffin-embedded. Paraffin- 

embedded sections were cut to 5 ^iM and the slides stained with hematoxylin and 

eosin or M asson’s trichrome to assess pulmonary fibrosis. Airway mucus occlusion 

was analyzed on periodic acid-Schiff-stained lung sections. A semi-quantitative score 

was used for airway occlusion as follows: 0, 0 -10%  occlusion; I, 10--30% occlusion; 

2, 30-60%  occlusion; 3, 60-90%  occlusion; 4, 90 -100% occlusion, as described 

(Mangan et al., 2007). For each mouse the mean score was determined from at least 

ten individual airways. Histology was imaged using a Leica DM 3000 LED 

microscope with an Leica DEC 495 Camera and acquired using Leica Application 

Suite V4.0 software.
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2.4.2.3 L ung tissue hom ogenization.

Each m ouse lung w as hom ogenized using an Ultra-Tun-ax hom ogeniser (IRK- 

W E R K E , G erm any) in 800 îl o f  hom ogenization  buffer (see A ppendix 1) with a 

designated protein probe (C A T. No 361-118). The hom ogenate was m icrocentrifuged 

at 25 ,000  r e f  for 15 m ins at 4'*C. The supernatant was aliquoted and the tissue extract 

was stored for protein quantification, cytokine and M P O  assay, and collagen 

estimation. T he protein  content o f  the tissue hom ogenates  was determ ined by BCA 

protein estim ation kit (see Section 2.13).

2 .4.2.4  M easurem ent o f  m yeloperoxidase (M PO).

M PO  levels were determ ined based on a previously described method 

(Schneider and Issekutz, 1996). The tissue hom ogenates were diluted 1 in 10 with 

M P O  buffer  (see A ppendix  I). Aliquots o f  50 |il were pipetted in duplicate onto a 96- 

well m edium  binding plate. M PO substrate solution was added at 50 ^1/well (see  

A ppendix  I). The enzym atic  reaction was ran for a m in im um  o f  2 min until colour 

developm ent w as observed. 50 |il o f  M PO  stop solution (see A ppendix I) was added 

to each well. The O D 450nm was detem iined  using a m icroplate reader (Versa Max, 

M olecular Devices, US). H om ogenization  buffer w as used as a blank for each assay, 

the enzym e activities o f  the samples were calculated  relative to the am ount o f  protein 

present in tissue. M P O  activity w as expressed as ng per m g o f  protein. Units o f  

enzym e w ere  expressed against protein in the lung, U/mg, following BCA 

quantification (see Section 2.13).
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2.4.2.5 Sircol collagen assay quantification.

The collagen quantification in lung tissue was analysed using the Sircol 

collagen assay (Biocolor Life Science Assays, UK) as described (Amu et al., 2010). 

The Sircol Assay is a colorimetric dye-binding method designed for the analysis o f  

acid and pepsin-soluble collagens, which can be used to assay new collagen generated 

during inflammation. Briefly, lung tissue is minced and washed in DPBS to remove 

excess blood, followed by over-night acid-pepsin collagen extraction at 4‘*C. Sircol 

dye reagent is added in excess to fully saturate the collagen molecules in the sample 

volume, forming a collagen-dye complex, which is the solubilised in alkali reagent 

followed by absorbance measurement at 555 nm, to obtain collagen concentrations 

against a standard curve. Collagen concentration was expressed against protein in the 

lung, |.ig/mg, following BCA quantification (see Section 2.13).

2.5 Cell culture and immunological analysis.

2.5.1 Spleen and lymh node processing.

Mice were euthanised at the indicated times. Spleen, lymph nodes or tissue 

were aseptically removed. Single cell suspensions were prepared from spleens or 

lymph nodes by passing through 70 lam sieves (Falcon, BD, UK). For spleens, 

erythrocytes from cell suspensions were depleted by lysis with Pharm Lyse buffer 

(BD). Viability o f  the isolated cells was determined by dye exclusion by tiypan blue 

(Sigma) staining to be >95%. For ex vivo experiments, cells were cultured in Roswell 

Park Memorial Institute (RPMI)-1640 medium (Gibco Invitrogen; endotoxin levels 

were <0.04 EU/mg protein) supplemented with 10% (v/v) heat-inactivated (56^C for 

30 min) Fetal Calf Serum (FCS; Biowest, France; endotoxin levels were <0.1 EU/mg
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protein), 2mM L-glutamine, 50 U/ml penicillin and 50 |^g/ml streptomycin (Gibco 

Invitrogen).

2.5.2 hi vitro stimulated cytokine production.

Spleen or draining lymph node cells were plated at 1x10^’ cells/ml in 24- or 

48-well plates (Greiner Bio-One, Frickenhausen, Germany), for in vitro activation at 

37*’C for 24 or 72 hours. Cells were unstimulated (media) or with 2.5 ng/ml phorbol 

12-myristate 13-acetate (PMA, Sigma, UK) and 250 ng/ml ionomycin (Sigma, UK), 

plate-bound anti-CD3 mAb (BD PharMingen; 0.5 ng/ml) with anti-CD28 (BD; 4 

|Ag/ml), OVA (Sigma; 500 mg/ml), or 1 |xg/ml HDM (Greer Labs, Lenoir, USA). 

Plates were pre-coated with anti-CD3 mAb for 2 hours at 3V”C and then washed twice 

in sterile DPBS before the addition o f cells. Supernatants were harvested after 24 or 

72 hours and cytokine levels (lL-4, lL-5, lL-13, IFN-y, lL-10 and lL-17) were 

measured by ELISA (see Section 2.7.1).

2.5.3 In vitro cell proliferation assay.

Single cell suspensions o f spleen cells were cultured in 96-well round- 

bottomed microtiter plates (Greiner Bio-one), at 2 X 10  ̂cells per well in RPMI with 

various stimuli for 72 hours at 37^C. Cells were activated with 0.5 ng/ml anti-CD3 

mAb and 4 ng/ml anti-CD28 and OVA (Sigma; 100, 200, 300, 400 & 500 mg/ml). All 

samples were analysed in triplicate. Cultures were pulsed with 1 [iCi per well [‘̂ H] 

thymidine (Amersham Pharmacia Biotech, NJ, US)) for the last 16 hours of 

proliferation. Cells were harvested with a cell harvester (TOMTEC) and [’̂H] 

thymidine incorporation was measured with a Microbeta liquid scintillation system 

(1450 Microbeta plus liquid scintillator counter; Wallac, Perkin-Elmer, US).
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2.6 Enzyme Linked Immunosorbent Assay (ELISA).

G eneral E L ISA  protocol

C heckerboards titrations o f  coating and d etectin g  antibod ies or antigens w ere  

perfom ied  to determ ine optim um  concentrations. 9 6 -w e ll flat-bottom ed m icrotitre  

high -b in d in g  plates (G reiner) w ere coated w ith  capture m A b s (0 .1 -2  |o,g/ml) in coating  

buffer at 50  [xl/well and w ere left overnight in a w et-b o x  at 4^C. F o llo w in g  coating  

overnight, p lates w ere a low ed  to reach RT. T hey w ere then w ashed  6 tim es in E L ISA  

w ash buffer (P B S /T w een ) and blotted dry. Plates w ere b locked  for 2 hours, 150 

^1/w ell, at room  tem perature in b lock in g  buffer (1%  B S A /P B S ). plates w ere then  

w ashed 6 tim es in w ash buffer and then blotted dry. The cy tok in e standards w ere  

prepared in incubation buffer (see  A ppendix 1). Standards w ere added in duplicate in a 

tw o -fo ld  serial d ilution  from  the top to the bottom  o f  the plate leav in g  the last 2 w e lls  

blank (incubation  buffer on ly  as a blank). Test sam p les w ere added to duplicate w e lls  

accordig  to the predeterm ined plate format. P lates w ere then left overn ight at 4*’C in a 

w et-box.

T he fo llo w in g  day, plates w ere w ashed  6 tim es in E L ISA  w ash  buffer as 

described and 50  j.il o f  b iotinylated  anti-cytok ine m A b (0 .1 -2  [xg/ml) and then added  

to each w e ll for another 2 hours at RT. Plates w ere then w ashed  6 tim es in E L ISA  

w ash buffer. H orseradish peroxidase-conjugated  Streptavidin (B D ) w as added at 

1/1000  dilu tion , 50  iil/w e ll, and p lates incubated at RT for thirty m inutes. E L ISA  

plates w ere  then w ashed 4  tim es and blotted dry fo llo w ed  by the addition o f  50  

[.d/well o f  substrate, the reaction d evelopm ent substrate o-P h en ylen ed iam in e (O PD ; 

Sigm a) w as prepared by d isso lv in g  a 10 m g O PD  tablet in 25 m l phosphate-citrate  

buffer (pH 5 .0 ) w ith 18 (.U o f  30%  hydrogen p eroxid e (H 2O 2 ) in a 50  ml Falcon tube 

that w as kept in the dark. Plates w ere incubated in the dark for 10 m inutes. The
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reaction was stopped with 25 |il/well o f  2M H 2 SO4  and the plates were placed in the 

microplate spectrophotometer (VersaMax), and absorbance was read at a wavelength 

o f 492 nm. The levels o f  cytokines were quantified by interpolation from a standard 

curve using Soft Max Pro 3.0 software. Data was exported to Excel, and the 

GraphPad Prism for analysis.

2.6.1 Cytokine ELISA.

Sandwich cytokine ELISA were performed to quantify levels o f  specific 

cytokines in the supernatants from lung tissue homogenates, BAL fluid and in vitro 

cell stimulation cultures. A commercial kit (Promega, UK) was used to measure total 

TGF-(3 (acidified samples) according to the manufacturers instructions. Reagents for 

detection o f  lL-4 and lL-5 were from BD Pharmingen, UK. lL-10, lL-13, IL-17A and 

IFN-y Duoset ELISA development kits and reagents were purchased from R&D 

Systems, UK.

2.6.2 Total-lgE, -IgG l and  -IgG 2a ELISA .

Total-IgE was assayed using sandwich ELISA. 96-well plates (medium 

binding; Greiner) were coated with monoclonal anti-IgE capture antibody (BD 

Pharmingen). Diluted serum samples in 0.1% BSA/PBS were added and incubated 

overnight. Bound IgE was detected using monoclonal biotin-labelled anti-IgE 

detection antibody and streptavidin HRP (BD Pharmingen). Concentrations were 

calculated using purified IgE as standards.
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2.6.3 Antigen-specific-IgE, -Ig G l  a n d  -IgG2a ELISA.

O V A - and H D M -sp ec ific  Ig isotype resp on ses w ere  m easured u sin g  E L ISA  by  

coatin g  9 6 -w e ll (m ed ium  binding; G reiner) p lates w ith 100 i^l/well O V A  or H D M  at 

5 n g /m l in carbonate buffer (A p p en d ix  I) at 4°C overnight in a w et-b o x . P lates w ere  

w ashed  3 tim es in PB S T w een  (0 .05% ) and blocked  w ith  2 0 0  |jl 1% B S A /P B S  for 2 

hours at RT. Serum  sam ples (1 0 0  ^1) w ere added in accordance w ith the relevant plate 

form ats, at appropiate d ilu tions for su ccessfu l IgE , IgG l and IgG 2a antibody  

detection  fo llo w in g  optim isation  against the relevant standard curves. S am p les w ere  

plated as dou b lin g  serial d ilu tions in 0.1%  B SA  across the plate. T he p lates w ere  

incubated at 4"C overnight in a w et-box . P lates w ere w ashed  6 tim es in P B S Tw'een 

(0 .05% ). Bound Ig w as detected using  HRP conjugated anti-Ig iso typ e  detecetion  

antibod ies (B D ) at 1 /1000 d ilu tion  and plates w ere incubated for 2 hours at RT. For 

IgE d etection , 100 jil o f  rat anti-m ouse IgE biotin at 1 /2000  d ilu tion  in incubation  

buffer w as added at 1 /1000  dilution for 30 m in at RT in the dark. A ll p lates w ere  

w ashed  6 tim es and O P D  substrate (on e 10 m g tablet d isso lv ed  in 25 ml phosphate  

citrate buffer w ith 18 îl H 2O 2 and p lates read at 490  nm.

2.7 Q uantitat ive  real-tim e PCR

2.7.1 RNA isolation and real-time PCR.

R N A  w as isolated  from  h om ogen ized  skin b io p sies  or from  primary 

keratinocytes using the R N easy kit (Q IA G E N , C raw ley, U K ). For skin sam ples, up to 

3 0 m g  o f  tissue w as h om ogen ized  w ith an Ultra-Turrax h om ogen iser  (IR K -W E R K E , 

G erm any) in the presence o f  R LT ly sis  buffer w ith (3-m ercaptoethanol added, w ith a 

designated  R N A  probe. B riefly , b io lo g ica l sam ples are first lysed  and h om ogen ized  in 

the presence o f  a h ighly denaturing g u an id in e-th iocyan ate-con ta in in g  buffer to
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inactivate RNases. Through a series of wash steps, RNA is bound to an RNeasy Mini 

spin column membrane, and contaminants are efficiently washed away, before RNA 

is eluted in RNase-free water.

2.7.2 Complementary strand DNA (cD N A) syntesis.

RNA was reverse transcribed using the Quantitect reverse transcription kit 

incorporating a genomic DNA elimination step (QIAGEN). RNA was quantified 

using a Nanodrop ND 1000 Spectrophotometer (Thermo Scientific, UK). cDNA was 

syntesized from 1 fig RNA using oligo DT-primed reverse transcription. Template 

RNA initially undergoes a genomic DNA elimination reaction with gDNA Wipeout 

Buffer, before undergoing the Reverse-transcription reaction, with Quantitect Reverse 

Transcriptase, Quantiscript Reverse Transcriptase buffer (conataining dNTPs) and 

Reverse Transcriptase Buffer.

2.7.3 Real time PCR.

Real-time quantitative PCR was performed on an ABl Prism 7900HT 

sequence detection system (Applied Biosystems, Paisley, UK) using predesigned 

TaqMan gene expression assays specific for murine transcripts (Appendix VIII) 

Specific gene expression was normalized to murine glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). Fold expression was calculated using the comparative Q  

method of analysis, and is presented as relative quantification (RQ) (Schmittgen and 

Livak, 2008). Data expressed as relative quantification were calculated comparing to 

GAPDH as a housekeeping gene.
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2.8 H istology.

Lung lobes and or skin sections were removed and fixed in 10% formal saline. 

Tissue was embedded in paraffin, and for each mouse, three 5 ^m sections were cut, 

at three levels separated by -1 0 0  [im, before staining with Hematoxylin and Eosin, 

M asson’s trichrome, or periodic acid-Schiff-staining (PAS). All histology sections 

were examined in a blinded fashion by two observers independently. For skin 

sections, an arbitrary histological scoring system was used to quantify skin pathology. 

Acanthosis histopathological scoring was based on the magnitude o f  epidennal 

hyperplasia; sebaceous hyperplasia was scored on the sebaceous gland size; 

hyperkeratosis on the magnitude o f  stratum corneum thickening. With scores (score 0, 

basal; score 1, mild; score 2, moderate; score 3, marked; score 4, very marked; score 

5, extreme pathology) for each parameter, based on measurements per HPF in 

sections. To quantify the individual inflammatory cells infiltrating the skin, the total 

number of infiltrating cells, were counted per high-power field (HPF), scoring 20 

HPFs per sample (Fallon et al., 2009). To quantify the individual inflammatory cells 

infiltrating the skin, we used a previously described scoring system (Spergel et al., 

1999). We counted the total number of cells, lymphocytes, polynuclear cells and 

mononuclear cells per X 1,000 high-power fields (HPF) of view, with 15-20 HPFs 

scored per mouse.

2.9 Clinical Scoring.

The clinical severity o f  inflammation and AD-like pathology was scored using 

the system based on the macroscopic diagnostic criteria described for the dermatitis

like skin inflammation in the Nc/Nga mouse model o f  AD (Leung et al., 1990; 

Matsuda et al., 1997). In brief, a scoring system (score 0, none; score 1, mild; score 2,
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moderate; score 3, severe), was applied to the symptoms o f  pruritis, edema, erosion, 

scaling and erythema. Pruritis (scratch behavior) was clinically observed for 5 

minutes. The total score for each mouse was produced from the sum o f  individual 

scores, assessing different criteria involved in assessing dermatitis-like skin changes, 

over time.

2.10 Measurement of trans-epidermal water loss (TEWL).

A Courage and Khazaka Tewameter TM210 (Enviroderm, Evesham, UK) was 

used for measurement o f  TEW L (Fallon et al., 2009). TEW L analysis o f  the dorsal 

flank mice occurred 24 hours after shaving. Any mice with visual damage to the skin 

following shaving were not included in the analysis. TEW L was recorded at ambient 

temperature 19-21 C and humidity 50% ± 5. In mice sensitized to OVA or HDM, 

TEW L was measured in PBS- and OVA- or HDM-treated mice before and after HDM 

application.

2.11 Staphlyococcus aureus infection

Previous approaches to evaluate the kinetics o f  staphylococcal infection in in 

vivo models o f  were limited, given that CPU determination is an indirect and time- 

consuming method that involves laborious procedures, such as harvesting and 

homogenization o f  tissues, serial plating o f  infectious agents, and colony counting 

(Bergamini et al., 1995; Rupp et al., 1999). Furthermore, as animals are sacrificed at 

each time point, this necessitated the use o f  large numbers o f  animals, and it was not 

possible to monitor the course o f  infection directly over time in situ  (Bergamini et al., 

1995; Rupp et al., 1999).
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A solution to these limitations was the advance in the use o f  biophotonic 

imaging (Contag et al., 1995; Burns et al., 2001), for monitoring bacterial infections. 

This approach has been used to monitor S. aureus strains by engineering them to 

express the luciferase operon {ha)  from Pholorhabdus luminescens (Burns et al., 

2001; Rocchetta et al., 2001). S. aureus bacteria containing this cassette as stable 

transformants are capable o f  producing both the luciferase enzyme and its substrate, 

thereby emitting a bioluminescent signal when the bacteria are metabolically active. 

This bioluminescent light is sufficient intensity to pass through the tissue o f  a live 

mouse. This bioluminescence can then be quantified using a highly sensitive charge- 

coupled device digital camera and image analysis software, and the imaging system 

has been used in the monitoring o f  bacterial infection with S. aureus in real time 

(Francis et al., 2000; Rocchetta et al., 2001).

The significant advances in imaging technology and bioluminescent reporter 

systems, allow the monitoring o f  bacterial infections non-invasively at various tissue 

sites within the host animal (Kadurugamuwa et al., 2003b). This technology has 

facilitated the monitoring o f  chronic biofilm infection in a mouse model in real time 

through noninvasive imaging o f  bioluminescent strains o f  the biofilm-forming 

pathogen, 5  aureus (Kadurugamuwa et al., 2003a). The ability to rapidly assess 

bacterial viability in the days post-inoculum is important in the evaluation o f  the 

susceptibility o f  an experimental mouse to infection. Bacterial bioluminescence 

parallels the number o f  CFU and reflects the metabolic status o f  the bacterial biofilm 

(an aggregation o f  cellular microorganisms embedded within a within a self-produced 

matrix o f  extracellular polymeric substance), with light production indicating that the 

genetic and biochemical components o f  the bacteria are intact (Kadurugamuwa et al., 

2003b). Variations in color intensity o f  the biofilm represents the relative metabolic
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activity at a given location in the biofilm, indicating the inherent physiological 

heterogeneity within the biofilm, as shown previously (Huang et al., 1995).

2.11.1 Staphlyococcus am cm  growth conditions fo r  inoculum.

The bacterial strain used in this study was 5. aureus. To monitor bacterial 

burden in vivo in live animals, mice were infected with 5. aureus Xen 29 (Caliper 

Life Sciences), which is a bioluminescent derivative o f S. aureus strain from the 

American Type Culture Collection (ATCC) strain ATCC 12600, engineered for 

bioluminescence by inserting a modified complete lux operon into the bacterial 

chromosome, as described previously (Kadurugamuwa et al., 2003a).

Transformants were grown overnight in Trypticase soy broth (TSB; BD) 

containing erythromycin (5 |.ig/ml) and then plated onto TSB medium containing 

kanamycin (200 |ag/ml) to select for those clones containing the h a  cassette. Bacterial 

strains were grown at 37°C to mid-exponential phase in TSB. resuspended in PBS, 

and this inoculate were used for infection. Those inoculate w'ere thawed, diluted 

appropriately, and used for infection.

2.11.2 Staphlyococcus aureus infection and  in vivo imaging.

After infection with bioluminescent 5. aureus Xen29 at 2 X 10' CPU, mice 

aged 12-14 weeks, were anesthetized and imaged. Photons emitted from the 

metabolically active S. aureus were recorded during a 30 second exposure using the 

Xenogen IVIS Spectrum Imaging System and Living Image software (Caliper Life 

Sciences). Bioluminescent images were displayed using a pseudocolor scale (blue 

representing the least-intense light and red representing the most-intense light) that



was overlaid on a gray-scale photograph to generate a two-dimensional picture o f  the 

distribution of bioluminescent bacteria in the animal in situ.

The acquired image data were saved as two-dimensional arrays containing 

values conesponding to the number o f  photons contained within each pixel. The total 

flux (photons/second) from the region o f  interest (bioluminescent colony), were 

subsequently transferred to a Excel and analysed, along with the respective in situ  

image for each total flux value. Thus, the bioluminescence generated from the S. 

aureus could be monitored against time, so that the progression o f  infection could be 

assessed in animals in real time. Images o f  the mice in each group revealed spatial 

distribution and temporal patterns o f  bacterial colony development, including growth, 

impairment and infection resolution.

2.12 Blocking of IL-17A cytokine in vivo.

An anti-lL-17A monoclonal antibody (mAb) was used to neutralize IL-17A 

cytokine in vivo (Medina-Contreras et al., 2011), to assess the role 1L-17A in 

spontaneous skin and lung inflammation in Tmem79'"‘' mice. Mouse IgGl isotype 

antibody was used as a control. Antibodies were purchased from Bio-X-Cell (New 

Hampshire, US). Mice were i.p. injected w'ith 200 |ig o f  anti-lL-17A antibody or 200 

fag o f  mouse IgGl isotype antibody, on eveiy second day from day 0 (mice at age 3- 

weeks) until day 50 (mice at age 10-weeks). Following antibody treatment, mice were 

assessed for skin and lung inflammation as described above.



2.13 Protein quantification using the BCA assay.

Protein quantification o f samples was performed using the BCA Protein Assay 

Reagent kit (Therm o Scientific, UK), according to the m anufacturer’s instructions. 

Standards were prepared from a stock solution o f 2 mg/ml BSA in dH 20 and ranged 

from 125 (ig/ml to 2000 [Ag/ml. Standards and samples were added in triplicate to a 

96-well m icrotiter plate in a volume o f  10 ml and 200 ml o f  the BCA solution was 

then addes to each well. The plate was then incubated at 37*’C for -3 0  min to allow 

the reaction to develop and the absorbance was the measured at 562 nm. The 

concentration o f  protein in the tissue samples was then calculated from the standard 

curve generated with the BSA standards.

2.14 Statistical analysis.

GraphPad Prism ® software was used to analyse the data. Statistical analysis 

was performed using GraphPad InStat®. S tudent’s t-test, Welch corrected t-test and 

two-way ANOVA were used to determ ine statistical significance between groups. 

Results are presented as mean +/- SEM. Differences, indicated as two-tailed P  values, 

were considered significant when /^ 0 .0 5  as assessed by unpaired Student’s t test with 

Welch correction applied as necessai^.
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Chapter 3

Elucidation of the genetic basis o f  

aberrant filaggrin expression in Flaky 

Tail mice, and implications for skin 

barrier function.



3.1. Introduction

Atopic dermatitis (AD) is an increasingly common paediatric disease. In 

developed countries, it affects some 15-30% of  children, but it also affects 2 -10%  of  

adults (Williams and Flohr, 2006). Considerable epidemiologoical evidence has 

pointed to a strong genetic association between AD incidence in early childhood, and 

the subsequent development o f  secondary allergic disporders including asthma, hay 

fever and food allergy (Spergel and Paller, 2003), the so called atopic march. Elevated 

total-IgE, a cardinal feature o f  atopy, increases in the first few years o f  life in 

children, and is observed in 60-80%  o f  individuals with AD attending secondary care 

(llli et al., 2004), However the actual contributory role o f  IgE sensitization in terms o f  

the development o f  AD is as yet unclear (Bieber, 2008). Debate exists as to the 

relative causative contributions to the pathogenesis o f  AD, in terms o f  immunological 

aben'ations (inside-outside) versus genetic barrier defects (outside-inside). 

Nevertheless, as discussed in Chapter 1, loss-of-function mutations in the FLG  gene 

encoding the skin barrier protein profilaggrin/filaggrin cause the semidominant 

keratinizing disorder ichthyosis vulgaris (Smith et al., 2006). Furthemiore, mutations 

in FLG  convey a major genetic risk for AD (Palmer et al., 2006; Baurecht et al., 2007; 

Sandilands et al., 2007), AD-associated asthma (Palmer et al., 2006; Baurecht et al., 

2007), as well as other allergic disorders (Henderson et al., 2008). Several low- 

frequency FLG  functionally null alleles occur in European and Asian populations, 

with a cumulative frequency o f  ~9% in Europe (Sandilands et al., 2007).

Mouse models are routinely used to investigate aspects o f  AD-like pathology 

in an experimental setting as reviewed in Chapter 1. However, their use has been 

somew'hat limited by the absence o f  a mouse model that faithfully represents inherited 

skin barrier defects as seen in man, to properly address the progress o f  AD
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pathogenesis in patients. The spontaneous mouse flaky tail mouse is a spontaneously 

arising autosomal recessive mutation that arose in 1958 on the background o f  an 

existing recessive hair phenotype, matted (ma), and since then has been maintained on 

a mixed strain (Sundberg, 1984). Flaky tail (ft) mice present with a ichthyosis 

vulgaris-like phenotype o f  dry, flaky skin, with annular tail and paw constrictions in 

the neonatal period (Presland et al., 2000). Biochemical analysis demonstrates that 

these mice express a truncated profilaggrin (-215  kDa) that does not form normal 

keratohyalin F granules and is not proteolytically processed to filaggrin, instead o f  the 

normal functional high-molecular-weight profilaggrin (>500 kDa) (Presland et al., 

2000). At the protein level, there is a virtual absence o f  processed filaggrin monomers 

in the epidermis o f  ft mice, similar to patients carrying filaggrin null mutations 

suggesting a possible mutation in the Fig gene, however the genetic mechanism 

underlying the phenotype remains unknown. Given the possible underlying genetic 

similarity between ft mice and the filaggrin loss-of-function mutations responsible for 

human ichthyosis vulgaris and atopic eczema, we first sought to identify the genetic 

mechanism underlying this mutant and secondly, investigate the integrity o f  the skin 

baiTier in ft mice with respect to facilitating epicutaneous allergen priming.
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3.2. C h a p te r  objectives

1. To identify the genetic defect underlying the skin inflammatoiy phenotype in

the spontaneous mouse mutant, flaky tail.

2. To assess the relevance o f  this defect in relation to human carriers o f  FLG

mutations, and ascertain the magnitude o f  flaky tail barrier dysregulation in the basal 

state.

3. To investigate whether the observed defect in filaggrin expression leads to an

altered susceptibility to allergenic priming via epicutaneous application to unbroken 

skin.
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3.3. Results

3.3.1 Characterization o f  the Fig gene in flaky tail mice and  identification o f  the 

mutation.

As a previous study has shown that ft mice express truncated profilaggrin that 

cannot be properly proteolytically processed to functional tllaggrin monomers 

(Presland et al., 2000), analogous to human carriers o f  filaggrin null mutations, there 

was a strong suggestion o f  a loss-of-function mutation in the Fig  gene. A polyclonal 

antibody raised against a synthetic peptide derived from the C-terminal tail domain 

recognized full-length ~500-kDa profilaggrin in wild-type mice, as well as various 

intennediates o f  different sizes arising from profilaggrin-to-filaggrin processing 

(Fig.3.1), Although traces o f  truncated profilaggrin (-215  kDa) can be seen in ft/ ft  

mice by Coomassie brilliant blue total protein staining (Fig.3.1A), and in western 

blots using antibodies against a filaggrin repeat epitope, as previously reported 

(Presland et al., 2000), they are not recognized by the C-terminal antibody, which 

predicts a truncating mutation (Fig.3.1B),

The predicted 496-kDa structure o f  mouse profilaggrin consists o f  4,654 

amino acids, including 16 full near-identical repeats o f  a 250-amino-acid filaggrin 

consensus sequence (repeats 1-16), flanked by two incomplete repeats (designated 

repeats 0 and 17) and then by the N- and C-terminals. Repeats 1-16, are less than 1% 

different in protein sequence from each other.

Given the probable genetic similarity underlying the filaggrin defects in ft 

mice, and the filaggrin loss-of-function mutations responsible for human ichthyosis 

vulgaris and atopic eczema, in collaboration with Prof Irwin McLean (University of 

Dundee), the mouse Fig  gene in WT or ft mutant mice was investigated. The mouse 

filaggrin gene. Fig, is located on chromosome band 3QF2.1 within a cluster o f  seven



genes encoding the fused S I00 family of filaggrin-like proteins (Fig.3.2), and the 

organization of this cluster is identical to the orthologous human cluster (Fallon et al., 

2009). We manually annotated the intron-exon organization of the 20,150-bp Fig 

gene from the cuiTent build existing for the C57BL/6 mouse genome (Fig.3.2 and 

Appendix IV). The genomic sequence derived from the BAC clone RP23-227A12 

from mouse Chromosome 3 (Accession number, AC 158361), contained small 

assembly errors owing to incomplete resolution of the tandem repeats within Fig. This 

issue was resolved by aligning the individual filaggrin repeats and then correcting the 

five detected assembly errors that were evident (Appendix V), so that the complete 

open reading frame (ORF) was in-frame with the reported short partial 5 ’ and 3 ’ 

cDNA sequences for mouse Fig (Rothnagel et al., 1987; Pearton et al., 2002).

Using a long-range PCR strategy, that had been employed to identify human 

FLG  mutations (Smith et al., 2006; Sandilands et al., 2007), the larger exon 3 of 

murine Fig could not be amplified. Therefore a shotgun sequencing method was 

used, whereby six species of short PCR fragments were generated and cloned using 

primers designed to amplify any of the repeat units, a strategy that had recently been 

employed to detect human FLG  mutations (Sasaki et al., 2008). By sequencing >900 

clones, a 1-bp deletion was identified in clones resulting from four different PCR 

fragments (Fig.3.3A & B). This deletion was shown by allele-specific PCR 

genotyping, to completely co-segregate with the flaky tail phenotype in all mouse 

crosses (Fig.3.3C). An AccI restriction fragment length polymorphism was also 

detected in filaggrin repeat 1, which was in tight linkage with the mutation. This 

facilitated the generation of a genotyping protocol allowing reliable identification of 

the // allele (Fig.3.3D and Section 2.1.3.2). Using this genotyping method, the // 

mutation was subsequently backcrossed with the ma mutation congenically to
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C57BL/6J strain background (Fig.2.1), However, using these strategies ehicidating 

the entire sequence o f  the Fig  gene proved difficuh due its size and repetitive 

structure.

Given the nature o f  the shotgun method initially used above, it was not 

possible to assemble the complete the Fig  sequence from the mutant strain for exon 3. 

To overcome this inability, we constructed a BAC library from ft/ft homozygote 

and isolated a clone containing the entire Fig  locus. Exon 3 was then subcloned by 

recombineering, and oversequencing the resultant plasmid by ~ninefold by random 

transposon insertion methodology. Exons 1 and 2 were sequenced im m  ft/ f t  mice by 

standard PCR methods, thereby allowing the complete assembly o f  the Fig  sequence 

from the mutant strain. This allowed the unambiguous designation o f  the mutation 

5303delA in filaggrin repeat 6, which leads to premature termination 154 codons 

downstream (Asnl768ThrfsX154). Furthermore, it was identified that the Fig  

sequence from ft mice was one tllaggrin repeat shorter than the C57BL/6 sequence, 

consistent with earlier studies that have reported variations in filaggrin repeat copy 

numbers, both in mice and humans (Gan et al., 1990; Sandilands et al., 2007). Apart 

from these variations, there was a 99.3% homology between the Fig  sequences in ft 

and C57BL/6 mice, with no other loss-of-function variants detected.

3.3.2 Basal ft macroscopic clinical and histopathological phenotype

Ft mice are normal at birth with a distinctive phenotype appearing at 3 days of 

age with neonates developing ‘flaky’ skin on dorsal and ventral surfaces, particularly 

notable on the tail skin and around the ankles o f  the hind limbs, where annular 

constrictions also develop as previously described (Presland et al., 2000). By 

approximately 4 weeks o f  age, ft juveniles develop characteristic necrotic annular tail
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constrictions leading to auto-amputation, as well as characteristic shortened ear 

pinnae (Sundberg, 1984; Sundberg and King, 1996; Presland et al., 2000). To 

examine basal histopathological features, skin biopsies were taken from 6- to 8-week- 

old age- and sex-matched w t/\\l (wild-type), f t /w t  (lieterozygous) and f t / f t  

(homozygous) mice. There were no histopathological differences apparent between 

wl/w’t and ft/w l mice (Fig.3.4A). In contrast, f t / f t  mice had a mild diffuse 

orthokeratotic hyperkeratosis (a hypertrophy o f  the stratum corneum o f  the skin 

characterized by the presence o f  non-nucleated cells), and sporadic foci o f  acanthosis 

(abnormal epidermal hyperplasia due to thickening o f  the stratum basale and stratum 

spinosum layers), which varied in magnitude between individual //'/// mice (Fig.3.4A). 

A broad spectrum o f  severity o f  skin inflammation amongst individual ft/ft mice, 

though sporadic superficial dermal cellular infiltration was evident in all biopsies. 

This cutaneous cellular infiltrate was further characterized based on the number of 

cells detected per high powered field (HPF), w'hich revealed there was a significant 

increase in total cells (P <  0.05), lymphocytes {P <  0.01), eosinophils {P <  0.05) and 

mononuclear cells {P <  0.01) in //// /  mice, relative to wt/wt anA ft/w t  mice (Fig.3.4B).

3.3.3 Elevated nonsign ifican t increases in TEWL suggests a predisposition to 

harrier dysregulation.

The severity o f  AD pathogenesis has been shown to parallel with the 

magnitude o f  skin b a m e r  permeability (Seidenari and Giusti, 1995; Eberlein-Konig et 

al., 2000; Chamlin et al., 2002; Sugarman et al., 2003; Gupta et al., 2008). To address 

the basal integrity o f  the skin bari'ier o f  ft mice, transepidermal water loss (TEWL), a 

surrogate marker o f  barrier dysregulation (Seidenari and Giusti, 1995; Eberlein-Konig 

et al., 2000; Gupta et al., 2008), was analysed on the skin o f  10-12 week wt/wt, f t/w t
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and f t / f t  mice. Although there were higher individual TEWL readings in f t/ ft  mice, 

possibly reflecting the spectrum o f  severity in skin inflammation within this group 

(Fig.3.5), there was no statistically significant difference in baseline TEW L between 

the three groups (Fig.3.5). No significant differences in TEW L levels, indicates 

normal stratum corneum hydration in 10-12 week M’t/wt ax\d ft/w t  mice.

3.3.4 F t mice are susceptible to epicutaneous allergen prim ing fo llow ing  topical 

application.

The propensity o f  the skin o f  ft mice to facilitate allergenic priming, via 

transcutaneous ingress, was examined following topical application with the widely 

studied and clinically relevant allergen OVA. OVA or PBS (as a vehicle control) was 

applied to the intact skin o f  10-12 week wt/wt, f t/w t m d  ft/ ft  mice (according to the 

protocol outlined in Section 2.3.1.1 and Fig. 2.4), following clipping to remove hair. 

Epicutaneous OVA application did not lead to gross skin lesions in any mice. Skin 

biopsies from the site o f  allergen challenge showed evidence o f  some edema and a 

non-significant increase in cellular infiltrates but no gross pathology or inflammation 

in wt/wt or f th v t  mice (Fig.3.6). In contrast, exposure o f  OVA to the skin o f  f t / f t  mice 

induced pronounced acanthosis, with significant mixed cellular infiltrates, of  

predominantly lymphocytic cells, in addition to eosinophils and mononuclear cells 

(Fig.3.7). OVA application induced marked epidermal barrier dysregulation \n ft/ ft  

mice relative to PBS-treated f t/ ft  mice (Fig.3.8), as evidenced by a significant 

elevation (P < 0.001) in TEW L following measurement 24 hrs post allergen challenge 

(Fig.3.8). In comparison, application o f  OVA to wt/wt or ft/w t  mice caused no 

alteration in TEW L (Fig.3.8).



3.3.5 F t m ice develop systemic responses fo llow ing  epicutaneous allergen 

application.

Given the cutaneous inflammation induced in f t / f t  mice following OVA 

application to the intact skin, the development o f  systemic response to OVA was 

evaluated. Strikingly, following epicutaneous allergen challenge to intact skin, f t / f t  

mice generated OVA-specific IgE that was significantly {P <  0.05) elevated relative 

to other PBS- or OVA-treated groups (Fig.3.9), Furthermore, total-IgE and -IgG were 

significantly elevated in the serum o f  ft/ft mice following allergen treatment 

(Fig.3.10), In contrast, //'/vtY or wt/wt mice did not generate IgG or IgE responses to 

OVA (Fig.3.9), nor did they have elevated levels o f  total-IgE or -IgG in the serum 

(Fig.3.10). To assess whether OVA challenge induced enhanced T cell 

responsiveness, proliferative responses were assessed in spleen cells from OVA and 

PBS treated groups. Spleen cells from ft/ft mice proliferated in a dose-dependent 

manner in response to OVA. whereas cells from other groups did not proliferate 

(Fig.3.11). To assess the cytokine profile o f  splenocytes, culture with OVA induced 

generalized allergen-specific cytokine responses that were not solely Th2 skewed in 

ft/ft mice with the production of OVA-specific Th2 (lL-4, lL-5, and IL-13), Thl (IFN- 

Y), regulatory (IL-10) and Th l 7  (lL-17) cytokines (Fig.3.12). Spleen cells from  ft/w t 

or wt/wt mice did not proliferate or produce cytokines when exposed to OVA in vitro 

(Fig.3.11 & 3.12). Spleen cells from the PBS-treated groups did not produce 

cytokines in vitro in response to OVA stimulation. Consistent with this generalized 

mixed T helper cytokine response in f t / f t  mice treated with OVA epicutaneously, 

serum levels o f  both OVA-specific IgG2a and IgGl were elevated following allergen 

treatment, antibody isotypes that are induced by Thl and Th2 cytokines respectively 

(Snapper and Paul, 1987) (Fig.3.9). These data show that //■/// mice generate systemic
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allergen-specific IgE and have mixed allergen-specific cytokine responses following 

cutaneous allergen challenge to intact skin.

3.3.6 A llergic sensitization follow ing epicutaneous application does not predispose  

f t  mice to the development o flim g  inflammation.

Several large studies have shown that FLG  loss-of-function mutations 

predispose to asthma in the context o f  atopic dermatitis (Marenholz et al., 2006; 

Palmer et al., 2007; Henderson et al., 2008; McLean et al., 2008; Weidinger et al., 

2008). To experimentally address this association using this mouse model, 10-12 

week ft/ft and wt/wt animals that had undergone an epicutaneous OVA challenge 

regimen (Section 3.3.5, above), were challenged with aerosolized OVA to evoke 

pulmonary sensitization (according to the protocol outlined in Section 2.3.1.3 and 

Fig. 2.6). Following airway challenge, pulmonaiy responses were analyzed including 

an assessment o f  AHR (Fig.3.13). AHR as detennined by airway resistance ( R l ) ,  was 

not induced in OVA-exposed ft/ft or wtM't mice, with both OVA-exposed groups 

having similar R l values as PBS-challenged mice (Fig.3.13A & B). Dynamic 

compliance in the lung was also assessed in these studies, with no difference 

observable between all groups assessed. Interestingly, OVA application to the barrier 

disrupted skin o f  wt/wt mice, as used previously to induce AHR on the more Th2 

immuno-reactive BALB/c strain previously (Spergel et al., 1998), failed to induce 

AHR in tape-stripped C57BL/6 mice (Fig.3.13B), Lung histology biopsies revealed 

no overt lung inflammation in either wt/wt o\ f t / f t  mice exposed to OVA via the skin 

(Fig.3.14A). Furthermore, there was no significant increase in the numbers o f  total 

cells and eosinophils recovered in BAL fluid, between OVA-exposed or PBS-treated 

ft/ft and wt/wt mice (Fig.3.14B).
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3.3.7 Allergen-specific responses in Ft mice are as a result o f  a skin barrier defect 

as opposed to generalized altered immunit}’.

To confirm that the cutaneous inflammation and systemic responses induced 

in ft /ft  mice following transcutaneous OVA sensitization through the epidermal 

barrier, is due to a specific defect in the skin barrier rather than a generalized altered 

immunity, //’//i' and wt/wt mice were sensitized by intraperitoneal (i.p.) injection of 

OVA and adjuvant (Alum) and evaluated for allergen-specific responses (according to 

the protocol outlined in Section 2.3.1.2 and Fig. 2.5). Ft/ft mice intraperitoneally 

immunized with OVA and adjuvant developed allergen-specific immune responses 

comparable to M't/wt animals, with both groups having elevated serum levels of total- 

IgE (Fig.3.15A), and OVA-specific IgE (Fig.3.15B), IgGl and lgG2a (Fig.3.15C) 

antibody isotype responses. In addition, a cell proliferation assay demonstrated that 

spleen cells from i.p. OVA challenged ft/ft  mice proliferated comparably to wt/wt 

mice, in a dose-dependent manner in response to OVA (Fig.3.16A). Further, both ft/ft 

and wt/wt mice had a Th2-biased OVA-specific cytokine profile after i.p. OVA 

sensitization (Fig.3.16B). To confirm that the lack of pulmonary inflammation and 

development of AHR m ft/ft mice following allergen challenge was not due to altered 

lung immunity, i.p. OVA primed ft/ft and wt/wt mice w'ere exposed to pulmonary 

OVA sensitization (see Section 2.3.1.2 and Fig. 2.7). Comparable induction of AHR 

was observed in wt/wt mA ft/ft mice (Fig.3.17A). Furthermore, i.p. challenge with 

OVA and adjuvant, resulted in comparable airway inflammation in both wt/wt and ///// 

mice (Fig.3.17B), Therefore ft/ft mice develop allergic lung inflammation after 

intraperitoneal priming with OVA and adjuvant but not when sensitized via the skin 

to OVA in the absence of adjuvant.
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3.4. Discussion

In this Chapter, it was identified that flaky tail strain mice have a loss-of- 

function frameshift mutation 5303delA in repeat 6 o f  Fig. Several truncating 

mutations have been reported in human FLG  (Nomura et al., 2007), including three 

that have been found in repeat 6 o f  FLG. Notably in the context o f  this murine study, 

the truncated profilaggrin species resulting from mutations in repeats 7 and 10 o f  FLG  

have been shown to be highly unstable and incapable o f  being processed to the 

functional monomeric filaggrin subunits (Sandilands et al., 2007), as shown in the ft 

mouse here, consistent with a previous study (Presland et al., 2000). Therefore, the 

5303delA mutation results in a functionally null allele, which is analogous to the 

functionally null alleles resulting form all human FLG  mutations described to date. In 

this regard, mice deficient in filaggrin protein as a consequence o f  a spontaneous 

mutation might prove a better model for AD pathogenesis deriving from the human 

mutations than the generation o f  a mouse with a knockout allele.

With respect to further dissecting the immunological and biological effects of 

Fig  mutations in the context o f  skin inflammation, availability o f  the genotyping 

assays for the Fig  mutant allele will facilitate the generation o f  congenic strains with 

the mutation, and allow construction o f  double mutant and reporter strains o f  mice. 

Though in this study, f t / f t  mice present with a phenotype consistent w'ith the original 

description by Presland et al. (Presland et al., 2000), they do not appear to have the 

striking acanthosis or alterations in the stratum granulosum as previously reported 

(Presland et al., 2000). This is probably on account o f  the histopathological analysis 

in this chapter, being performed on mice that were significantly younger at 10-12 

weeks. Further work in this thesis, will provide a longitudinal phenotypic study o f  this 

mutant strain, in the context o f  the development o f  spontaneous AD-like pathology.
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Nevertheless,//'///' mice closely model the phenotypic, histological and ultrastructural 

characteristics o f  ichthyosis vulgaris in humans (Presland et al., 2000), and in this 

Chapter it was shown that these filaggrin-deficient mice are also predisposed to 

develop allergenic sensitization following epicutaneous exposure to the model 

allergen OVA, with the development o f  cutaneous cellular infiltration, and allergen- 

specific immune responses following an allergen challenge regimen. The absence o f  

allergen-specific responses in C57BL/6J wt/wt mice, upon allergen-challenge to intact 

skin has been reported previously (Terada et al., 2006); however, an allergic response 

can be generated when OVA is applied after the skin ban'ier has been disrupted by 

tape-stripping (Spergel et al., 1999). This tacitly suggests, that ft mice have a ‘leaky’ 

epidermal barrier, facilitating allergenic priming in a manner not dissimilar to a 

mechanically disinpted epidermal barrier. Systemically, in tape-stripped OVA 

sensitized BALB/c and C57BL/6 mice, serum OVA-specific IgG l, IgE, and lgG2a, 

and the increased splenocyte production o f  IL-4, IL-5, lL-13, and IFN-y in response to 

OVA re-stimulation, illustrates a generalized systemic immune activation, which is 

not Th2-polarised (Spergel et al., 1998; Spergel et al., 1999). This is broadly similar 

to the generalized systemic immune activation in OVA-sensitized ////i’ mice observed 

in this study. Importantly, in the context o f  AD-like pathogenesis, the cutaneous 

inflammation induced in ft mice following allergenic sensitization exacerbates the 

underlying inheritable barrier defect as evidenced by the elevated TEWL values 

following OVA challenge (Fig.3.8). This is noteworthy as it supports the outside- 

inside-outside hypothesis for the progression o f  AD pathogenesis resulting from an 

epidermal bairier defect as put forward by Elias and colleagues (Elias and Steinhoff, 

2008), suggesting that sensitization might be an early event in filaggrin-deficient 

patients. Several known modifiers (lL-14 and IL-13) have been shown to
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dow nregulate  expression o f  filaggrin (Howell et al., 2007) and other key epidermal 

structural proteins in vitro  (K im  et al., 2008). Indeed, unknow n genetic factors m ay 

also influence the phenotype o f  f t / f t  m ice, and in this context, the role o f  the ina 

m utation must be examined with regards to its contribution to the phenotype o f  f t / f t  

mice. Given the grow ing  appreciation o f  A D  as a polygenetic condition, it w ould  

seem likely that the em ergence o f  disease in carriers o f  F L G  m utations may have 

other undescribed heritable genetic enhancers, predisposing to A D  pathology.

Som e limitations to the scope o f  this study in the context o f  the examination o f  

progression from A D -like inflam m ation to lung inflam m ation, involved the 

background strain (C57BL/6J) o f  the f t / f t  m ice used throughout. The inability to 

induce A H R  after cutaneous O V A  challenge m ay thus reflect the use o f  C57BL /6  

mice, which are less susceptible than B A LB /c mice to allergen-induced Th2 

inflam m ation (Spergel et al., 1999).

As previously  m entioned, the specific pathogenic role o f  the elevated IgE 

titers in the sera o f  patients with A D  rem ains unresolved. Given the recent report o f  

the K 14-IL-4 S K H l transgenic m ouse model o f  intrinsic A D  (Chen et al., 2008), 

which highlights the potential for eczem a-like pathology in mice in the absence o f  

elevated IgE, caution is needed in assigning an defin itive pathogenic role for elevated 

IgE in m ouse A D  models. These results suggest that the ft m ouse has potential as an 

animal model o f  A D  encom passing  aspects o f  A D  pathogenesis, in patients with 

filaggrin mutations. A lthough clarifying this relationship will require more 

experim entation on mouse m odels  in addition to hum an studies, we have shown 

enhanced epicutaneous prim ing  in a m ouse model o f  filaggrin deficiency that hints at 

possible m echanism s in the genesis and progression o f  A D  pathology in patients, 

suggesting that the barrier defect in ft m ice leading to possib le  spontaneous dermatitis
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in the steady state and enhanced cutaneous immune responses and inflammation. 

Importantly, in these studies ft/w t mice do not have the macroscopic clinical 

phenotype characteristic o f  homozygous mice, nor do they develop enhanced 

responses to OVA challenge as seen in the /?///■ mice, illustrating the recessive nature 

o f  the //  mutation in these mice. This highlights one key aspect where ft mice deviate 

from human carriers o f  FLG  mutations, were most AD patients are heterozygous for 

FLG  mutations. Finally, ft mice have a second mutation in a closely linked gene, 

matted {ma), the impact o f  which, in relation to the /? mutation with regards to the 

phenotype reported here for ft mice, needs to be clarified in future studies. It is this 

ma mutation that causes the fur to have a matted appearance. The influence o f  the ma 

mutation in the phenotype reported here for ft mice cannot be excluded. To define the 

precise role o f  ma in the development o f  allergen-specific immune responses and 

barrier dysregulation in ft mice, both mutations need to be backcrossed to isolate two 

distinct mouse strains with either mutated // or ma alleles, to examine the role o f  each 

mutation in the development o f  AD-like inflammation. Despite a possible role for ma, 

the results reported in this chapter set the scene for the use and further refinement of 

this animal model to further dissect the role o f  filaggrin in skin barrier function and 

the genesis o f  AD pathology.

Subsequent to the publication o f  the work in this Chapter (Fallon et al., 2009), 

two other groups have validated our findings with respect to permissibility o f  the 

epidermal ban ier  of ft mice to allergen sensitization (Oyoshi et al., 2009; Moniaga et 

al., 2010). Interestingly, both of these studies report the age-dependent development 

o f  spontaneous dermatitis in ft mice. These discrepancies are most likely accounted 

for due to the age o f  animals studied, and may also be attributable to environmental 

factors within the respective mouse units, such as the respective skin microbiota
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profiles. These discrepancies, and the impact o f the f t  and ma mutations will be 

discussed further in chapter 4.
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Figurc 3.1. Truncated profilaggrin lacking the C terminus is expressed in flaky  

tail mouse skin. Protein extracts from wt/wt and ft/ft skin were fractionated by 

SDS-PAGE (A). There is a lack o f  the filaggrin monomer (F) m ft/ f t  mice. The 

mutant profilaggrin protein m ft/ f t  mice is faintly visible in (A), at an apparent 

molecular weight o f  -2 1 5  kDa (*). Protein extracts were immunoblotted with a 

peptide antibody developed to the C terminus o f  mouse profilaggrin (B). The 

antibody detects both full-length profilaggrin (P) and a putative C-terminal 

processing product (C) in wt/wt mouse extracts; however, these immunoreactive 

products are not detected m ft/ ft  mice.
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Mouse Chromosome 3

Crnn Flg2 Hmr Rptn Tchh Tchhll

Exon 1 
32 bp

Exofi 2 Exon 3
159 bp 14,311 bp

Figure 3.2. Fig gene structure and mutation identification. Fig resides within a 

cluster o f seven genes encoding the closely related fused-SlOO proteins on 

chromosome band 3QF21. Like human FLG, mouse Fig has three exons. Exon 1 

consists o f 5’-UTR sequences only; exon 2 contains the ATG and encodes part of 

the N-terminal S I00 calcium binding domain o f profilaggrin; and exon 3 encodes 

the remainder o f the S I00 domain, the B-domain and the filaggrin polyprotein 

repeat domain. The mouse genome sequence annotated here for Fig , shows 16 

near-perfect repeats encoding a 250-amino-acid filaggrin protein (1-16), flanked 

by two imperfect repeats (0 and 17). Repeat 17 is followed by a short tail domain. 

In ft mice, the exon 3 sequence {F l^ ') lacks one repeat owing to a 750-bp in-frame 

deletion, as well as the frameshift mutation 5303delA.

131



B
Fig wild-type sequence Homozygous mutant (ft/ft)

C C G C C C T C  t Q c C A - G C C C A C A

R G S T K G

I 1

M ft/fi wt/wt ft/wt ft/wt ft/wt

ft/wt wt/wt ft/ft

^--------85b

678b
559b

Figure 3.3. Allele specific genofyping. (A) Wild-type Fig, coiTesponding to 

codons 1765-1771, with amino-acid translation. The A dinucleotide involved in 

the mutation is boxed. (B) Corresponding Fig  sequence derived from a 

homozygous /////' mouse, showing the homozygous frameshift mutation designated 

5303delA, predicting truncation sequence Asnl768ThrfsX154. The single A 

nucleotide remaining at the site o f the mutation is boxed. (C) Allele-specific 

genotyping o f the parents and FI offspring o f a cross between an f t / f t  homozygote 

and a wild-type mouse. M, molecular weight markers, upper band =118 bp; lower 

band = 72 bp. The allele-specific band is only amplified from mice carrying the ft 

mutation. (D) Genotyping for an AccI restriction site polymoiphism in filaggrin 

repeat 1, approximately 4 kb upstream o f the 5303delA mutation. The 678-bp 

C57BL/6 allele does not digest; the ft allele digests to yield fragments o f 559 bp 

and 134 bp. M, molecular weight markers.
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Figure 3.4. Cutaneous inflammation in untreated ft/ft mice hut not ft/w t or wt/wt 

animals. (A ) Representative photomicrographs o f skin sections from age and sex 

matched wt/wi, ft/w t and ft/ft mice. Ft/ft mice had orthokeratotic hyperkeratosis 

(aiTow) with occasional foci o f acanthosis (bracket) compared to wt/wt and /?/H’t 

mice (magnification x400). (B) Numbers o f skin infiltrating cells, lymphocytes, 

eosinophils and mononuclear cells were detected per high-power field (HPF). 

Cells were counted on 15-20 HPF (xlOOO) on hematoxylin and eosin-stained 

sections o f 5 -6  wt/wt, ft/wt and ft/ft mice. Data represent the mean; eri'or bars 

represent ±SEM. Student’ s t-test was used to determine statistical differences 

between groups, * P  <  0.05, * *  p  <  0.01.
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Figure 3.5. TEWL in untreated  ft/ft mice hut not ft/wt or  wt/wt animals. Ft/ft mice 

have non-significant increase in TEWL, with a broad range o f  individual of TEWL 

values amongst individual mice. Values are individual mice, and mean bars are 

shown. Student’s t-test was used to determine statistical differences between 

groups, NS - P  > 0.05.
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wt/wt ft/wt ft/ft

Figure 3.6. Allergen exposure exacerbates skin inflamm ation in ft/ft mice hut not 

ft/wt or  wt/wt animals. Representative photomicrographs (magnification x400) o f  

skin sections from sex-matched mice at 10-12 week wt/wt, ft/w t awA ft/ f t  mice 

exposed to OVA or PBS as a vehicle control. Ft/ft mice had diffuse mild 

acanthosis and marked increases in dennai cell infiltration when cutaneously 

challenged with OVA, compared to f t/w t  and wt/wt mice (original magnification 

x400). Blue an'ows highlight the inflammatory cellular infiltrates.
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Figure 3.7. Allergen exposure exacerbates skin inflamm ation in ft/ft mice hut not 

ft/wt or  wt/wt animals. Ouantification o f  numbers o f  skin infiltrating lymphocytes, 

eosinophils and mononuclear cells detected per high-power field (HPF). Cells 

were counted at on 15-20 HPF (xlOOO) on hematoxylin and eosin stained sections 

o f  11-14 wt/wt, ft/w^t and ft/ft mice. Data represent the mean; error bars represent 

±SEM. Student’s t-test was used to determine statistical differences between 

groups, NS - P  > 0.05, *** P < 0.001.
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Figure 3.8. Allergen exposure exacerbates TEWL in ft/ft m ice but not ft/wt or 

wt/wt animals. TEW L analysis o f  skin o f  OVA exposed wt/wt, ft/w t f t / f t  mice. 

TEW L is significantly elevated in f t / f t  mice exposed to OVA. Values relate to 

individual mice, and mean bars are shown. Student’s t-test was used to determine 

statistical differences between groups, NS - P  >  0.05, *** P <  0.001.
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Figure 3.9. Elevated OVA-specific immune response in allergen exposed  ft/ft 

mice hut not ft/wt or wt/wt animals. ELISA detection o f  serum levels o f  OVA- 

specific IgE, IgGI and IgG2a in wt/wt, ft/w t and f t / f t  mice, exposed to OVA or 

PBS by cutaneous application. Data represent the mean; error bars represent 

±SEM , from 7-12 mice, and representative o f  two separate experiments. Student’s 

t-test was used to test for statistical differences between PBS and OVA-treated

groups, *** P <  0.001.
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Figure 3.10. Elevated serum antibodies in allergen exposed ft/ft mice but not 

ft/wt or wt/wt animals. ELISA detection o f levels of total-IgE and -IgG in serum 

from wt/wt, ft/wt and ft / f t  mice treated by cutaneous application with PBS or 

OVA on skin. Data represent the mean; error bars represent ±SEM, from 7-12 

mice, and representative o f two separate experiments. Student's t-test was used to 

test for statistical differences between PBS and OVA-treated groups, *** P < 

0 .0 0 1 .
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Figure 3.11. E levated O VA-specificproliferation in allergen exposed  ft/ft mice hut 

not ft/wt or wt/wt animals. Cell proliferation to OVA o f spleen cells from wt/wt, 

ft/w t and f t / f t  mice treated with PBS or OVA on skin; error bars represent SEM. 

Data represent the mean o f spleens from 4 individual mice per group; eiTor bars 

represent ±SEM , and representative o f two separate experiments. Two-way 

ANOVA was used to test for statistical differences between groups, *** P <  0.001.
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Figure 3.12. Elevated OVA-specific cytokine responses in allergen exposed f t / f t  

mice hut not wt/wt or wt/ft animals. Cytokine production by spleen cells from 

OVA-exposed w t/wt, wt/ft and ft/ft m ice treated with PBS or OVA. Cells were 

cultured in media or OVA (500 ^ig/ml) and cytokines detected by ELISA. Data 

represent the mean; error bars represent ±SEM , from 7-12 mice, and representative 

o f two separate experiments. Student’s t-test was used to test for statistical 

differences between PBS and OVA-treated groups, NS - P  < 0.05, * P  < 0.05.

141



B

-ft/ft OVA -wt/wt OVA
-D-ft /TtPBS -z^s-wt/wt PB S

o - wt/wt OVA tape-str ip

(/}

1
o

CM
X
E
CJ

3

2

1

10 30 60
Mch

IPBS lOVA

300

O) 200 -

(C  <M

n  100 -

wt/wt ft/ft

Figure 3.13. No alterations in AHR in wt/wt and  ft/ft mice cutaneously 

challenged with OVA, or in wt/wt mice exposed epicutaneously to OVA after 

tape-stripping. (A) Dose-response curve to Methacholine (Mch) challenge. (B) 

Area Under Curve (AUC) o f Rl values at 120 mg/ml Mch. The hatched red line 

is AUC for wt/wt mice exposed epicutaneously (tape-stripped) to OVA. Data 

represent the mean from 5-7 mice per group; error bars represent ±SEM, and 

representative o f two separate experiments. Two-way ANOVA or student’s t-test 

was used to test for statistical differences between groups, NS - P < 0.05.
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Figure 3.14. Absence o f  lung inflammation in f t / f t  mice follow ing cutaneous 

treatment with OVA and subsequent exposure to OVA via aerosol. (A) 

Representative photom icrographs o f  hem atoxylin and eosin-stained lung sections 

showing an absence o f  pulm onary inflamm ation in wt/wt and ft/ft mice, 

(m agnification x400). (B) A com parable number o f  total cells and eosinophils 

were recovered in the BAL o f  wt/wt and f t/ ft  mice. Data represent the mean; eiTor 

bars represent ±SEM , from 5-7 mice, and representative o f  three separate 

experiments. Student’s t-test was used to test for statistical differences between 

PBS and OV A-treated groups, NS -  P >  0.05.
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Figure 3.15. No differences in immunological responses hetn’een wt/wt and  ft/ft 

mice injected intraperitoneally with OVA. Greater induction o f  (A) Total Serum 

IgE, (B) OVA-specific IgE, and (C) OVA-specific IgGI and lgG2a in OVA- 

immunized m \c t ft/ft mice, in comparison to OV A-im m unized wt/wt and PBS- 

immunized ///// mice. Data represent the mean; en'or bars represent ±SEM , from 

4-6 mice, and representative o f two separate experiments. S tudent’s or W elch’s 

corrected t-test was used to test for statistical differences between PBS and OVA-

treated groups, *  P <  0.05, * * *  p  <  Q.QO 1.
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Figure 3.16. No differences in im m unological responses between wt/wt and  ft/ft 

mice injected intraperitoneally with OVA. (A) Proliferation o f spleen cells from 

PBS- or OV A-im m unized wt/wt and f t / f t  mice in response to OVA. (B) ELISA 

detection o f OVA-induced cytokines from spleen cells. Data represent the mean; 

error bars represent ±SEM , from 4-6 mice, and representative o f two separate 

experiments. Student’s t-test was used to test for statistical differences between 

PBS and OV A-treated groups, *** P  <  0.001.
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F ig u re  3 .17. Ft/ft mice have responses comparable to wt/wt mice in a model o f  

allergen-induced airway inflammation. (A) Comparable induction o f  AHR 

determined as lung resistance (/?/.) in mice intraperitoneally challenged with 

OVA, after Methacholine (Mch) challenge. Two-way ANOVA was used to test 

for statistical differences between groups, * P <  0.05, * *  p  <  0.01, *** P <  0.001. 

(B )  Bronchial hyperplasia and cellular infiltrates in both wt/wt and ft/ft  mice 

intraperitoneally immunized with OVA and Alum, and subsequent challenge with 

OVA via aerosol (magnification x400).

146



Chapter 4 

Elucidation o f the genetic basis, o f the 

spontaneous allergic skin and lung 

disease in the matted mouse.



4,1. Introduction

Following the demonstration that the ft mice develop cutaneous inflammation 

and allergen-specific immune responses following epicutaneous allergen application 

(Chapter 3) (Fallon et al., 2009), we adopted the convention o f referring to the flaky 

tail or ft mouse as m aFl^'/m aFI^', to properly acknowledge the presence of both 

mutations. This was predicated by the confusion arising from the varying 

nomenclature used to identify the genetic identity o f these mutant mice encountered in 

the literature. The homozygous maFI^‘/maFI^‘ (referred to as maFl^' from hereon) 

mouse strain spontaneously develops AD-like skin condition that progresses in 

magnitude with age (Fallon et al., 2009; Oyoshi et al., 2009; Moniaga et al., 2010). 

The maFIg^' mice have in addition to the mutation in the Fig gene (Chapter 3) 

(Fallon et al., 2009), a mutation in an unidentified recessive gene that causes the 

matted (ma) phenotype (Fallon et al., 2009). Given the presence o f the ma mutation, it 

was impossible to exclude a possible role for the ma mutation in the allergen-specific 

immune responses in maFlg^' mice presented in Chapter 3. To ascertain the relative 

contributions o f each gene to the m aFl^' phenotype, the original m aFI^'/m aF I^'/i 

mouse was backcrossed onto a C57BL/6J background, as illustrated (Fig.2.3), 

generating congenic strains o f maFlgl' mice, and mice homozygous for F l^ ' and ma.

Given the compelling data presented in our original study illustrating the ease 

o f allergen priming in maFlgj' mice (Fallon et al., 2009), the double mutant m aFl^' 

mouse is now being used increasingly as a model o f atopy (Oyoshi et al., 2009; 

Scharschmidt et al., 2009b; Moniaga et al., 2010), as the Fig  and ma alleles are 

closely linked on mouse chromosome 3. However, it was considered pertinent to 

isolate both mutations, and therefore assess their relative contributions to the m aFl^' 

phenotype. Congenic C57BL/6J maFlg^' mice were generated, with both mutations
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being separated by backcrossing. Strikingly, initial observations suggested that the ma 

mice shared many o f the gross phenotypic characteristics o f the parent maFlg^' 

phenotype, in comparison to the isolated mutant strain Flg^\ In this regard, the 

isolated mutants were assessed in parallel to the m aFI^' parent strain, in studies 

investigating the development o f spontaneous dermatitis with time, and in a model of 

allergen-inducible cutaneous inflammation. DNA from mice generated was provided 

to Prof Irwin Mclean who fine mapped the ma allele and identified a nonsense 

mutation in the Tmem79 gene encoding a transmembrane protein (mattin), and it is 

now shown in this thesis that this mutation contributes very significantly to the 

maFlg^' phenotype.
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4.2. Chapter objectives

1. To isolate the F/g^'and ma mutations, and assess the propensity o f  strains with

isolated mutations, comparative to the parent inaFl^' strain, to develop spontaneous 

demiatitis over time.

2. To identify the gene mutated in ma mice.

3. To investigate whether the ma mutation leads to an altered susceptibility to

allergenic priming via epicutaneous application to unbroken skin.

4. To assess experimentally, the progression from skin inflammation to lung

inflammation in mutant strain mice.
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4.3. Results

4.3.1 ma mice develop .spontaneous AD-like inflammation.

The m aF l^' mice present with uniformly stunted pups, and as a consequence 

animals are not weaned prior to 4 weeks o f age, with stunting evident in adulthood. 

The and ma strains did not have an observable impaired fitness phenotype. In 

terms of gross appearance in adulthood, both the F l^ ' and the ma mouse differ 

considerably from both each other and the parent m aFl^' strain (Fig.4.1), At 32 

weeks, F l^ ' mice did not present with the spontaneous skin inflammation observable 

in the m aF!^' mouse, whereas ma mice did develop observable skin inflammation. 

This focused interest on the as yet uncharacterized ma mutation, the basal phenotype 

of the ma mouse, and its influence on the marked pathology of the maFlg^' mouse.

Macroscopic clinical scoring of the skin was analysed using the parameters of 

pruritis, erythema, edema, erosion and scaling (see Section 2.9), as defined for the 

Nc/Nga mouse model o f AD (Leung et al., 1990; Matsuda et al., 1997), illustrated ma 

and maFlgf' mice progressively develop profound AD-like inflammation in mice up to 

32 weeks o f age (Fig.4.2), In contrast, neonatal Flg '̂ mice develop fiaky skin, 

particularly notable on the tail where annular tail constrictions develop, which is 

characteristic of maFlgj' mouse, in addition to taut ei^thematous skin, and skin 

hyperlinearity. This neonate phenotype resulted in significant (P < 0.001) skin clinical 

scores in both the Flg^' mice and m aFI^' mice (Fig.4.2), indicating a major role for 

filaggrin in the immediate post-natal period. The ma neonate is indistinguishable from 

WT neonates (Fig.4.2). The phenotype in F !^ ' mice and m aFl^' strains remains 

consistent to ~4 weeks o f age, with the development of the characteristic necrotic 

annular tail constrictions leading to auto-amputation, as well as the shortened ear 

pinnae in adulthood (Fig.4.1). However, the ‘stubbed’ tail, indicative of the preceding

150



auto-amputation, and the blunted ear phenotype are the only visual similarities 

between these two strains beyond 4 weeks. Indeed while the F/g^'mouse are otherwise 

indistinguishable from the WT controls, whereas post 4-weeks, the dennatitis in the 

m aFI^' and mu mouse progressed with age (Fig.4.2, 4.3). Unlike the F l^ ' mouse, 

both ma and inaF l^' mice develop marked skin inflammation from 16-20 weeks of 

age weeks, with increasing magnitudes o f pruritis, erythema, and scaling, and 

moderate to marked edema and erosion, up to 32 weeks (Fig.4.2, 4.3). Though all ma 

and maFlgl' mice exhibit AD-like inflammation by 32 weeks, there is a broad 

spectrum of pathology with some individual animals exhibiting profound lesions and 

excoriation, particularly on the neck and ventral flank, with occasional incidence of 

blepharitis and periocular edema (Fig.4.4).

Both the ma and moFlg^' mice share the previously reported matted hair 

phenotype, a keratinization defect causing the hairs to form clumps preventing it from 

lying flat (Rice et al., 1999; Presland et al., 2000). This defect results in fragile hairs 

prone to longitudinal splitting and breakage in both ma and m aFl^', with alopecia 

presenting in both strains, particularly at 32 weeks (Fig.4.1 & 4.4). Scanning electron 

microscopy o f dorsal hair fibres confirmed that ma and double mutant m aF l^' had 

fragile hair fibres prone to cracking and breakage, as well as an absence o f nornial 

cuticle hair morphology, with hair from F l^ ' mice being overtly normal (Fig.4.5),

To examine the impact of the ma mutation on hair and skin moiphology and 

the timing of hair cycle onset, ma/wt heterozygous mice were crossed to produce a 

progeny of ma homozygous mice and phenotypically unaffected WT and 

heterozygous littermate controls. Analysis o f H&E sections from ma/ma mice shows 

distorted moiphogenesis in some follicles, as seen at day 9 with bulbs at differenet 

levels in the subcutis, in comaparison to unaffected (WT or ma/+) mice (Fig.4.6A),
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leading to generalised misorientation of hair follicles as can be seen in ma/ma mice at 

35 days (Fig.4.6B), Despite the distortion o f some o f the follicles, catagen appears to 

occur normally resulting in no follicle distortion in telogen. Furthermore, 

homozygous mice have evidence o f pigmentation defects, fragility in the hair cortex 

and abnormal cuticles. At 14 days o f age when mice are well into morphogenesis, 

marked hyperplastic sebaceous glands are apparent in homozygous mice, which are 

larger than in WT controls, and this hyperplasia is particularly prominent at 17 days 

as the mice entered the catagen stage o f hair cycle (Fig.4,7A).

Initial examination at 28 days indicated that anagen may occur earlier in 

homozygous mice, with some evidence o f dermal papilla becoming surrounded by the 

epidermis at this timepoint. However, conclusive examination at the earlier 24-day 

time-point shows that there is no advanced onset o f anagen in the homozygous mice. 

At this time-point, the first instances of increased acanthosis and foci of 

hyperkeratosis were evident in homozygous mice, skin pathology that becomes 

significant at 4 weeks (Fig.4.9). As in the earlier time-points, striking sebaceous 

hyperplasia is again evident at 28 days, a morphological feature which is present at all 

ages and increases with age (Fig.4.7B).

4.3.2 ma mice have an altered histopathological phenotype consistent with that 

observed in maFlg^'m/ce

Histopathological evaluation o f skin biopsies from mice revealed that ma 

and m aF!^' mice, all had marked acanthosis (thickening o f the stratum granulosum 

and stratum spinosum) and orthohyperkeratosis {hypertrophy o f the stratum corneum 

with non-nucleated cells present) when compared to WT animals that progressed with 

age to 32-weeks (Fig.4.8 & 4.9). However, the incidence o f both acanthosis
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(Fig.4.9A) and hyperkeratosis (Fig.4.9B), was significantly greater in ma and inaFlgf' 

(P < 0.001), than observed in F l^ ' mice at 8- and 32-weeks. By 32-weeks, clinical 

features such as focal epidermal intercellular edema, and epidermotropism 

(lymphocyte migration into epidemiis; Fig.4.10A) are evident in wa and 

mice. Both ma and maFlg/' mice had a significant (P < 0.001) increase in dermal 

cellular infiltration at 4-, 8- and 32-weeks, in comparison to F l^ ' mice (Fig.4.8 & 

4.10B). The increased cellular infilti'ate in ma and maFIg^' mice tallies with 

significantly increased number o f lymphocytes, mononuclear cells, and polynuclear 

cells, at 4-, 8- and 32-weeks (Fig.4.11). Both ma and m aF l^' mice also had an 

increased number of mast cells in the dermis at 8- and 32-weeks (Fig.4.12A & B).

4.3.3 Significantly elevated increases in TEWL indicates harrier dysregulation in 

ma and  maFlg" mice.

The severity of AD pathogenesis parallels the magnitude of skin barrier 

permeability (Seidenari and Giusti, 1995; Eberlein-Konig et al., 2000; Chamlin et al., 

2002; Sugarman et al., 2003; Gupta et al., 2008). To address the basal integrity of the 

skin barrier o f the mutant strains, transepidermal water loss (TEWL), a surrogate 

marker o f barrier dysregulation (Seidenari and Giusti, 1995; Eberlein-Konig et al., 

2000; Gupta et al., 2008), was analysed on the skin o f age-matched F l^', ma, m aFl^' 

and WT mice. TEWL is significantly elevated in ma and m aF l^' mice at 8 and 32 

weeks {P < 0.001; Fig.4.13), consistent with the altered histopathology evident at 

these age-points (Fig.4.8-4.10), with TEWL values increasing with age in ma and 

m aFl^' mice. This is indicative of increasing barrier dysregulation (Seidenari and 

Giusti, 1995; Sugarman et al., 2003), associated with the observed progressive
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inflammation. There were no significant differences in TEW L levels between WT 

and F l^ ' mice (Fig.4.13), indicating nonnal stratum comeuni hydration in these mice.

4.3.4 ma mice spontaneously develop atopy and skin inflammation.

The relative contributions o f  the F l^ ' and ma mutations were evaluated in 

relation to the development o f  spontaneous atopy reported previously in maFIg^' mice 

(Oyoshi et al., 2009; Moniaga et al., 2010). Levels o f  serum IgE were significantly 

elevated in both Flg^' and maFIg^', but not in ma mice at 4 weeks (P < 0.001 and P < 

0.01, respectively), relative to WT mice (Fig.4.14A) indicating the importance o f  

filaggrin relative to levels o f  serum IgE as a marker o f  atopy in juvenile animals. 

Relative to WT mice, the levels o f  serum IgE increased from 8 weeks onwards in 

maFlg^' mice, and also in F l^ ' and ma mice indicating that both mutations result in 

atopy (Fig.4.14A). IgE levels in ma and m aF l^' are significantly greater at 32 weeks 

compared to F l^ ' mice, indicating that elevated IgE as a marker o f  atopy cori'elates 

with the marked spontaneous AD-like inflammation in these mice. Similarly, levels o f  

serum IgGl are significantly elevated comparably to IgE, in and ma mice at

all time-points, and to a lesser magnitude in F l^ ' mice (Fig.4.I4B). Serum levels of 

IgG2a is elevated only at the 32 week timepoint in F!^', ma and m aFl^' relative to 

WT animals, and to a significantly greater magnitude in ma and m aFI^' mice (P < 

0.001), relative to Flg^' mice (Fig.4.14C).

Given the spontaneous development o f  atopy and skin inflammation in mutant 

strains, the inflammatory environment within the skin was addressed by assessing 

niRNA levels o f  relevant cytokines in skin biopsies. In neonate skin, and also at 4 

weeks, quantitative PCR analysis reveals that pro-inflammatory IL-1|3 expression is 

significantly upregulated {P < 0.05) in the skin o f  F l^ '  and maFlg^' mice, but not ma
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mice (Fig.4.15), coinciding with the neonatal and juvenile clinical pathology observed 

in filaggrin mutant strains (Fig.4.2, 4.3 & 4.14).

In contrast to F I^' mice, 1L-17A is significantly upregulated in 4 week ma 

mice {P <  0.001; Fig.4.15), consistent with elevated IL-17A in m aF I^‘ mouse 

(Fig.4.15), which has been previously reported (Oyoshi at al., 2009). IL-17A 

expression is markedly upregulated in 32 week ma and maFlgj' mice, as well as Thl 

cytokine IFN-y, and regulatoiy IL-10 (Fig.4.15), in contrast to F l^ ' mice. In Fig/', 

m aFl^' and ma mice, Th2 associated IL-13, and pro-inflammatory IL-33 that is 

important in the context o f  the atopic march (Cho et al., 2010), are also upregulated 

(Fig.4.15). Interestingly, no alteration in expression o f  Th2 associated cytokines IL-4 

and TSLP, were observed in any strain above W T controls (Fig.4.15), as has been 

previously reported for m a F I m\CQ  (Oyoshi et al., 2009).

4.3.5 ma mice have an altered localized and systemic basal immune phenotype.

To further examine the impact o f  the F l^ ' and ma mutations on the localized 

and systemic immune responses, the auricular skin draining lymph nodes (dLNs) and 

spleens were removed from 4 and 32 week, mutant and WT mice. Single cell 

suspensions were prepared, and following in vitro stimulation, cytokine production 

was analysed. Spontaneous lymphadenopathy occurs in adult ma and maFlgft mice, 

with an increase in lymph node size being particularly striking at 32 weeks (Fig.4.16), 

indicatative o f  the spontaneous skin inflammation in these mice leading to local 

immune activation. In skin draining LNs at 32 weeks, following both polyclonal 

(PMA/I) and T-cell specific (anti-CD3/28 mAb) stimulation, the production o f  the 

Thl 7 cytokine IL-I7A is markedly elevated in both ma and m aF l^' m \C Q  but not F l^ ' 

mice (Fig.4.17), as well as Thl cytokine IFN-y, Th2 cytokine IL-4, and regulatory IL-
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10 (Fig.4.17), indicating a generalized immune expansion in the strains with AD-1 ike 

skin lesions. With regards to the systemic response, spleen cells from ma and m aFl^' 

mice produced increased levels of 1L-17A, IFN-y and IL-4 (Fig.4.18). Interestingly in 

4 week mice, the cytokine 1L-17A is specifically upregulated in the dLNs of ma and 

m aFl^', but not F l^ ' mice (Fig.4.19A), but not the spleens of ma and maFIg/' mice 

(Fig.4.19B), This indicates that the ma mutation is responsible for the 1L-17A skewed 

immune bias that emerges at the 4 week time-point, with a localized cutaneous 

immune response that progresses to systemic inflammation over time.

4.3.6 Identification o f  the mutation in ma mice.

As discussed, C57BL/6J congenic homozygous ma mice were generated from 

the flaky tail mouse, separating the ma mutation from the F/g^' mutation. In 

collaboration with with Prof Irwin McLean (University o f Dundee) the mouse ma 

allele was fme-mapped, to identify the causative mutation in ma mice, using the BAC 

library resources (BAC clone RP23-227A12, from mouse Chromosome 3, Accession 

number, AC 158361), that had been employed in the characterization of the mutation 

5303delA in the Fig gene. A BAC library was constructed from a ma homozygote and 

a clone was isolated containing the entire ma locus, facilitating elucidation o f the ma 

sequence from the mutant strain. A nonsense mutation mapping to Chromosome 3 in 

the Tmem79 gene was identified, encoding a transmembrane protein (called herein, 

mattin), which was identified as the cause o f the ma phenotype. This mutation was 

present in ma and maF/g^'mice, but not WT or F l^ ' mice (Fig.4.20).

A CviQl restriction fragment length polymoi'phism was also detected in 

TmemJQ""̂ , which was in tight linkage with the mutation. This facilitated the 

generation o f a genotyping protocol allowing reliable identification o f the Tmem79^''
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allele. Using this genotyping method, it was possible to validate that our ma mice 

were homozygous for the Tmem79'"‘' mutation. The ma mouse will be referred to as 

the Tmem79"'" mouse for the remainder o f  this thesis, to reflect the newly identified 

mutated gene.

Immunoblotting with an antibody against the C-tenninus o f  TM EM 79, which 

cross-reacts with mouse, validated the predicted truncated non-functional protein, 

with a complete absence o f  full length mattin in the Tmem79^° mouse (Fig.4.21B), 

The absence o f  the protein was also confirmed in the parent Tmeni79"’‘'Flg^' mouse, 

with full length mattin observed in the WT and Flg^' mouse (Fig.4.21B),

4.3. 7 Expression o /Tm em 79/TM EM 79.

Immunofluorescent staining using the antibody outlined above, revealed that 

mattin, a 43.4 kDa protein, localized to the upper granular cell layer o f  the epidermis 

(Fig.4.22A) in WT mice. Staining in sections from Tmem79"'^ mice revealed a virtual 

absence o f  mattin in the granular layer. Mattin shows homology to members o f  the 4- 

transmembrane domain Membrane-Associated Proteins in Eicosanoid and 

Glutathione metabolism (MAPEG) protein family, that have been shown to catalyze 

glutathione-dependent transformation o f  lipophilic substrates at membranes (Martinez 

Molina et al., 2008). This indicates a role for mattin in stratum corneum lipid biology. 

In support o f  this. Oil Red O staining for lipids on frozen sections illustrated that a 

disorganized stratum comeum in Tmem79"'“ mice compared to WT animals with 

lipids appearing to be trapped at the interface between the granular cell layer and the 

stratum corneum (Fig.4.22B). Thus, mattin appears to have a critical role in the 

assembly o f  the lipid component o f  a functionally intact immunological skin barrier.
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Following the elucidation o f  the mutation Tmeni79'"“ in the gene encoding the 

protein mattin, it allowed an examination o f  the human homologue TMEM79 in 

humans. Using the antibody against the C-terminus o f  TMEM79, immunofluorescent 

staining from human scalp and cheek biopsies, revealed positive staining for 

TM EM79 in the upper granular layer (Fig.4.23). Expression analysis in a human 

cDNA array (Fig.4.24), revealed differing gene expression levels o f  TMEM79 across 

multiple tissues, with particularly high expression observed in the skin.

The genotyping protocol outlined above for the CviQI restriction site, allowed 

the comparison o f  our Tmem79"''' mice to the B6.CBAGr-/wa/J (T m e m 7 ^ " -i)  obtained 

from Jackson laboratories. Genotyping confirmed the homozygosity o f  the 

B6.CBAGr-/7?a/J {Tm em 79^“-i)  strain for the Tmem79"'‘' mutation, as is the case with 

Tmem79'"‘' mice (Fig.4.25A). Both o f  these strains o f  mice were phenotypically 

identical (Fig.4.25B). Histopathology at 32 weeks illustrates the same magnitude of 

inflammation in both Tmetn79'"‘‘ mice and the B6.CBAGr-/?7<7/J (Tmem79"''‘-]) mouse 

strain (Fig.4.26). This is consistent with the analysis o f  all parameters for basal 

inflammation assessed thus far in this chapter; with Tmem79'""' and B6.CBAGr-/?7c//J 

{Tmem79^"-S) mice having an identical phenotype.

4.3.8 The Tmem79'"^ mutation confers susceptibility^ to epicutaneous allergen  

priming.

It was previously demonstrated that application o f  a model allergen (OVA), to 

the intact skin o f  Tmem79"’“F l^ '  strain mice leads to epicutaneous sensitization (see 

Chapter. 3). Furthermore, others have also demonstrated allergenic priming in 

Tmem79"'“Flg^' mice with house dust mite (HDM) as a clinically relevant allergen, 

with the generation o f  mite-specific immune responses in mutant mice (Moniaga et
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al., 2010). To investigate whether mice with the Tm em 7^”‘' mutation were more 

predisposed to developing allergenic sensitization following HDM challenge, the 

unperturbed skin barrier developed was epicutaneously challenged using the protocol 

outlined (see Section 2.3.2 & Fig.2.7). HDM-specific-IgE, -IgGl and -lgG2a 

responses were significantly {P < 0.05) evoked in the sera o f  HDM-treated Tmem79'"^ 

mice relative to WT mice (Fig.4.27), indicating that the skin o f  Tinem79'”‘' mice has a 

barrier defect allowing epicutaneous allergic sensitization to intact skin.

TEW L was significantly upregulated (P < 0.001) in HDM-treated Tmem79"’‘' 

mice following allergen application (Fig.4.28). In the context o f  the immune response 

following HDM challenge, the dLNs from HDM-treated Tmem79""‘ mice showed a 

marked increase in production o f  1L-17A compared to vehicle treated Tmem79"’" 

mice, and a non-significant increase in IFN-y and IL-4 production, with no increase in 

cytokine levels observed in WT mice following epicutaneous HDM-treatment 

(Fig.4.29). Histopathological evaluation o f  skin biopsies from allergen-treated mice 

revealed that Tmem79”'" mice had markedly increased inflammation in comparison to 

vehicle treated Tmem79"'“ mice ( Fig.4.30), with increased acanthosis and 

orthohyperkeratosis (Fig.4.31). HDM-treated Tmem79"'“ mice had a striking increase 

{P < 0.001) in cellular infiltrate in the dermis (Fig.4.32A), and included increased 

numbers o f  lymphocytes, mononuclear cells, and neutrophils (Fig.4.32B), with 

occasional eosinophil infiltration. HDM-treated Tmeni79'"“ mice had elongated rete 

ridges, an incidence o f  parakeratosis, and increased epidemiotropism (Fig.4.32C).
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4.3.9 Tmem79"’‘' mice with AD-like inflammation develop non-allergic asthma-like

lung inflammation.

Consistent with the atopic march, carriers o f  filaggrin mutations have an 

increased risk o f  developing AD-associated asthma (Sandilands et al., 2006; Palmer et 

al., 2007). As previously shown (see Chapter. 3) (Fallon et al., 2009), Tmem79’”‘'Flg^' 

mice exhibited no overt spontaneous and OVA-induced lung inflammation in terms o f  

airway resistance (Rl), dynamic compliance ( C d y n ) ,  overt inflammation or alteration 

in the BAL cells. Given the longitudinal data now presented in this thesis showing 

that Tmem79"'“ and Tmem79"’“F l^ ’ develop AD-like lesions by 32 weeks, it was 

necessary to analyze F l^ ' and Tmem79'"‘’ mutant mice for the development o f  

spontaneous lung inflammation at this later time-point, as opposed to mice at 10-12 

weeks which had been used in the initial study (see Chapter, 3) (Fallon et al., 2009). 

AHR analysis o f  32 week-old mice revealed no alterations in R l in response to 

increasing methacholine challenge in F l^', Tmem79"'“ (Fig.4.33A). In contrast, there 

was significantly {P < 0.001 at 60 and 100 mg/ml Methacholine) altered dynamic 

lung compliance (Cdyn) in Tmem79^'' mice, but not F/g^'mice relative to WT animals 

(Fig.4.33B). BAL counts, as an indicator o f  lung inflammation, showed increased 

total cell numbers in BAL o f  Tmem79'"‘' mice compared with F ig ' and WT animals 

(Fig.4.34A). The cell composition o f  the BAL demonstrated a significant {P < 0.05) 

increase in neutrophils, but not eosinophils in the BAL o f  Tmem79'”'‘ mice compared 

to other groups (Fig.4.34B). On histology sections, Tmem79'"‘' mice had significant 

lung pathology in comparison to Fig  and WT animals, with mixed peribronchial 

cellular infiltrates observed in H&E-stained sections (Fig.4.35A).

It was noteworthy that Tmem79"’‘' did not develop goblet cell hyperplasia, a 

characteristic o f  type 2, allergic-like lung inflammation (Fig.4.36A & B). In support
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of  altered peripheral changes to the lungs o f  Tniein79^‘' mice, on collagen-stained 

sections there was marked peribronchiolar and parenychmal collagen deposition in the 

lungs o f  Tmem79'"‘' mice but not F l^ '  animals (Fig.4.35B), with significantly 

increased (P < 0.05) levels o f  collagen detected in lungs o f  Tmeni79"'“ mice compared 

to other groups (Fig.4.35C), Quantification o f  pulmonary myeloperoxidse (MPO) 

enzymatic activity, confirmed the significant neutrophil activation in lungs o f  

Tmem79"'“ mice only (Fig.4.37A). With respect to lung cytokine levels, in support of 

a role for IL-17 associated acute neutrophilic lung inflammation (Besnard et al., 

2011), IL-17A were significantly elevated {P < 0.01) in lung homogenates from 

Tmem79"'“ mice (Fig.4.37B). Furthermore, no significant changes were observed in 

the levels o f  lL-4, IL-5, lL-10, IL-21, IFN-y or TSLP in lung homogenates of 

Tinem79"'“ mice (Fig.4.37B). Interestingly, there was also a non-significant increase 

in pulmonary levels o f  fibrosis associated lL-13 and TGF-P in Tmem79"'" mice 

(Fig,4.37B).
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4.4. Discussion

In this Chapter it was formally demonstrated that the spontaneous AD-like 

inflammation observed in the ft or homozygous Tmem79"’‘'Flg^' (previously 

mouse is largely attributable to a newly described nonsense mutation in the gene 

Tmem79"’'‘ (previously known as m alted  or ma) as identified by our collaborators, in 

the transmembrane protein ‘mattin’. Furthemiore, using the allergen HDM in an 

epicutaneous sensitization protocol on unperturbed skin, it was demonstrated in this 

thesis that the Tmem79"'“ mutation, is responsible for the allergenic priming through 

the skin barrier. Together these results confirm that the Tmem79'"‘' mutation is 

responsible for the spontaneous dermatitis and atopy, and the cutaneous and systemic 

allergenic sensitization, which are characteristics of the Tmem79'”"F l^ 'o r  ft mouse.

There have been variances among reports with regards to the phenotype 

reported for the dual mutant Tmem79'"‘'F l^ 'm o u se  (Oyoshi et al., 2009; Scharschmidt 

et al., 2009b; Moniaga et al., 2010), with discrepancies relating to both the magnitude 

and timing o f  spontaneous inflammation. It has been proposed that the genetic 

background may account for the differences in the gross clinical phenotype (Moniaga 

et al., 2010). To control for this, all mice used in these experiments were backcrossed 

in house until they were congenic to C57BL/6J. In addition, commercially available 

congenic B6.CBAGr-/«o/J {Tmem79'"‘'-i) mice were obtained from .lackson 

laboratories, and were confirmed to have an identical clinical and immunological 

phenotype as our in-house generated Tmem79"'“ m ice  (Fig.4.26 & 4.27). Nevertheless, 

similar data has been obtained relative to the data presented herein, using mouse 

strains from earlier generations during the backcrossing. Hence the variances in the 

extent o f  AD-like inflammation, observed between Tmem79"'“Flg^' mice used in 

studies from different groups, maybe more attributable to environmental factors
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within the respective mouse units, such as the respective skin microbiota profiles. 

Given the gene-environment data emerging from paediatric studies in relation to the 

relationship between the timing o f  AD onset, filaggrin status, and exposure to mite 

and pet allergens (Bisgaard et al., 2008), it is being increasingly recognized that the 

role o f  localized environmental conditions may have a significant bearing on the 

emergence o f  spontaneous inflammation in mutant mouse models.

Though, Tmem79"“' is responsible for the spontaneous and allergen-inducible 

phenotypes, the F/g^'mutation contributes to the Tmeni79""‘F I n e o n a t e  and juvenile 

phenotype, o f  dry scaly skin, erythema and tail necrosis. Despite the absence o f  a 

gross phenotype in Fig!' mice beyond 4 weeks, these mutants do display sub-clinical 

inflammation, and atopy as evidenced by elevated basal total-IgE in the serum, 

suggesting that though this strain does not present with dermatitis, their post-natal SC 

barrier defect (Fallon, et al., 2009), may facilitate an environmental sensitization in 

the neonatal period, as evidenced by the pro-inflammatory environment (Fig.4.14 & 

4.15), leading to the typical scaling and dryness observed from day 3 and resolving by 

day 28. With respect to the mutations, the cumulative clinical scoring (Fig.4.2) is 

visually informative, as it graphs the relative impacts o f  both mutations in relation to 

the Tmem79""'Fl^' clinical phenotype. The F l^ ‘ mutation has a neonatal influence, 

whereas the Tmein79"'“ mutation has a progressive influence with age (Fig.4.2 & 4.3). 

This indicates the polygenic nature o f  the Tmem79""'Flg^' mouse as an AD model, and 

indicates the differential influence o f  both the Flg^' and Tm em 7^"'‘ mutations, with 

filaggrin being important in early life, and perhaps in utero (Moniaga et al., 2010), 

whilst the function o f  the protein mattin has a more significant impact as the mouse 

ages, with its absence resulting in the development o f  spontaneous AD-like lesions 

and elevated IgE.
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Supporting the significance o f filaggrin postnatally, it is shown herein that IL- 

1(3 mRNA is upregulated in neonate F l^ ' and Tmem79"'“Flg^' skin, indicating a 

possible key role for the inflammasome associated pro-inflammatoi^ IL-1(3 in the 

inflammatory phenotype associated with filaggrin deficiency in these mice. 

Previously, we have shown that primary murine keratinocytes from Flg^' mice, have 

upregulated expression o f IL-1(3 and IL -lra mRNA (Kezic et al., 2012), with mRNA 

expression o f IL-1(3 and IL -lra upregulated in primary epidermal keratinocytes in the 

proliferative and terminal differentiation states, but with no significant change in 

levels o f IL -la  (Kezic et al., 2012). This is in line with my recently published results 

revealing that 1L-If3 is upregulated in keratinocytes from Flg^' mice (Kezic et al., 

2012), and data in the same publication showing that IL-1 cytokines are upregulated 

in the SC in paediatric AD patients with t'llaggrin mutations, in association with 

reduced levels o f NMF and increased SC pH (Kezic et al., 2012). Human 

keratinocytes are known to produce IL-1 (3 under inflammatory conditions (Zepter et 

al., 1997), a proinflammatory cytokine that is upregulated in lesional and non-lesional 

skin o f AD-patients (Junghans et al., 1998; Jeong et al., 2003). Therefore, despite the 

absence o f AD-like inflammation in Fig/' mutants, this mouse may prove useful in 

modeling sensitization events in early life that lead to AD pathology, in terms o f SC 

barrier permeability and loss o f NMF (Jeong et al., 2003), and the generation o f innate 

and adaptive immune responses.

In comparison, the Tineni79'"‘‘ mutation that results in mattin-deficiency, leads 

to AD-like skin pathology that progresses with age leading to skin lesions by 32 

w'eeks; with marked pruritis, scaling, erythema, erosion and edema, clinical features 

that were shared in terms of magnitude with the Tmem79"’‘'Flg" mice. Though all 

Tmem79'”'‘ and Tmem79^’‘'F l^' mice display AD-like skin inflammation at 32 weeks,
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there is a broad spectrum o f  pathology suggesting the impact o f  environmental 

factors, such as the skin microbiome differences between cages (Scharschmidt et al., 

2009a). The impact o f  the composition o f  the skin microbiome in AD patients, and 

how it compares to skin microbiomes in nomial individuals is an emerging area o f  

focus in AD pathogenesis (Grice et al., 2009; Kong et al., 2012a).

Tmem79”'‘̂ mice have dysregulated SC barrier function, spontaneous atopy, 

and lL-17 skewed cutaneous and systemic immune responses. The IL-17-dominated 

immune response in Tmem79"'‘' mice is significant in the context o f  our present 

understanding o f  skin and asthma-like lung pathology. lL-17 is elevated during the 

acute stage o f  atopic dermatitis (Toda et al., 2003), and contributes to neutrophilic 

asthma in humans (Poon et al., 2012; Silverpil and Linden, 2012). Strikingly, in 

Tmem79""‘ mice, it is shown herein that IL-17A induced acute neutrophilic non- 

allergic asthma-like lung pathology. Tmem79"“' mice had normal lung resistance (Ri) 

but altered dynamic compliance (Cjyn), indicative o f  non-allergic changes in lung 

function, and suggests altered lung elasticity consistent with peripheral changes in the 

pulmonaiy parenchyma (Irvin and Bates, 2003; Vanoirbeek et al., 2010).

The data infers that the spontaneous dermatitis in Tmem79""' mice induces an 

lL-17 dominated systemic immune response that progresses to lL-17-associated 

neutrophilic lung pathology, demonstrating for the first time, experimental evidence 

o f  the atopic march in a mutant mouse model. Indeed, epicutaneous OVA 

sensitization has been shown to upregulate IL-I7  in AD-like skin lesions (He et al., 

2007). Subsequent OVA inhalation induces lung pathology with elevated pulmonary 

neutrophilia and IL-17 mRNA expression in the lung in IL-4/13 double KO mice, 

with lL-4, and not lL-13 shown to be Tn2 cytokine that downregulates lL-17 in 

epicutaneously sensitized mice (He et al., 2009).
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This dichotomy between lL-4 and lL-17 mediated inflammation as previously 

reported in Tmem79"“'Flg^' mice (Oyoshi et al., 2009; Moniaga et al., 2010), is evident 

in the Tmem79”''" mouse, were IL-17 biased cutaneous and splenic responses 

predominate over a localized Th2 environment, but the elevated IgE and IgGI in the 

sera is indicative o f  Th2 polarization. Further, following epicutaneous HDM 

challenge, cutaneous and splenic responses continue to be IL-17 dominated, whilst an 

HDM-specific humoral response is also evident. Given that the acute response in AD- 

patients shares both Th2 and Th l 7  immune responses, it may be that these mouse 

models have inherent limitations when extrapolating to patients, given the inbred 

nature o f  the mutants. Taking filaggrin as an example, FLG  variants confer a 

significantly increased incidence o f  AD pathogenesis in humans (Palmer et al., 2006; 

Baurecht et al., 2007; Sandilands et al., 2007). Yet it is appreciated that such 

mutations are not acting in isolation, and that as yet unknown polygenic factors 

contribute to whether or not a filaggrin carrier will develop AD (Irvine et al., 2011).

In this regard, the C57BL/6J background o f  these mutant mice may have a 

significant effect on the generation o f  an immune response in this barrier dysregulated 

animal. Comparatively, epicutaneous OVA-sensitization generates both Th2 and 

Th l 7  responses in tape-stripped BALB/c mice (He et al., 2007), a strain which are 

predisposed to a Th2 and T h l 7  immune bias, indicating that the mutations on the 

BALB/c background may present with an altered immune bias. Interestingly, mast 

cells numbers and the levels o f  IL-33 mRNA are upregulated in the skin o f  32 week 

Tmeni79"’“ and Tmem79^”‘̂ FI^' mice. Recently, Cho el al. have shown that in 

eosinophil-deficient mice, IL-33 from mast cells were able to induce Th l 7  

differentiation and subsequent eosinophil-independent allergic asthma via ST2 

following OVA inhalation (Cho et al., 2010).
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It has been well established that the extent o f  skin barrier permeability 

perturbation coirelates with the severity o f  AD pathogenesis (Seidenari and Giusti, 

1995; Eberlein-Konig et a!., 2000; Chamlin et al., 2002; Sugarnian et al., 2003 Gupta 

et al., 2008). Previous studies reported contrasting results, as to the impact o f  FLG  

mutation status on inside-outside barrier function in AD-patients as measured by 

TEWL. However, in a rigorous study using comprehensively genotyped patients, 

O ’Regan et al. show that increased TEWL in the clinically unaffected skin o f  patients 

with moderate-severe AD is independent o f  filaggrin status (O'Regan et al., 2010). 

This demonstrates that elevated TEW L as a measure o f  increased water evaporation 

from the skin, quantifies the extent o f  inside-outside epidermal barrier dysregulation 

(Seidenari and Giusti, 1995; Sugarman et al., 2003; Moniaga et al., 2010;). In the case 

o f  AD-patients, TEW L elevates resulting from inside-out barrier perturbation 

following inflammation in the skin (Seidenari and Giusti, 1995; Sugarman et al., 

2003; Gupta et al., 2008; He et al., 2009; Moniaga et al., 2010; O'Regan et al., 2010), 

as has been shown with increased levels o f  IL-4 and IL-13 having been shown to 

down-regulate expression o f  filaggrin, loricrin and involucrin (Howell et al., 2007; 

Kim et al., 2008).

Previously we demonstrated the first experimental evidence o f  outside-inside- 

outside mechanism o f  AD pathology (Chapter 3) (Fallon et al., 2009), when 

secondary inflammation following epicutaneous ingress o f  the allergen OVA through 

an unperturbed skin barrier, increases ban'ier dysregulation as evidenced by 

significantly elevated TEW L (Fallon et al., 2009). In Tmem79'"‘' mice, basal TEW L 

increases with time, as is also observed in Twem79™"F/^'mice, concomitant with the 

progression o f  spontaneous pathology and atopy in these strains, indicating increasing 

epidermal barrier dysfunction secondary to inflammation. In contrast, F I^ ' mice have
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unaltered TEWL, which reflects the absence o f  clinical pathology in these animals. As 

yet, there has been no formal study on outside-inside barrier function in Tmein79'”'’ 

mice.

Previously, the SC o f  Tmem79"'"Fl^' m \ce  has been shown to be permeable to 

FITC penetration following application to shaved skin when combined with acetone 

and dibutyl phthalate (Scharschmidt et al., 2009b), demonstrating an outside-inside 

SC barrier defect. In further work, in a recent study using a F ig "  mouse, the 

permeability o f  the SC to liposome-encapsulated calcein but not aqueous calcein, 

indicates that the SC remained hydrophobic but permeable in Flg'~ mice. This 

contrasts with another study showing how a water-soluble tracer can permeabilize the 

SC in Tmem79"'"‘Flg'‘ mice due to impaired lamellar body secretion and enhanced 

paracellular transport (Kawasaki et al., 2012), data that prompts the need for an 

investigation o f  outside-inside barrier function in Tmem79"'^' mice.

Despite Fig' ‘ mice having markedly reduced levels o f  NMF, associated with 

proteolytic processing o f  filaggrin monomers, they have normal SC hydration and pH 

(Kawasaki et al.; 2012). This data contrasts sharply with the decreased SC hydration 

with age, observed in Tmem79'"‘'Flg^' m ice  (Jeong et al., 2003; Kawasaki et al., 2012), 

indicating that decreased SC hydration in Tmem79"' and Tmem79'"‘̂ F l^' mice is 

secondaiy to the spontaneous inflammation arising due to the Tmem79"’“ mutation, 

illustrating that mattin is necessary for the maintenance o f  competent SC hydration 

and barrier function. Furthermore, the dry skin and scale associated with adult 

Tm em 7^"“F l^ '  mice is shared with the Tmem79^" mutant, but not the F l^ '  mouse. 

Tmem79"’'‘Flg^' mice have a reduced threshold to hapten ingress o f  the epidermis and 

subsequent irritant and acute contact dermatitis (Kawasaki et a!., 2012).
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In this thesis, it is now shown that epicutaneous challenge with HDM, 

demonstrates that the skin o f  Tmem79"’‘' mice is permissive to allergen priming. Mice 

at 8 weeks with no overt skin inflammation were selected for HDM treatment. This 

was necessitated to avoid challenging clinically affected skin. Nevertheless, this did 

not negate that there was sub-clinical inflammation in the allergen challenge site but it 

did avoid allergen application to compromised skin in older mice. Epicutaneous 

challenge resulted in allergen-induced skin inflammation and HDM-specific 

responses in Tmeirt79"“' mice.

The basal cutaneous inflammatory state in Tmem79'"‘' mice with dysregulated 

barrier function may predispose Tmem79'"‘' mice to epicutaneous allergen 

sensitization. Previously, the possibility o f  generalized altered immunity in 

Tmem79"'"Fl^' m\CQ was ruled out, by injection o f  OVA and adjuvant, confirming that 

these animals had a skin bairier specific defect (see Chapter. 3) (Fallon et al., 2009). 

Notably, /-Vg^'mice didn’t sensitize to HDM indicating an impermissibility o f  the F l^ '  

skin barrier to protein antigen ingress. The lack o f  basal clinical pathology, and 

baseline TEW L values indicative of nomial barrier function, suggest that these mice 

may not be susceptible to protein allergen challenge. Fig " mice have been shown to 

have a decreased threshold to haptens (Zepter et al., 1997). Furthermore, using these 

Fig " mice, the authors were unable to sensitize mice using OVA alone, but were able 

to elicit OVA-specific responses after repeated challenge with the potent Th2 

adjuvant dibutyl phthalate. It remains to be seen how physiologically relevant such a 

sensitization regimen is to AD-patients with FLG  variants. As acknowledged (Zepter 

et al., 1997), the capacity for a given antigen to permeate the skin o f  Fig " and F I^ ' 

and elicit an immune reaction appears to be very much dependent on the 

characteristics o f  the vehicle or adjuvant.
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This chapter formally presents the gene mutation Tmem79'"‘\  in the gene 

encoding for the transmembrane protein mattin, and delineates the impact o f  the 

mutation on the basal and allergen inducible phenotypes characteristic o f  the double 

mutant Tmem79"’‘'F l^ ' mouse. The nonsense mutation Tmem79"'" in the gene encoding 

for mattin results in AD-like skin lesions, atopy, and IL-17 biased spontaneous 

localized and systemic inflammation that progresses to non-allergic neutrophil 

associated asthma-like lung pathology. Furthermore, Tm em 79'”“ m ice  are susceptible 

to epicutaneous allergen sensitization.
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Figure 4.1. Gross phenotypic appearance o f  32-week WT, Flg^‘, inaFlg’̂’anc/ ma 

mice. Phenotypically, ma mice resemble the parent m aFI^' parent strain, whereas 

F l^ ' mice are indistinguishable from WT mice apart from the stubbed tail and 

shortened ear pinnae. All mice are male homozygous.
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Figure 4.2. Macroscopic clinical scoring o f  the skin. Overall scoring combining 

the parameters o f pruritis, erythema, edema, erosion and scaling, ma and maFIg^' 

mice progressively develop profound AD-like inflammation up to 32 weeks of 

age. Data represent the mean; en’or bars represent ±SEM, from 25-30 mice per 

strain, scored longitudinally. Two-way ANOVA was used to determine statistical 

differences between groups, NS- P  > 0.05 * P < 0.05, *** P  < 0.001.
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Figure 4.3. Macroscopic clinical scoring o f  the skin. Clinical scoring assessed by 

the parameters o f pruritis, erythema, edema, erosion and scaling. Data represent 

the mean; error bars represent ±SEM, from 25-30 mice scored longitudinally.
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Excoriation and lesions

Blepharitis
and periocular edema

Figure 4.4. Severe pathology’ evident in individual ma and inaFlg*' mice. By 32 

weeks, some mice exhibit profound lesions and excoriation, particularly on the 

neck and ventral flank (A), with occasional incidence o f blepharitis and periocular 

edema (B).
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Figure 4.5. Hair from  32-week ma and  maFlg*' exhibits structural defects by 

scanning electron m icroscopy (SEM). SEM analysis o f  hair fibers from ma and 

double mutant maFIg^' mice shows that the hair from these mutants is twisted and 

exhibits gross cuticular defects, with hair fibers fragile and prone to cracking and 

breakage. In contrast, the cuticle structures o f  hair fibers from WT and F l^ ‘ mice 

show regular sepated patterns.
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Unaffected ma/ma

ma/ma

Figure 4.6. Skin sections from homozy'gous ma mice. Representative 

photomicrographs (magnification x200) shows that the hair follicle bulbs (arrows) 

are at different levels in the subcutis o f ma/ma mice at 9-days during 

morphogenesis, compared to unaffected (WT or ma/+) mice (A), that leads to hair 

follicle misorientation as evident at 35 days in ma/ma mice (B).
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Figure 4,7. Ma mice have marked sebaceous gland hyperplasia. (A), 

Representative photomicrographs of skin sections from WT and ma mice at 17- 

days showing sebaceous hyperplasia in ma mice (Original magnification x200). 

(B) Sebaceous hyperplasia is significantly increased in ma and m aFl^' mice at 4, 

8, and 32 week timepoints, in comparison to WT and F l^ ' mice. Sebaceous 

hyperplasia was scored on 15-20 HPF (x 400) on hematoxylin and eosin-stained 

sections o f 8-10 WT, F / / ,  m aFl^' and ma mice, scored longitudinally. Data 

represent the mean; error bars represent ±SEM. Student’s t-test was used to 

detennine statistical differences between groups, *** P < 0.001.
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Figure 4.8. Spontaneous inflammation in inaFlg*' and  ma mice. Representative 

photomicrographs o f skin sections from WT, F l^', m aFl^' and ma mice at 32 

weeks showing markedly increased cutaneous inflammation in maFIg^' and ma 

mice, in comparison to WT and Flg^' mice (magnification x400).
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Figure 4.9. H istopathological scoring o f  acanthosis and hyperkeratosis. 

Acanthosis (A), and hyperkeratosis (B), are significantly elevated in maFl^' and 

ma mice compared to WT mice at different age-points. Acanthosis and 

hyperkeratosis were scored on 15-20 HPF (x400) on hematoxylin and eosin 

stained sections o f 8 -1 0  WT, Fl^', maFl^' and ma mice, scored longitudinally. 

Data represent the mean; error bars represent ±SEM. Student’s t-test was used to 

determine statistical differences between groups, NS - P >  0.05, *** P  < 0.001.
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Figure 4.10. Altered epidermotropism and numbers o f  dermal infiltrating cells. 

Increased epidermotropism is evident in m aF l^' and ma mice at 8 and 32 weeks 

(A), and maFlg^' and ma mice have elevated numbers of dennal infiltrating cells 

at 4, 8 and 32 weeks (B), as detected by cell number per HPF. Cells were counted 

on 15-20 HPF (x 1,000) on hematoxylin and eosin-stained sections from 8-10 

WT, Flg^', maFlg!' and ma mice, scored longitudinally. Data represent the mean; 

eiTor bars represent ±SEM. Student’s t-test was used to determine statistical 

differences between groups, NS -  P >  0.05, * *  p  <  0.01, *** P <  0.001.
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Figure 4.11. Elevated numbers o f  lymphocytes, mononuclear and polynuclear 

cells in maFlg*' and  ma mice. Increased numbers of lymphocytes, mononuclear 

cells and polynuclear cells in the dermis o f m aFl^' and ma mice at 4, 8 and 32 

weeks, as detected by cell number per HPF. Cells were counted on 15-20 HPF 

(x 1,000) on hematoxylin and eosin-stained sections from 8-10  WT, F l^', m aFl^' 

and ma mice, scored longitudinally. Data represent the mean; error bars represent 

±SEM. Student’s t-test was used to determine statistical differences between 

groups, NS - P  > 0.05, * *  p  <  0.01, *** P <  0.001.
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Figure 4.12. Elevated numbers o f  mast cells at 8- and 32-weeks in maFlg* ‘̂ and ma 

mice. (A) Representative photomicrographs o f Tohiidine Blue stained skin 

sections from WT, F l^ ', maFlgj' and ma mice at 32 weeks showing increased mast 

cell infiltration (arrows), in maFlg^' and ma mice in comparison to WT and Flg^' 

mice (magnification x400). (B) Cells were counted on 15-20 HPF (x 1,000) on 

sections from 8—10 WT, Fig!', maFlgl' and 177a mice, scored longitudinally. Data 

represent the mean; error bars represent ±SEM. Student’s t-test was used to 

detennine statistical differences between groups, *** P <  0.001.
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Figure 4.13. TEWL analysis o f skin harrier integrity in WT, Flg*̂ ', maFlg' '̂ and ma 

mice in the steady state. Elevated TEWL readings are seen in maFI^' and ma mice 

at 8 and 32 weeks, in comparison to WT and F l^ ' mice. Data represent the mean; 

error bars represent ±SEM. Student’ s t-test was used to determine statistical 

differences between groups, NS - P > 0.05, * * *  p  < o.OO 1.

183



1 2 - 

ID-  

E ®'
Uj 6  • 
05

«  4  •

2 -

0- li J
B 200CU 

1750. 

_  1500.
I

1250. 

1000. 

*(5 750-

500. 

?50. 

0.

r.ii

C T JW T

1

Figure 4.14. ELISA detection ofTotal-IgE, -IgG l and -IgG la in the serum. Levels 

o f Total-lgE (A), Total-IgGl (B) and Total-lgG2a (C), in WT, F l^ ', m aFl^' and 

ma mice at 4, 8 and 32 week timepoints. Antibodies were analysed in 15-25 WT, 

F l^ ', m aFl^' or ma mice, assessed longitudinally at the stated time-points. Data 

represent the mean; error bars represent ±SEM. Student’s t-test, was used to 

determine statistical differences between groups, NS - P >  0.05, * P < 0.05, ** p  < 

0.01, *** P <  0.001.
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Figure 4.15. Cytokine mRNA expression in the skin. Levels o f cytokine mRNA in 

WT, Flg^', m aF!^' and ma mice, in neonates, and 4 and 32 week old mice. Data 

represent the mean; error bars represent ±SEM. Student’s t-test was used to 

determine statistical differences between groups, NS - P  > 0.05, * P < 0.05, *** 

P <  0.001.
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Figure 4.16. Ma and  maFlg*^ mice have lymphadenopathy. Striking 

lymphadenopathy is evident in the auricular lymph nodes o f 32 week old ma and 

m aF l^' mice, but not F I^ ' or WT mice. The left and right auricular lymph nodes 

are shown in each image.
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Figure 4.17. Cytokine production by skin draining lymph node (dLN) cells 

following stimulation. At 32 weeks, naive m aFl^' and ma mice have enhanced 

cytokine production in response to polyclonal (phorbol 12-myristate 13-acetate 

and ionomycin, PMA/I), and T-cell specific (a-CD3/28 monoclonal Ab) 

stimulation, in the skin dLNs in comparison to WT and F/g^'mice. Data represent 

the mean; error bars represent ±SEM, from 6-8 mice, and representative o f two 

separate experiments. Student’s t-test was used to determine statistical differences 

between groups, * *  p  <  0.01, * * *  p  <  0.001.
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Figure 4.18. Cytokine production by splenocytes after stimulation. At 32 weeks, 

splenocytes from naive maFlg^' and ma mice have enhanced cytokine production 

in response to polyclonal (phorbol 12-myristate 13-acetate and ionomycin, 

PMA/I), and T-cell specific (a-CD3/28 monoclonal Ab’s) stimulation, in 

comparison to WT and Flg^' mice. Data represent the mean; error bars represent 

±SEM, ft-om 6-8 mice, and representative o f two separate experiments. Student’s t- 

test was used to determine statistical differences between groups, *** P < 0.001.
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Figure 4.19. IL-17A production by skin draining lymph node (dLN) cells and  

splenocytes at 4 weeks follow ing stimulation. Naive maFl^' and ma mice have 

enhanced 1L-17A production in response to polyclonal (phorbol 12-myristate 13- 

acetate and iononiycin, PMA/I), and T-cell specific (a-C D 3/28 monoclonal Ab’s) 

stimulation in comparison to WT and F l^' mice, in cells derived from the skin 

dLNs (A), but not from splenocytes (B). Data represent the mean; error bars 

represent ±SEM, from 6-8 mice, and representative o f  two separate experiments. . 

Student’s t-test was used to determine statistical differences between groups, NS - 

P > 0 . 0 5  0.001.

189



C h r 3

-80,647,521.

82,744,991

83.742,594

85.719.683

87.335,916

88,508,416
88.516,875

92.559.736- 
-92.948.710-
“93.001.960- -

93,076,118-
-93,077,463-

93,195.844*
93,244,475-
93.357,462.

• G LRB

4930564K09rik 

D930015E06rik 

gm9790

87,335,916
87,336,555

87,483,926

87.540,755

87.653.590
DY243455

87,703,806GH455320
AW764307 87,830,377

,132,577

88,392,125

map6.26 
Cm n

SlOOalO

DY243455 
HOM A>C

gm6570

4933430H15rik 

BB160298

AA008399
CN720784

Tm em 79  

HOM G>A

.508,416 -  - GH455320

C57/BL6

'¥
C O C C A C T A - C C T Q O C C  
arg gin tyr val ala

C C C C ^ G T A C C T g c C C  
arg  gin *

m a/m a F8

FLG'^"

C C C C * < i ’ * C G ' ( i Q C C

ma/ma/FLG'''"

JAX m a/m a

C C G C A C ^ A C C ^ C C C C

Figure 4.20. Ma mice have a mutation Tmem79™‘' in the protein 'mattin ’ encoded 

by the gene Tmem79. Tmem79 is located on chromosome 3 in mice. The ma 

mouse is now referred to as Tmem79"'" for the remainder o f the chapter.
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O u t s i d e

In s ide

Figure 4.21. Tmem79 encodes for the transmembrane protein mattin. Tiie gene 

Tmeni79 encodes for the transmembrane protein mattin. (A) Diagram depicting 

the general intercellular location o f  the mutation in the mattin protein. (B) An 

immunoblot illustrates the absence o f  the mattin protein in the TmemJQ""  ̂{ma) and 

Tmem79’'’“Fig/'(maFlg^') mice, but not WT or Fig/' mice.
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Tmem79

Figure 4.22. Tmem79™‘‘ mice have an absence o f  mattin in the granular layer and 

altered lipid organization in the skin. (A) Confocal staining with an antibody 

against mattin (green), revealed a virtual absence of mattin in the skin of 

Tmem79""‘ mice compared to WT mice. (B) The lipid stain Oil Red O, shows a 

disorganized stratum comeum in Tmem79'"“ mice compared to WT animals with 

lipids appearing to be trapped at the interface between the granular cell layer and 

the stratum comeum.
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Figure 4,23. Staining fo r  TMEM79 in human tissue. Biopsies of human scalp and 

cheek reveal positive staining for TMEM79 in the upper granular layer.
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Figure 4.24. TMEM79 cDNA array across various tissue sites in human biopsies. 

Gene expression analysis, reveals high levels o f TMEM79 in human skin.
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Tmem79'^

B6.CBAGr-ma/J (Tmem79'^^-J)

Figure 4.25. Tmem79™ mice have the same phenotype as B6.CBAGr-ma/J 

(Tmem79™^-J) mice. (A) Representative gel image showing bands in mice WT 

(C57BL/6J), Flgl'^Fl^' mice, Tmem79'"‘'Flg^'/Tmem79'"‘̂ Fl^' mice, and mice 

homozygous for the mutant Tmem79"'“ allele, in Tmem79"’“ mice bred in-house 

compared to B6.CBAGr-wa/J {Tmem79^"“-]) from Jackson laboratories. (B) 

Tmem79"’" mice bred in-house are phenotypically identical to B6.CBAGr-ma/J 

(Tmem79"’“-]) mice in terms o f  the gross phenotype.
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Figure 4.26. Tmem79"’‘’ mice have a comparifive histopathological phenotype to 

B6.CBAGr-ma/J (Tmem79"’‘*-J) mice. Representative photomicrographs 

(magnification x 400) reveals that Tmem79"'“ mice have the same magnitude of 

skin inflammation as B6.CBAGr-ma/J {Tmem79"’“-i) mice. This is consistent with 

all other parameters assessed where Tmem79̂ "" m\CQ  have a comparable phenotype 

to Tmem79'"‘'-J mice.
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Figure 4.27. House dust mite (HDM) exposure induces allergen-specific responses 

in Tmem79'™ mice. ELISA detection reveals that HDM treated TmemlQ""' mice 

have elevated HDM-lg£, -IgGl and -lgG2a in the serum, in comparison to 

vehicle-treated Tmem79'"‘‘ mice. Data represent the mean; error bars represent 

±SEM, from 6-8 mice, and representative of two separate experiments. Student’s t- 

test was used to detemiine statistical differences between groups, NS - P > 0.05

*** p < o m \ .
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Figure 4.28. Epicutaneous allergen treatment results in elevated TEWL in 

Tmem79'"‘' mice. TEWL analysis o f skin barrier integrity o f WT and Tmem79"'‘' 

mice pre- or post-treatment with vehicle or HDM. Epicutaneous HDM treatment 

results in significantly elevated TEWL in Tmem7^"" mice following the treatment 

regimen, but not WT mice. Data represent the mean; error bars represent ±SEM, 

from 6-8 mice, and representative o f two separate experiments. Two-way ANOVA 

was used to test for statistical differences between groups, NS - F  > 0.05, *** P < 

0 . 0 0 1 .
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Figure 4.29. Epicutaneous allergen treatment induces allergen-specific responses 

in Tmem79'”‘' mice. 1L-17A is specifically upregulated in Tmem79"'‘‘ mice, but not 

WT mice, in response to stimulation with HDM. Data represent the mean; error 

bars represent ±SEM, from 6-8 mice, and representative o f two separate 

experiments. Two-way ANOVA was used to test for statistical differences 

between groups, NS -  P >  0.05, * P <  0.05.
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Figure 4.30. Allergen induced inflammation in Tmem79™“ mice. Representative 

photomicrographs o f skin sections from age- and sex-matched WT and Tmem79”'‘' 

mice, treated with HDM or vehicle, shows increased inflammation in HDM- 

treated rmemZP'"" mice relative HDM-treated WT, and vehicle treated Tmem79"'“ 

mice (magnification x400).
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Figure 4.31. H istopafhological scoring shows that acanthosis is significantly  

elevated in Tm em 79”’‘̂ mice fo llow ing  HDM -treatment. Acanthosis (A), but not 

hyperi<eratosis (B), is significantly elevated in HDM -treated Tmem79"'“ m ice 

relative to HDM -treated WT, and vehicle treated Tmem79"'‘‘ mice. Acanthosis 

and hyperkeratosis were scored on 15-20 HPF (x400) on hem atoxylin and eo s in - 

stained sections from 10-12 mice per group. Tw o-w ay ANOVA was used to test 

for statistical differences between groups, NS -  P >  0.05, *** P <  0.001.
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Figure 4.32. Increased cell counts in HDM-treated 7111611179"’“ mice. HDM 

treatment induces an increased number o f dermal infiltrating cells (A), including 

increased numbers o f lymphocytes, mononuclear and polynuclear cells (B), and 

epiderniotropism (C), in Tmem79"'“ mice relative to HDM-treated WT, and vehicle 

treated Tmem79'"‘' mice, as detected by cell number per HPF. Cells were counted 

on 15-20 HPF (xl,000) on hematoxylin and eosin-stained sections from 10-12 

mice per group. Two-way ANOVA was used to test for statistical differences 

between groups, NS - P >  0.05, *** P < 0.001.
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Figure 4.33. Tmem79'"‘‘ mice have altered spontaneous dynamic compliance. (A) 

Airway hyperresponsiveness was assessed in 32 week WT, F l^ ‘ and Tmem79"'‘' 

mice. (A) There were no alterations in lung resistance (/?/.) in F l^ ' or Tmem79"'“ 

mice when compared with WT animals. In contrast, (B) dynamic compliance 

{Cjyi l ) was elevated in TmemlQ'"" mice, but not Flg^' or WT mice. Data represent 

the mean; eiTor bars represent ±SEM, from 6-7 mice, and representative o f two 

separate experiments. Two-way ANO VA was used to test for statistical differences 

between groups, * *  P <  0.01, * * *  P <  0.001.
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Figure 4.34. Tmem79™ mice have altered cell numbers in BAL. Tmem79'"‘̂ mice 

have an increased number o f total cells (A) and an increased percentage of 

neutrophils (B) in the BAL fluid, relative to 32 week age-matched Flg^' or WT 

mice. Data represent the mean; error bars represent ±SEM, from 6-7 mice, and 

representative o f two separate experiments. Student’s t-test was used to detennine 

statistical differences between groups, NS - P >0.05, * P  < 0.05.
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Figure 4.35. Tmem79"’‘' mice develop spontaneous lung inflammation.

Representative photomicrographs (magnification xlOO) from 32 week WT, F l^ ' 

and Tmem79"'‘' mice, o f hematoxylin and eosin stained lung sections shows 

increased lung inflammation in Tmem79'”“ mice with mixed peribronchial cellular 

infiltrate (A), and o f Masson’s Trichrome staining showing increased parenchymal 

and peribronchiolar collagen deposition in Tmem79"'“ mice but not F l^ ' or WT 

mice (B). Increased lung collagen in Tfnem79"" mice in lung homogenates (C). 

Data represent the mean; error bars represent ±SEM, from 6-7 mice, and 

representative o f two separate experiments. Student’s t-test was used to detennine 

statistical differences between groups, * P < 0.05.
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Figure 4.36. Tmem79"^‘‘ do not have ainvay occlusion. (A) Representative 

photomicrographs (magnification xlOO) from 32 week WT, F I^ ' and Tmem79'"“ 

mice, periodic acid-Schiff-stained lung sections shows no airway muscus 

occlusion in Tmem79"'‘\  F l^ ' or WT mice. (B) Scoring for occluded airways due 

to goblet cell hyperplasia. Data represent the mean; error bars represent ±SEM, 

from 6-7 mice, and representative o f two separate experiments. Student’s t-test 

was used to determine statistical differences between groups, NS - P >  0.05.
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Figure 4.37. Tmem79'”‘' mice altered lung immunology. 32 week Tmem79'”" mice 

have a spontaneously altered lung phenotype with increased levels of MPO (A) 

and 1L-I7A (B) in the lung, in comparison to F l^ ' ox WT mice. Data represent the 

mean; error bars represent ±SEM, from 6-7 mice, and representative o f two 

separate experiments. Student’s t-test was used to detemiine statistical differences 

between groups, NS - f* > 0.05, * P < 0.05, ** p  < 0.01.
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Chapter 5 

An examination o f the role o f IL-17 in 

spontaneous inflammation in Tmem 79̂ '“ 

mice, and susceptibility o f Tmem 79^“ 

mice to cutaneous Staphylococcus 

aureus infection



5.1. Introduction

In Chapter 4 it was shown that the pro-inflammatory cytokine IL-17A is 

spontaneously elevated in the skin and skin draining lymph nodes ofTmeni79"'‘' mice. 

It was also elevated in lung tissue, where it was associated with neutrophil associated 

non-allergic lung inflammation, and significant peribronchiolar and parenychmal 

collagen deposition. The elevated IL-17 immune response in Tmem79""' mice is 

important in the context o f  AD and asthma-like lung pathology, as IL-17 is elevated 

during the acute stage o f  AD (Toda et al., 2003), and contributes to neutrophilic 

asthma in humans (Poon et al., 2012; Silverpil and Linden, 2012). Given the 

importance o f  upregulated 1L-17A in spontaneous skin and lung inflammation in 

Tmem79"''’ mice, it was proposed that 1L-17A neutralization via the action o f  blocking 

antibody treatment, may ameliorate aspects o f  the skin inflammation and progression 

to 1L-17A associated lung pathology.

Patients with atopic dermatitis (AD) have a predisposition to developing 

secondary skin infections such as skin colonization with Staphylococcus aureus 

(Bieber, 2008), that further exacerbates the pathophysiology o f  AD. These barrier 

defects are considered a secondary phemomena to the primary skin bairier defect, in 

disease etiology. 5. aureus, a gram-positive extracellular bacterium, is the most 

prevalent cause o f  skin infections including cellulitis, impetigo and folliculitis 

(McCaig et al., 2006; Moran et al., 2006). Skin infection with 5. aureus can lead to 

systemic life-threatening infections such as bacteremia, pneumonia, meningitis, 

endocarditis, and sepsis (McCaig et al., 2006; Moran et al., 2006). In recent years, S. 

aureus infection has become a major public health problem, with many infections 

attributed to virulent antibiotic-resistant strains, such as methicillin-resistant S. aureus 

(MRSA) (Klevens et al., 2007).
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Previously it has been shown that IL-17 is essential for the for the formation 

o f  neutrophilic abscess formation, and competent clearance o f  bacteria following S. 

aureus infection (Cho et al., 2010). Further, the source o f  IL-17 was shown to be 

epidermal Vy5 T cells, with administration o f  recombinant IL-17 shown to restore 

neutrphil recruitment and bacterial clearance in T cell-deficient mice (Cho et al., 

2010). Therefore, as Tmem79'”'’ mice have elevated basal IL-17A in the skin, it was 

proposed that the mutant strain may have altered cutaneous responses to S. aureus 

infection.
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5.2. Chapter objectives

1. To assess the whether IL-17A neutralizing antibody can ameliorate cutaneous 

inflammation in Tmem79'”'' mice.

2. To identify if 1L-17A neutralizing antibody can impair progression to 

neutrophil associated lung inflammation Tmem79'"‘’ mice.

3. To investigate whether the TmemyQ"'" mutation leads to an altered 

susceptibility to cutaneous Staphylococcus aureus infection.
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5.3. Results

5.3.1 Treatment with anti-lL-17A mAh does not alter cutaneous inflammation in 

Tmem79™ mice.

Macroscopic clinical scoring o f  the skin, under the parameters o f  pruritis, 

erythema, edema, erosion and scaling, as defined for the Nc/Nga mouse model o f  AD 

(Leung et al., 1990; Matsuda et al., 1997), illustrated that Tmem79"'“ mice treated with 

aIL -17A  had the same magnitude o f  inflammation as observed in Tmem79'"‘' mice 

treated with isotype control (Fig.5.1), Both aIL -17A  and isotype control-ti'eated 

Tmem79"‘" mice had a similar incidence o f  pruritis and erythema, in comparison to the 

absence o f  these parameters in WT control mice. No incidence o f  edema, erosion or 

scaling was observed in mice, indicative o f  the absence o f  these parameters in 

Tmem79"'‘' mice at the 10-week timepoint. As observed previously (Chapter 4), the 

dermatitis in Tmem79"'“ mice progresses with age, with Tmem79"'" mice developing 

marked skin inflammation from 16-20 weeks o f  age weeks, with increasing 

magnitudes o f  pmritis, erythema, and scaling, and moderate to marked edema and 

erosion, up to 32-weeks (Fig.4.2, 4.3).

Histopathological evaluation o f  skin biopsies from mice revealed that both 

a lL -17A  and isotype control-treated Tmem79'"‘’ mice, had acanthosis (thickening o f  

the stratum granulosum and stratum spinosum) and orthohyperkeratosis (hypertrophy 

o f  the stratum comeum with non-nucleated cells present) when compared to WT 

controls (Fig.5.1). However, there was no alteration in either the magnitude of 

acanthosis, hyperkeratosis or sebaceous hyperplasia, between a lL -17A  or isotype 

control treated Tmem79"“’ mice (Fig.5.2A). Both a lL -17A  and isotype control treated 

Tmem79"’" mice had a significant (P <  0.001) increase in dermal cellular infiltration in 

comparison to WT mice (Fig.5.2B). The increased cellular infiltrate in these mice
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correlates with significantly increased number of lymphocytes, mononuclear cells, 

and polynuclear cells (Fig.5.2B), However, there was no difference in cellular 

infiltration between a IL -17A  and isotype control treated Tmem79"'" mice (Fig.5.2), 

Clinical features such as focal epidermal intercellular edema, and epidermotropism 

(lymphocyte migration into epidermis; Fig.5.3A) are evident in that both a lL -17A  

and isotype control treated Tmem79"'“ mice, but with no difference between the two 

groups.

The severity o f  AD pathogenesis parallels the magnitude o f  skin ban'ier 

permeability (Seidenari and Giusti, 1995; Eberlein-Konig et al., 2000; Chamlin et al., 

2002; Sugarman et al., 2003; Gupta et al., 2008). To address the basal integrity o f  the 

skin barrier o f  aIL -17A  and isotype control treated Tmem79""' mice, transepidermal 

water loss (TEWL), a surrogate marker o f  barrier dysregulation (Seidenari and Giusti, 

1995; Eberlein-Konig et al., 2000; Gupta et al., 2008) was analysed. TEWL was 

significantly elevated in both cxlL-17A and isotype control treated Tmem?9'"‘' mice, {P 

<  0.001; Fig.5.3B) relative to WT mice consistent with the altered histopathology, but 

with no alteration in TEW L between these two groups.

5.3.2 Treatment with anti-IL -17A antibody does not alter atopy in Tmem79™ mice.

The impact o f  aIL -17A  treatment was then evaluated on the development o f  

spontaneous atopy as has been reported previously in this thesis in Tmem79"'‘' mice 

(see Chapter 4 & Fig.4.14). Levels o f  serum IgE were significantly elevated in both 

cxlL-17A and isotype control treated Tmem79""' mice {P <  0.01 and P <  0.001, 

respectively), relative to WT control mice (Fig.5.4A). However aIL -17A  treatment, 

had no impact on levels o f  serum IgE in Tmem79'"'^ mice. Similarly, levels o f  serum 

IgGl are significantly elevated in both a lL -17A  and isotype control treated
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Tmem79"’" mice {P <  0.05 and P <  0.01, respectively), relative to WT control mice 

(Fig.5.4B), a lL -17A  treatment, had no impact on levels o f  serum IgGl in Tmem79"’‘̂ 

mice. In contrast, serum levels o f  lgG2a are markedly reduced a lL -17A  treated 

Tmem79"“' mice (P <  0.01), relative isotype control treated Tmem79'”" mice 

(Fig.5.4C). However, IgG2a levels in a lL -17A  treated Tmem79'”" mice were elevated 

above WT control animals (P <  0.01).

5.3.3 Lung compliance is unaffected in Tmem79"’“ mice following treatment with 

anti-IL-17A antibody, hut neutrophil numbers are reduced in the BAL.

As previously shown (see Chapter 4 & Fig.4.33), Tmem79"'" mice exhibited 

altered dynamic iung compliance (Cdyn) at 32-weeks. Given that the altered lung 

pathology observed in Tmem79'”" mice at 32-weeks was associated with an increase in 

lL-17 associated acute neutrophilic lung inflammation, it was deemed necessary to 

analyze the role o f  1L-17A on the development o f  spontaneous lung inflammation in 

Tmem79""' mice by using an a IL -17A  neutralizing antibody. AHR analysis o f  a lL -  

17A or isotype control treated Tmem79"'‘' mice revealed no alterations in Ri. in 

response to increasing methacholine challenge (Fig.S.SA), in comparison to WT mice. 

Similarly, there was no alteration in Cdyn in a IL -17A  or isotype control treated 

7'«7em79'"‘' mice, relative to WT animals (Fig.5.5B), BAL counts, as an indicator of 

lung inflammation (Eberlein-Konig et al., 2000), showed no significant increase in the 

total cell numbers in BAL o f  a lL -17A  or isotype control treated Tmem79'"‘' mice 

compared with WT animals (Fig.5.6A). The cell composition o f  the BAL 

demonstrated a significant {P <  0.05) increase in neutrophils o f  isotype control treated 

T>nem79"'^ mice compared to WT controls. Interestingly, this increase in the number 

o f  neutrophils was not observed in a IL -17A  treated Tmem79^’'“ mice, which had a
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similar level o f  neutrophils relative to WT animals. Isotype control treated Tmem79"’“ 

mice had a significant increase in eosinophils in the BAL (Fig.5.6B), compared to 

WT controls (P <  0.05) and a lL -17A  treated Tmem79"'“ mice {P <  0.01). Levels o f  

macrophages were significantly decreased in isotype control treated Tmem79'”‘̂ mice 

relative to WT mice {P <  0.01). Though this decrease appeared to be somewhat 

reversed in a lL -17A  treated Tmem79"'“ mice, the difference was not significant. On 

histology sections, both a IL -17A  and isotype control treated Tmem79'”‘' mice had 

significant lung pathology in comparison to WT animals, with mixed peribronchial 

cellular infiltrates observed in H&E-stained sections (Fig.5.7A). Interestingly, the 

magnitude o f  peribronchial cell infiltration was somewhat reduced in a lL -1 7 A  treated 

Tmem79'"‘̂ mice.

5.3.4 Treatment with aiiti-IL-] 7A antibody o/T m em 79 '”‘* mice does not alter collagen 

deposition or M PO levels in the lung.

Previously, it was shown in this thesis that Tmem79"'" mice developed altered 

peripheral changes to the lungs, with marked peribronchiolar and parenychmal 

collagen deposition seen in the lungs o f  Tmem79"“̂' mice (Fig.4.35B), with 

significantly increased (P <  0.05) levels o f  collagen detected in lungs o f  Tmem79'”‘" 

mice compared to other groups (Fig.4.35C). In this study, no overt peribronchiolar 

and parenychmal collagen deposition was seen in the lungs o f  either a lL -17A  and 

isotype control treated Tmem79’"‘' mice, in relation to WT control animals (Fig.5.7B). 

In support o f  this, there was no alteration in the levels collagen detected in lungs of 

aIL -17A  and isotype control treated Tmem79'"‘' mice in relation to WT mice by 

quantification assay (Fig.5.7C). As shown previously (see Chapter. 4 & Fig.4.36) for 

Tmem79"'‘', neither a lL -17A  nor isotype control treated Tmem79"‘" mice develop
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goblet cell hypeiplasia, a characteristic o f  type 2 , allergic-like lung inflaminatior 

(Fig.5.8A & B).

Though quantification o f  pulmonary myeloperoxidse (MPO) enzymatic 

activity revealed increased levels in the lungs o f  a lL -17A  and isotype control treatec 

Tmem79"'“ mice in comparison to WT animals, suggesting neutrophil activation ir 

lungs o f  these mice, the difference observed was non-significant (Fig.5.9A). With 

respect to lung cytokine levels, it was previously shown that 1L-I7A was significantl> 

elevated {P <  0.01) in lung homogenates from Tmem79'”‘' mice (Fig,4.37B) 

supporting a role for IL-17 associated acute neutrophilic lung inflammation (Rice el 

al., 1999). Consistent with this earlier study, IL-17A levels were significantl} 

increased (P <  0.05) in the lungs o f  isotype control treated Tmem79'"‘' mict 

(Fig.5.9B). Following treatment with neutralizing a lL -17A , Tmem79"'“ mice hac 

markedly reduced levels o f  1L-17A {P <  0.001) in the lungs in comparison to isotypt 

control treated Tmem79"'“ mice. With respect to WT control mice, the levels o f  lun^ 

1L-17A in a lL -17A  treated Tmem79'"‘̂ mice were also significantly reduced (P   ̂

0.01). In relation to other cytokines analysed IL-4, lL-5, IL-10, IL-13, lL-21, IFN-y 

TSLP and TGF-[3, were all downregulated in the lungs o f  a lL -17A  treated Tmem79"’‘ 

mice relative to isotype control treated Tmem79'"‘' mice, but the downregulation wa; 

only significant (P <  0.05) with respect to IFN-7 (Fig.5.9B),

5.3.5 Tmem79'™ homozygous mice have altered responses foUowing  Staphylococcus 

aureav infection o f  the skin with sm aller lesion size.

As Tmem79"'" mice have a spontaneous elevation in 1L-17A in the skin at 

shown, and spontaneously elevated IL-17A production in cells derived from the skir 

draining lymph nodes and spleen, it was hypothesised that Tmem79'"‘' mice may havt
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an altered response to infection with S. aureus. Tmem79"’‘' mice were assessed in the 

context o f  host response to infection with S. aureus in an in vivo model. It is here 

shown that Tmem79"'"' mice developed markedly smaller skin lesions with lower 

bacterial counts compared with WT mice in response to cutaneous challenge with S. 

aureus. In this model, a bioluminescent strain o f  S. aureus XEN29 was used, and a 

method o f  in vivo bioluminescence imaging was employed to track the S. aureus 

bacterial burden within the infected lesions o f  anesthetized mice in real time (Section 

5.3.6) (Miller et al., 2006; Miller et al., 2007). WT control mice and Tmem79'”'‘ mice 

were inoculated sub-cutaneously with the bioluminescent S. aureus bacterial strain, in 

inoculations o f  2 x lO’ CPUs in lOOjil saline. Lesion sizes and in vivo 

bioluminescence o f  live actively metabolizing bacteria within the lesions over time, 

were evaluated. WT mice developed visible skin lesions, which had a maximum mean 

size o f  0,41 cm ' by day 5, and with the lesion resolving by day 10 with a maximum 

mean lesion size o f  0.14 cm" after inoculation (Fig.S.lOA & B). In contrast, 

Tmem79"'“ mice developed lesions that were significantly decreased in size at days 2, 

3, 5 and 7, in comparison to WT control mice, with the lesions in Tmein79"'“ mice 

also resolving by day 10 with a maximum mean lesion size o f  0.15 cm after 

inoculation (Fig.S.lOA & B).

5.3.6 Tmem79"^“ homozygous mice have enhanced bacterial clearance following  

Staphylococcus aureav infection o f  the skin.

To determine whether the smaller lesions o f  Tmem79"“̂ mice were associated 

with altered bacterial clearance, the mice were anesthetized and the levels o f  bacterial 

colonization was determined within the lesions in real time (F ig .S . l lA & B) using in 

vivo bioluminescence imaging techniques (see Section 2.11). It has been shown that
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in vivo bioluminescence signal, closely estimates bacterial CPUs harvested from the 

skin lesions at various time points after infection (Cho et al., 2010). After S. aureus 

infection, Tmem79" ‘̂' mice had decreased bioluminescent signals (Fig.S.llA  & B) that 

were significantly lower than the bioluminescent signals seen in WT mice at days 1, 

2, 3 and 5 after S. aureus inoculation {P < 0.001, P < 0.05), with bioluminescent 

signals decreasing by days 10 in both WT and Tmem79"’“ mice (Fig.S.llA & B). 

Similar to in vivo bioluminescence, numbers o f S. aureus CPUs recovered from 8- 

mm punch biopsies were significantly lower in Tmem79'”‘' mice compared to WT 

mice on day 5 after S. aureus infection (Fig.5.12A & B). Thus, there is an indication 

that Tmem79'"‘' have a marked alteration in cutaneous S. aureus bacterial colonization 

with an indication o f enhanced bacterial clearance, which may explain the decreased 

size of the skin lesions.

5.3.7 Tmem79"’*’ homozygous mice have reduced inflammation and elevated IL-I7A

responses following  Staphylococcus aureav infection o f  then skin.

As the decreased lesions size and bioluminescence of the Tmem79'”“ mice 

w'ere observed soon after S. aureus infection, histology was evaluated in lesional skin 

biopsies performed 3 days after inoculation (Fig.5.13). WT mice developed large 

neutrophilic abscesses in H&E-stained histology sections. In contrast, lesions of 

Tmem79"'“ mice had smaller neutrophilic abscess fonnation (Fig.5.13). Furthermore, 

the decreased inflammation in lesion biopsies from Tmem79'"‘' mice, support the 

results obtained for lesion size quantification (Fig.5.10), in vivo bioluminescence 

(Fig.5.11), and CPU data (Fig.5.12), suggesting that Tmem79"’‘̂ mice had increased 

bacterial clearance.

217



To investigate cytokine production following S. aureus skin infection, the skin 

draining inguinal lymph nodes, closest to the dorsal site of inoculation, were excised at 

day 3 and day 7, and following in vitro stimulation cytokine production was analysed. 

In the skin draining LN derived cells following both polyclonal (PMA/I) and T-cell 

specific (anti-CD3/28 mAh) stimulation, the production o f  the T h l7  cytokine IL-17A 

is markedly {P < 0.001) elevated in cells derived from S. aureus infected over naive 

Tmem79"'" mice at day 3, compared to a non-significant {P > 0.05) elevation in cells 

derived from S. aureus infected over naive WT mice (Fig.5.14A), Contrastingly, IL- 

17A is elevated in response to both PMA/I and anti-CD3/28 mAb stimulation {P < 

0.01, P < 0.001), in cells derived from LNs from 5. aureus infected mice over naive 

mice at day 7, in both Tmem79"'“ and WT strains. This illustrates an early 

upregulation in IL-17A cytokine production in TmemlQ'"^ mice compared to WT 

animals ( Fig.5.14A), With respect to IFN-y, a pro-infiammmatory cytokine shown to 

be important in natural and vaccine-induced protection following intravenous S. 

aureus infection (Zhao and Tarkowski, 1995; Gaudreau et al., 2007), no significant 

differences were observed in draining lymph node cells excised at 3 days, or in 

Trnem?9'™ initcicd  mice at 7 days (Fig.5.14B).
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5.4. Discussion

To investigate the possibility that the spontaneous skin and lung inflammation 

in Tmem79''’" mice (see Chapter. 4) is directly attributable to the elevated basal levels 

o f  1L-17A in the skin (Fig.4.15), and enhanced 1L-17A production in cells derived 

from the skin draining lymph nodes and spleen (Fig.4.17 -  4.19), a neutralizing 

antibody against IL-17A or isotype control IgGl was injected into mice, every second 

day from the age o f  3 weeks until takedown at 10-weeks. As TmemlQ"'" mice have a 

polarized IL-17 immune bias in the steady state, it was speculated that the neutralizing 

action o f  a IL -17A  may ameliorate the magnitude o f  spontaneous AD-like 

inflammation in Tinem79'"‘' mice, and/or the progression to IL-17 associated lung 

inflammation (Fig.4.33 -  4.37). As the levels o f  cutaneous IL-17 are upregulated in 

Tmem79"'“ mice from 4 weeks (Fig.4.15 & 4.17), it was deemed necessary to begin 

antibody treatment from 3 weeks, in order to negate IL-17A induced inflammation, 

and thereby impair development of dermatitis and later lung inflammation. By 

macroscopic clinical scoring, or the histological parameters assessed including 

histopathology scoring and cell infiltration in the skin (Fig.5.1 - 5.3), it is evident that 

treatment with aIL -17A  did not ameliorate skin inflammation. The assessment of 

Tmem79"'“ mice treated with isotype control, under these parameters indicated that 

these mice developed mild to moderate AD-like inflammation. This mild to moderate 

inflammation observed in the isotype treated Tmem79"'“ control group indicated a 

limitation o f  the experimental design using neutralizing aIL-17A . As Tmem79"'" mice 

were treated with aIL -17A  up until 10-weeks, the more deleterious inflammation that 

had been observed in Tmem79'"" mice from -2 0  weeks up to 32 weeks in the earlier 

studies (see Chapter. 4), had yet to manifest in the isotype treated Tmem79"'“ control 

mice. Scoring for parameters such as scaling, edema and erosion were sub-clinical
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(Fig.5.1). Nevertheless, despite this drawback, it was evident that a lL -17A  treatment 

was ineffective in ameliorating the elevated responses observed in isotype control 

treated Tmem79"'" mice, relative to WT controls under the parameters assessed.

TEW L is known to elevate resulting from inside-out barrier perturbation 

following inflammation in the skin (Seidenari and Giusti, 1995; Sugarman et al., 

2003; Gupta et al., 2008; He et al., 2009; Moniaga et al., 2010; O'Regan et al., 2010), 

and previously in this thesis it has been demonstrated (Chapter 3), that as a result o f  

the secondary inflammation induced following epicutaneous ingress o f  the allergen 

OVA through an unperturbed skin barrier, barrier dysregulation is increased, as 

evidenced by significantly elevated TEW L (Fallon et al., 2009). Treatment with a lL -  

17A neutralizing antibody had no effect on the magnitude o f  TEW L observed in 

7’/?7£?/H79"'"mice.

With respect to the levels o f  serum antibodies, no alterations were observed in 

the levels o f  Th2 associated IgE and IgGl in Tmem79"'“ mice (Fig.5.4), following 

a lL -17A  treatment. However, serum levels o f  Thl associated lgG2a were 

significantly downregulated (P < 0.01) in a lL -17A  treated Tmeni79'"‘' m ice  compared 

to isotype controls.

Previously in this thesis, it was shown that 1L-17A induced acute neutrophilic 

non-allergic asthma-like lung pathology in Tmem79""' mice. These mice had normal 

lung resistance ( R l ) but altered dynamic compliance (Cdyn),  indicative o f  non-allergic 

changes in lung function, suggesting altered lung elasticity consistent with peripheral 

changes in the pulmonary parenchyma (Irvin and Bates, 2003; Vanoirbeek et al., 

2010), inferring that the spontaneous dennatitis in Tmem79'"“ mice induces an lL-17 

dominated systemic immune response that progresses to IL-17-associated neutrophilic 

lung pathology. However, these studies were performed in mice at 32 weeks, given
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the longitudinal aspect o f  the progressive AD-like inflammation over time. As had 

been previously encountered using 10-12 week Tmem79"'‘'F l^ ' mice in earlier studies 

(see Chapter. 3), there was no altered lung compliance evident in 10 week isotype 

control treated Tmem79""' mice, which effectively negated a role for 1L-17A 

neutralization in modulating lung compliance (Fig.5.5). hnportantly however, there 

was an upregulated percentage o f  neutrophils and eosinophils in the BAL o f  isotype 

control treated Tmem79'”‘’ mice, which were reversed following neutralizing a lL -17A  

treatment (Fig.5.6B), In addition, on histology sections, isotype control treated 

Tmem79"'" mice had significant lung pathology in comparison to WT animals, with 

mixed peribronchial cellular infiltrates observed in H&E-stained sections. This 

increase in inflammation appeared to be ameliorated in a lL -17A  treated Tmem79^"' 

mice (Fig.5.7A),

With regards to peripheral changes in the lungs o f  Tmem79'”" mice, collagen- 

stained sections revealed no alteration in peribronchiolar and parenychmal collagen 

deposition in the lungs o f  isotype or a IL -17A  treated Tmeni79"'“ mice in comparison 

to WT animals, which was confirmed by collagen assay quantification (Fig.5.7B & 

C). The lack o f  increased collagen deposition in the lungs o f  Tmem79"'" mice is 

arguably not surprising given the 10 week age, o f  animals used in this study.

Given the spontaneous nature o f  the Tmem79'”'' mutation, future studies into 

the spontaneous pathogenesis in Tmem79"’‘' mice require that these mice are crossed to 

mice that are IL-17-deficient, or IL-17 receptor deficient. Such studies will facilitate a 

longitudinal study o f  the pathogenic role o f  IL-17A in Tmem79'"‘' mice. The 

longitudinal progression o f  spontaneous skin and lung inflammation in these mice is a 

significant limitation to the success o f  the approach o f  using an 1L-17A neutralizing
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antibody, as used in these studies, given the timeframe o f  antibody treatment 

necessary.

In response to 5. aureus infection, the host immune responses lead to 

neutrophil recruitment and abscess fonnation, leading to bacterial clearance 

(Verdrengh and Tarkowski, 1997; Molne et al., 2000). Recent evidence has 

implicated a number o f  immune cell mediators in response to the competent response 

to S. aurem  infection. With regards to neutrophils, patients with granulomatous 

disease, have a defect in neutrophil NADPH oxidase and respiratory burst, and 

consequently are susceptible to recurrent S. aureus infections (Heyworth et al., 2003). 

In a mouse model, neutrophil deficient mice developed non-resolving lesions, and 

were unable to clear bacterial infection (Verdrengh and Tarkowski, 1997; Molne et 

al., 2000). Further, T-cells have been implicated in protection against S. aureus 

infection, with patients with AD having increased colonization and super infection 

with S. aureus (Bieber, 2008), which has been broadly attributed to a polarized Th2 

cyokine profile and decreased filaggrin derived anti-microbial peptides, associated 

with the pathogenesis (Cho et al., 2001; Ong et al., 2002). Implicating the specific 

importance o f  Th l 7  cells in S. aureus infection, patients with hype-IgE syndrome 

have mutations in STAT3 resulting in T-cell deficiency, that’s manifests as recurrent 

and severe S. aureus infection (Ma et al., 2008; Milner et al., 2008; Renner et al., 

2008).

In a murine study, yb T cell-deficient mice had substantailly higher bacterial 

counts within the infected lesions in comparison to WT mice following intradermal S. 

aureus infection (Molne et al., 2003). Indeed, resident epidermal T cells, but not 

cxf5 T cells have been shown to be required for neutrophil recruitment and bacterial 

clearance (Cho et al., 2010), with T cells demonstrated to regulate host defense to
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cutaneous S. aureus infection via a mechanism involving 1L-1-, TLR2-, and IL-23- 

dependendent production o f  lL-17, which was essential for host defense against 

cutaneous infection with S. aureus (Cho et al., 2010). Epidemial VyS yb T cells were 

shown to be the major source o f  IL-17 following cutaneous challenge with S. aureus, 

and were shown not to be required for the induction o f  the cytokines, lL-21 (which is 

also produced by Th l 7  cells along with IL-17 (Korn et al., 2007; Nurieva et al., 

2007), and lL-22 (which has a role in neutrophil recruitment (Aujla et al., 2008; 

Zheng et al., 2008), which were shown not to be downregulated following S. aureus 

infection in yb T cell-deficient mice. Importantly, when recombinant IL-17 was 

administered to yb T cell-deficient mice, concomitant with S. aureus inoculation, the 

ability o f  these mice to clear bacterial infection was restored, with an indication that 

the function o f  IL-17 in response to S. aureus infection involved the recruitment o f  

neutrophils (Cho et al., 2010).

Given the pro-inflammatory environment in the skin with IL-17 skewed 

immune polarization, it was proposed that Tmem79"'“ mice may have enhanced 

bacterial clearance, following cutaneous inoculation with S. aureus. Indeed, upon 

investigation, Tmem79'"‘̂ mice showed markedly decreased lesion size following S. 

aureus inoculation (Fig.5.10), with bacterial counts ascertained by in vivo 

bioluminescence (Fig.5.11), confimiing that bacterial clearance was enhanced in 

Tinein 79"'“ mice. At 3 days, infection had reached its peak (by lesion size and bacterial 

counts) in Tmem?9"'" mice, but bacterial colonization o f  the skin in these mice was 

still significantly lower than observed in WT controls for the parameters assessed. 

Skin biopsies taken at this point at the site o f  infection, revealed profound 

inflammation WT animals (Fig.5.12). Histology sections from WT animals revealed 

the formation o f  large neutrophilic abscesses. Comparatively, in Tmem79"'“ mice.
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though the formation o f  a neutrophilic abscess was apparent, the overall magnitude of 

inflammation was observably diminished compared to WT mice, thus making it 

difficult to ascertain whether there was less neutrophilia in Tmem79"'‘' m\cQ following 

infection. Therefore, in future studies, it will be necessary to stain lesional tissue 

sections, with the neutrophilic marker anti-Gr-1 mAb, and Gram stain to visualize the 

proposed enhanced bacterial clearance due to neutrophil phagocytosis and clearance 

o f  the bacterium in Tmem 79"'“ mice following infection.

To further investigate whether there is any alteration in neutrophil recruitment 

in Tm em 79"'" mice, levels o f  neutrophil chemotactic factors require quantification in 

the lesional skin during S. aureus infection, including chemokines such as KC and 

M1P2, and granulopoiesis factors GM-CSF (Fossiez et al., 1996; Laan et al., 1999; 

Jones and Chan, 2002; Kawaguchi et al., 2004), which are required for competent 

bacterial clearance (Verdrengh and Tarkowski, 1997; Molne et al., 2000).

To assess the inflammatory response, the inguinal lymph nodes, draining the 

dorsal site o f  the bacterial infection, were excised for culture with polyclonal (PMA/I) 

and T cell specific (aCD3/28) stimulation. Interestingly, draining lymph node cells 

from S. aureus infected Tmem79"'" mice, excised at 3 days post inoculation, had 

markedly higher 1L-17A production over levels secreted by cells from naive 

Tniem?9"’‘' control animals, when compared with S. aureus infected WT mice over 

levels secreted by cells from naive WT control animals (Fig.5.13). The comparison o f  

secretion levels o f  infected versus naive mice was necessai^, as Tm em 79"'“ m ice  have 

spontaneously elevated IL-17A in the skin draining lymph nodes (Fig.4.17). In 

contrast, levels o f  IFN-y were not elevated following infection in cells from skin 

draining lymph nodes excised at day 3. It has been previously shown that IFN-y is 

required for protection against infection for invasive and systemic S. aureus
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infections (Zhao and Tarkowski, 1995; Gaudreau et al., 2007). Indeed, it has beer 

hypothesised that the cytokine response involved in protection against 5. aureus 

infection, may relate to the site o f  infection, with IL-17 important following skir 

infection, and IFN-y in systemic infections (Cho et al., 2010).
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Figure 5.1. Treatment o/Tmem 79'™  mice with anti-IL-17A does not alter skin  

inflammation as evidenced by macroscopic clinical scoring or histology’. (A) 

Macroscopic clinical scoring o f  the skin as assessed by the parameters o f  pruritis, 

erythema, edema, erosion, scaling and total clinical sore. Data represent the mean; 

error bars represent ±SEM, from 12-16 mice scored longitudinally. (B) 

Representative photomicrographs o f  skin sections from WT, and Tmem79'"‘' mice 

treated with anti-lL-17A or isotype control, shows that anti-lL-17A treated 

Tmem79""‘ mice have the same magnitude o f  inflammation as isotype control 

treated Tmem79"’“mice  (magnification x400).
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Figure 5.2. Treatment o f  Tmem79'”  ̂ mice with anti-ILI7A does not alter 

histopatholog}!, or dermal cell infiltration. Acanthosis, hyperkeratosis and 

sebaceous hyperplasia (A), are significantly elevated in both anti-IL-17A and 

isotype treated Tmem79"'“ mice compared to WT mice. (B) Elevated dermal cell 

infiltration, lymphocytes, mononuclear and polynuclear cells in both anti-lL-17A 

and isotype treated Tmem79"'" mice, as detected by cell number per HPF. Scoring 

was performed on 15-20 HPF (xlOOO) on hematoxylin and eosin-stained sections 

of 12—16 mice. Data represent the mean; error bai's represent ±SEM. Student’s t- 

test was used to determine statistical differences between groups, *** P  < 0.001.
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Figure 5.3. Treatment o f  Tniem79"’“ mice with anti-lL-17A does not alter 

epidermotropism  or TEWL. (A) There is no alteration in epidem iotropism  

between anti-lL-17A  and isotype treated Tmem79"“‘ mice, but both groups have 

increased epiderm otropism  in comparison to WT mice, as detected by cell 

num ber per HPF. Cells were counted on 15-20 HPF (x 1,000) on hematoxylin and 

eosin-stained sections from 12-16 mice per group. (B) There is no alteration in 

TEW L between anti-lL-17A and isotype treated Tmem79”'“ mice, but both groups 

have increased TEW L in comparison to W T mice. Data represent the mean; error 

bars represent ±SEM . S tudent’s t-test was used to detennine statistical 

differences between groups, NS -  P >  0.05, * *  p  <  0.01, *** P  <  0.001.
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Figure 5.4. ELISA detection ofTotal-IgE, -IgG l and -lgG2a in the serum. Levels 

of Total-IgE (A), Total-lgGl (B) and Total-IgG2a (C), are increased in anti-IL- 

17A and isotype treated Tmem79"'‘' mice compared to WT mice. Serum lgG2a was 

dereased in anti-IL-17A treated Tmem79"'" mice relative to isotype treated 

Tmem79"’" mice. Data represent the mean; error bars represent ±SEM, from 6-8 

mice, and representative o f two separate experiments. Student’s t-test determined 

statistical differences between groups, * P < 0.05, ** P  < 0.01, *** P < 0.001.
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Figure 5.5. Anfi-IL-J 7A treatmen! o/TmemTQ”̂” mice does not alter spontaneous 

lung resistance or compliance. (A) Airway hypeiresponsiveness was assessed in 

an ti-IL -l7A  and isotype control treated Tmem79"'“ mice. There were no alterations 

in (A) lung resistance (Ri), or (B) dynamic compliance (C/,.,,), in Tmem79'"“ mice 

treated with anti-IL-17A when compared with isotype control treated Tmem79^’'“ 

mice. Data represent the mean; error bars represent ±SEM, from 6-8 mice, and 

representative o f two separate experiments. Two-way AN O VA was used to test for 

statistical differences between groups, NS - P > 0.05.
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Figure 5.6. Anti-IL-17A treated J m e m l9™̂ mice have altered cell percentages in 

the BAL. (A) Tmem79"’‘̂' mice treated with anti-lL-17A or isotype had a similar 

number o f total cells in the BAL. (B) Tmem79"’‘' mice treated with anti-IL-17A 

have a decreased percentage o f neutrophils and eosinophils in the BAL fluid 

relative to isotype treated Tmem79'"“ mice. Data represent the mean; error bars 

represent ±SEM, from 6-8 mice, and representative o f two separate experiments. 

Student’s t-test was used to determine statistical differences between groups, NS 

- P > 0.05, * P <  0.05, * P <  0.01.
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Figure 5.7. Anti-IL-17A treatment o/ 'Tm em 79"’‘' mice does not alter levels o f  

collagen deposition. Representative photomicrographs (magnification xlOO) of, 

(A) hematoxylin and eosin-stained lung sections from anti-IL-17A and isotype 

treated Tmem79'"‘' mice, show that’s both groups develop spontaneous lung 

inflammation with mixed peribronchial cellular infiltrate in comparison to WT 

controls, and (B) Masson’s Trichrome staining showing increased parenchymal 

and peribronchiolar collagen deposition in anti-IL-17A and isotype treated 

Tmem79"'" mice. (C) Comparable levels o f  lung collagen were quantifiable in all 

groups in lung honiogenates. Data represent the mean; error bars represent ±SEM, 

from 6-8 mice, and representative o f  two separate experiments. Student’s t-test 

was used to determine statistical differences between groups, NS - P > 0.05.
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Figure 5.8. Anti-IL-17A treatment o/Tmem 79''^“ mice does not alter levels o f  

airw'ay occlusion. (A) Representative photomicrographs (magnification xlOO) 

from periodic acid-Schiff-stained lung sections show no airway muscus occlusion 

in anti-lL-17A or isotype treated rm m 79 '"“ mice in comparison to WT controls. 

(B) Scoring for occluded airways due to goblet cell hyperplasia. Data represent the 

mean; error bars represent ±SEM, from 6-8 mice, and representative o f two 

separate experiments. Student’s t-test was used to determine statistical differences 

between groups, NS - P  > 0.05.
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F igure  5.9. Anti-IL-J 7A treatment o/'Tmem79"’“ mice alters levels o f  cytokines hut 

not M PO in the lung. (A) Both anti-IL-17A and isotype treated Tmem79"'" mice 

have non-significantly elevated MPO in the lung compared to WT mice. (B) Anti- 

1L-17A treatment results in downregulated IL-17A and IFN-y in the lung in 

Tmeni79""‘ mice in comparison to isotype treated Tmem79'"‘̂ mice. Data represent 

the mean; error bars represent ±SEM, from 6-8 mice, and representative o f  two 

separate experiments. Student’s t-test was used to determine statistical differences 

between groups, NS - P  > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 5.10. Tmem79"’‘̂ mice develop markedly smaller skin lesions compared to 

WT mice in response to cutaneous challenge with Staphylococcus aureus. 

Representative lesions for WT mice (A), and Tmem79’"" mice (B). Shown are 

dorsal flanks (top, mm ruler shown for scale) and lesion close-ups (bottom). (C) 

Mean total lesion size (cm“). Data represent the mean; error bars represent ±SEM, 

from 7-10 mice, and representative o f three separate experiments. Student’s t-test 

was used to determine statistical differences between groups, * P <  0.05.
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Figure 5.11. Tmem79"^’‘m/re develop markedly low’er bacteria! counts as denoted 

by in vivo bioluminescence compared to WT mice in response to cutaneous 

challenge with Staphylococcus aureus. (A) Representative bioluininescence on the 

dorsal flank of WT and Tmem79"'" mice. (B) Mean total flux (photons/s) o f the in 

vivo bioluminescent signal. Data represent the mean; en'or bars represent ±SE1VI, 

from 7-10 mice, and representative o f three separate experiments. Student’s t-test 

was determined statistical differences between groups, * P < 0.05, *** P < 0.001.
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Figure 5.12. Tmem79’”“ mice develop markedly lower bacterial counts compared 

to WT mice in response to cutaneous challenge with Staphylococcus aureus. (A) 

Representative bacterial culture plates after overnight culture with or without 

bioluminescence o f WT mice and Tmem79'"‘' mice. (B) CPUs o f S. aureus 

recovered from 8-mm lesional punch biopsies on day 3. Data represent the mean; 

error bars represent ±SEM, from 7-10 mice, and representative o f three separate 

experiments. Student’s t-test was used to determine statistical differences between 

groups, * P <  0.05.
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Figure 5.13. Tmem79'”‘'m /ce  develop less injlainmation at the site o f  skin lesions 

com pared to WT mice in response to infection with Staphylococcus aureus. 

Representative photomicrographs o f  hematoxylin and eosin-stained lesional skin 

sections 3 days after inoculation (magnification X20 and X I 00), shows that 

Tmem79"'" mice have abscess formation but less inflammation at day 3 post 

inoculation.
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Figure 5.14. Cells fro m  Tm ein79'’'‘* draining lymph nodes at day 3 post infection  

with Staphylococcus aureus, have elevated IL-17A. 1L-17A (A) and IFN-y (B) 

production after in vitro stim ulation o f cells from skin dLNs, following 

Staphylococcus aureus infection o f  Tmem79"'“ and W T mice. Infection leads to 

enhanced IL-17A production in response to polyclonal (phorbol 12-myristate 13- 

acetate and ionomycin, PM A/I), and T-cell specific (a-C D 3/28 monoclonal A b’s) 

stimulation, in the skin dLNs at day 3 in comparison to WT mice. Data represent 

the mean; eiTor bars represent ±SEM , from 4-5 mice, and representative o f  two 

separate experiments. Tw o-w ay ANOVA was used to test for statistical differences 

between groups, NS -  P  >  0.05. , ** P  < 0.01, *** P <  0.001.
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Chapter 6 

General Discussion and Future 

directions



General discussion

In this thesis^ I have addressed the impact o f  two human relevant, spontaneous 

mutations in mouse models, in the context o f  human AD-like skin inflammation, and 

AD-associated lung inflammation. In addition, the underlying genetic bases o f  these 

mutations have been identified. Consequently, the data presented will contribute 

significantly to our understanding o f  the aetiology o f  AD, and progression to AD- 

associated asthma.

In Chapter 3, the known deficiency in profilaggrin expression in flaky tail 

mice, has been formally identified as being the result o f  a 1-bp deletion mutation, 

5303delA, analogous to all loss-of-function human FLG  mutations, within the murine 

Fig  gene. In addition, the results discussed in Chapter 3, represent the first 

experimental evidence that inherent spontaneous epidermal barrier dysregulation in 

the fiaky tail mouse, predisposes to the development o f  systemic allergen-specific 

immune responses following cutaneous allergen challenge to an intact skin barrier, 

demonstrating that the skin o f  flaky tail mice is pennissive to allergen ingress. 

Following the publication o f  these results (Fallon et al., 2009), two other groups have 

confirmed the propensity o f  fiaky tail mice to develop allergen sensitization following 

topical application (Oyoshi et al., 2009; Moniaga et al., 2010). The allergic 

sensitization following allergen application is demonstrated to induce further ban'ier 

dysregulation, a result that is in line with the outside-inside-outside model o f  AD 

pathogenesis, whereby an initial barrier defect leads to the development o f  AD, with 

subsequent immunological responses resulting in an infiammatory milieu (outside- 

inside), that can further exacerbate barrier dysfunction (inside-outside) (Elias and 

Steinhoff, 2008). Indeed, previous in vitro studies have shown that lL-4 and lL-13 

downregulated filaggrin expression (Howell et al., 2007).
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The studies in Chapter 3 in relation to an analysis o f  allergic-like lung 

inflammation in ft mice, represents the first experimental examination o f  the atopic 

march in a mouse model with a spontaneous epidermal barrier mutation. The fact that 

ft mice do not develop AHR and associated lung pathology in this model, with or 

without allergen sensitization, may reflect both the age o f  the mice assessed and the 

mutants C57BL/6 background, a strain that has been shown to be less susceptible to 

the development o f  allergic airway inflammation following OVA sensitization 

(Spergel et al., 1999).

Given the data presented in Chapter 3, demonstrating the permissiveness o f  

the intact skin o f  the ft {maFl^') double mutant mice to allergen priming, it was 

considered crucial to isolate both mutations, and therefore assess their relative 

contributions to the inaFIg^' phenotype, as addressed in Chapter 4. Congenic 

C57BL/6J maFIg!' mice were generated with both mutations separated by 

backcrossing. Initial observations implied that the ma mice shared many o f  the gross 

phenotypic characteristics o f  the parent m aFl^' phenotype, in comparison to the 

isolated mutant strain F l^ ‘.

In this thesis, the relative contributions o f  both the ma and F !^ ’ mutations to 

the phenotype established in the dual mutant m aFl^', is now formally presented for 

the first time. The results presented in Chapter 4, demonstrate that the ma mutation, 

and not the Flg^' mutation, predominates in promoting enhanced epicutaneous antigen 

transfer across a dysregulated barrier, and therefore the double mutant m aFl^' is not a 

true model o f  filaggrin-deficiency. Unlike the single mutant F i^ \  in the absence o f  

cutaneous application o f  antigen, ma mice spontaneously develop AD-1 ke 

inflammation, elevated levels o f  the atopy marker IgE, and go on to develop non- 

allergic asthma-like lung inflammation with compromised lung function associa:ed
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with elevated lL-17, neutrophil infiltration and pulmonary fibrosis. A clinical, 

histopathological and immunological evaluation o f  the data implicates the absence of 

filaggrin expression in the epidermis, underlies the dry scaly skin characteristic of 

iiiaFI^' neonates, whereas the ma mutation is responsible for the development of 

spontaneous AD-like skin inflammation and pruritic eczematous lesions that present 

with age.

In collaboration with Professor McLean, the ma allele was fine mapped and a 

nonsense truncating mutation was identified in the Tmem79 gene encoding mattin, a 

transmembrane protein that is localized to the upper granular cell layer o f  the 

epidermis, and is indicated to have a putative role in stratum corneum lipid biology. 

Expression quantitative trait locus (eQTL) analysis showed that Tmem79 exists in a 

con'elated network o f  genes linked to epidermal growth, barrier function and 

inflammatory skin disease, including Rab proteins involved in membrane trafficking. 

Interestingly, expression o f  tagged mattin in cultured keratinocytes revealed that it 

localizes to a population o f  cytoplasmic vesicles. Thin layer chromatography did not 

reveal any major differences in lipid composition between Tmem79"’“ and WT mice.

The lung pathology evident in Chapter 4 in Tmem?9"’‘' mice indicated by a 

decrease in dynamic compliance, indicates distal lung pathology with alterations in 

the lung periphei7 associated with airway closure, and parenchymal collagen 

deposition. Consequently, the data presented in Chapter 4, demonstrates that the 

Tmem79'"‘' mouse is the first experimental model o f  the atopic march in a mouse with 

a spontaneous mutation in an EDC gene encoding an epidermal protein.

In a study involving the mechanical disruption o f  the epidermal barrier, others 

have shown that OVA inhalation by epicutaneously-sensitized mice induced IL-17, 

and neutrophil influx in the lung, with contaminant AHR, which was reversed by IL-
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17 neutralization. Given the strong association with a polarized lL-17 immune 

response, and generation o f  spontaneous AD-like skin inflammation and progression 

to associated lung inflammation, the neutralization o f  IL-17A was performed in 

experiments presented in Chapter 5. Anti-IL-17A treatment had a minimal effect, 

reducing neutrophilia as evidenced by cell counts in the BAL, but a critical limitation 

to the experiment, was that we were unable to block 1L-17A from 3 to 32 weeks, 

which would be required in the thorough examination o f  the role o f  this cytokine in 

the context o f  airway inflammation, which develops with age. To overcome this 

limitation, Tmem79'"‘' mice are now being crossed to IL-17A receptor-deficient mice, 

which will allow the robust examination o f  IL-17A in the Tmem79"'" hmg pathology.

Following the elucidation o f  the phenotype o f  the Tmem79"'" mouse due to the 

nonsense mutation, a SNP was identified in TMEM79. This prompted an investigation 

into an association between the SNP in TMEM79 and AD in patients. Promising 

initial results, point to an association o f  a SNP in TMEM79  with AD, in a cohort of 

dermatologist diagnosed mild to moderate Irish and Cumbrian AD patients, and 

controls from the Trinity Biobank (Saunders et al. manuscript in preparation). The 

association was shown to be significant with a calculated OR o f  2.33 (95% Cl, 1.94- 

2.80, P = 2.9x10’“'*), with increasing significance in individuals homozygous or for 

the SNP, OR o f  5.84 (95% Cl, 3.99-8.55). This emerging data validates the 

association between the rm e m 79'™ mutation and the AD-like inflammation observed 

in Tmem79"'" mice, and it fundamentally enforces the value o f  mouse models in 

elucidating the pathogenesis o f  human disease, where a murine study can inform on 

the pathogenesis o f  human disease.

Emerging data in other mouse models are indicating a role for inflammasome- 

mediated inflammation in AD-like pathology. As discussed in Chapter 4,
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inflammasome controlled 1L-If3 is significantly upregulated in the skin o f  F l^ ‘ 

neonate mice, but not Tmem79'”" mice, which coincides with the neonatal clinical 

pathology observed in F l^ '  mice as indicated by the erythema and scaling. In a 

culture o f  primaiy murine keratinocytes from F l^ '  mice, 1 show upregulated 

expression o f  1L-1[3 and IL-lra  mRNA. Expression o f  IL-1(3 and IL -lra  are 

upregulated in primai7 epidermal keratinocytes in the proliferative, and terminal 

differentiation states (Kezic et al., 2012). Further work will require the delineation of 

the steady-state cytokine expression profile o f  keratinocytes in F/g^' and Tmem79"'" 

mice. In addition, both strains are being crossed to IL-1 (3-deficient background mice 

to assess a role for inflammasome-mediated inflammation in these mutant strains.

As demonstrated, in Chapter 4, the C57BL/6 background o f  F l^ '  and 

Tmem79"“' mice induces a IL-17-polarized immune response, with an associated 

increase in IFN-y mRNA in the skin and increased IFN-y secretion in cells from dLNs 

and splenocytes up in vitro stimulation. Previously, it has been shown that 

epicutaneous OVA-sensitization generates both Th2 and T h l 7  responses in BALB/c 

mice, upon mechanical bam er disruption (Fie et al., 2007), with this strain having 

been shown to be more susceptible to the development o f  allergic airway 

inflammation following OVA sensitization (Spergel et al., 1999). Considering that 

BALB/c mice are predisposed to a Th2 and T h l 7  immune bias, Flg^' and Tmem79"'^ 

mice on a congenic BALB/c background, may present with an altered immune bias.

Fl< '̂ and Tmem79"'‘' mice have now been crossed to the BALB/c background 

for the future investigation o f  the gene-modifying effects o f  the background strain. In 

this regard, it is hypothesised that BALB/c congenic F/g^'and Tmem79'"" mutant mice, 

may be more relevant to the immune bias indicative o f  the polarized Th l 7  and Th2 

response in the acute lesions o f  AD-patients (Toda et al., 2003), with IL-17 shown to
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contribute to asthma in humans (Poon et al., 2012; Silvei’pil and Linden, 2012). It ma> 

be that F l^ ' and Tmem79"’‘‘ congenic BALB/c mice, have altered airwa> 

hyperresponsiveness with increases in Rl, which is more associated with classical 

allergic airway inflammation, both in the steady-state and in response to allergen 

challenge following topical allergen sensitization.

Furthermore, though we observe no role for keratinocyte derived TSLP ir 

inducing inflammation following a primary barrier defect in the mouse models in this 

thesis, it may be that the BALB/c background is more conducive to TSLP activatior 

in the epidermis. Initial results emerging from F/g^'-BALB/c mice indicate an alterec 

phenotype, than observed in the F l^ ’ mouse (C57BL/6) as characterized in this thesis 

with clinically skin inflammation in adult mice, and more pronounced atopy (a‘ 

evidenced by levels o f  serum IgE).

As observed in Chapter 4, Tmem79 mice develop a blepharitis-like conditior 

around the eye, associated with age. The apperance o f  this eye condition is observec 

to develop in mice contaminant with the apearance o f  pronounced eczematous lesions 

as seen at 32-weeks. The ocular pathology in these mice begins with initial palpebra 

swelling. The blepharitis-like pathology progresses to ocular edema, palpebra 

closure, and crust formation. A similar progression o f  AD-like pathology anc 

contaminant ocular inflammation is also observed in mice lacking heterogenou; 

nuclear ribonuclear protein D {Hnrnpd), a regulator o f  inflammatory cytokine mRNi* 

stability. These mice develop chronic dermatitis associated with age. Pathology i: 

associated pruritis and excoriations, with histopathology revealing marked epiderma 

acanthosis and spongiosis, neovascularization, dermal cell infiltration and elevatec 

serum IgE levels (Sadri and Schneider, 2009). Hnrnpd '” devel op cutaneou; 

periocular changes around 2-3  months o f  age that develop into pruritic erythematou;
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ulcerative lesions. T he majority  o f  lesions begin with palpebral swelling. The initial 

b lepharitis  is later accom panied  with periocular edem a that often results in palpebral 

c losure, as well as serous exudates and crust formation. Chronic lesions are 

characterized by lichenification o f  the skin with scaly white appearance (Sadri and 

Schneider, 2009).

The skin and eyes are prone to the sam e skin pathologies due to the similar 

ontogenetic origin. Eyelids are predisposed to the developm ent allergic dermatitis  

(A D ) as the skin o f  the eyelids is four times th inner than the other facial skin. The 

diagnosis o f  skin in flam m atory conditions in the eye can include A D  and also 

seborrhoeic eyelid dennatitis ,  which can progress to dermatitis. Atopic and vernal 

keratoconjunctivitis  are associated with atopic eczem a (Kohl et al., 2010).

Blepharitis is defined as a chronic in flam m ation o f  the eyelid margin. It is a 

ve iy  com m on disease, and in one study, approxim ate ly  39%  o f  random ly selected 

patients presented with som e degree o f  lipid secretion dysfunction (H om  et al., 1990). 

In a study o f  1148 patients presenting with ocular discom fort, 12% were found to 

have anterior blepharitis , 24%  had posterior blepharitis, and 21%> were diagnosed with 

dry eyes (Sacca et al., 2006). S ym ptom s associated with blepharitis include a burning 

sensation, iri'itation, tearing, photophobia, blurred vision, and red eyes; with clinical 

examination revealing the presence o f  scurf, telangiectatic vascular changes o f  the 

eyelid  margin, inspissated m eibom ian  glands, conjuntival hyperem ia, punctuate  

keratopathy, co m ea  vascularization, and ulceration (B ernardes  and Bonfioli, 2010).

The condition can be anatom ically  subdivided into anterior and posterior 

blepharitis. A nter ior blepharitis  is the in flam m ation o f  the eyelashes and follicles, 

w hile posterior b lepharitis  involves the M eibom ian glands (Bernardes and Bonfioli, 

2010), with considerable over-lap betw een both forms. A nterior blepharitis is often
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attributable to bacterial, viral or parasitic infection. Posterior blepharitis is commonl> 

a metabolic condition.

Blepharitis is usually secondary to dysfunction or structural changes in the 

meibomian glands, a specialized eye-specific sebaceous gland at the rim o f  the eyelids 

inside the tarsal plate. As discussed in Chapter 4, the occuiTence o f  spontaneous 

sebaceous gland hyperplasia in Tmem79'"‘' mice, and the incidence o f  blepharitis-like 

inflammation progi'essing with age, necessitates a study o f  the meibomian glands and 

Peroxisome proliferator-activated receptor (PPAR)-y in the context o f  blepharitis-like 

pathology in Tmem79"'" mice. PPARy is required for the differentiation o f  the 

sebaceous gland (Rosen et al., 1999), and has been shown to be present in mouse and 

human skin sebaceous glands in vivo (Rosen and Spiegelman, 2001). Recent findings 

support a role for altered PPARy signaling in older mice, affecting changes in cell 

cycle entry/proliferation, lipid synthesis and gland atrophy during aging, that nia> 

underlie age-related meibomian gland dysfunction (Nien et al., 2009). Furthermore 

meibomian gland development has been shown to bear similarities to haii 

development with the formation o f  an epithelial placode and expression o f  PPARy co

incident with lipid synthesis and meibocyte differentiation, implicating PPARy as i 

major regulator o f  meibomian gland function (Nien et al., 2010).

Subsequent to the identification o f  the blepharitis-like pathology in Tmem79"'‘ 

mice, a preliminary investigation examined the association o f  the TM EM 79  SNP ir 

the context o f  blepharitis in humans. Strikingly, initial results for the TM EM 79  SNF 

in the context o f  the incidence o f  blepharitis, shows a very strong and significan 

association, in a cohort o f  blepharitis patients (49 cases), and controls from the Tririt\ 

Biobank (60 controls). The association was shown to be very strongly significant for ■<. 

single gene on a complex trait, with a calculated OR o f  4.33 (95% Cl, 2.31-8.14, P <
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0.0001), with increasing significance in individuals homozygous for the SNP, OR o f  

20.63 (95% Cl, 5.51-77.23, P < 0.0001). In order to control for the FLG  null mutation 

status among the Blepharitis case cohort, FLG  variants were included as a covariate in 

the log regression, with the association remaining highly significant, OR o f  4.06 (95% 

Cl, 2.15-7.68, 0.0001).

Bacterial infection, including staphylococci species, have been implicated in 

the pathogenesis o f  blepharitis (Oto et al., 1998). Indeed, a greater number o f  bacteria 

in the conjunctival flora, has been reported in patients in comparison to a control 

cohort (Bernardes and Bonfioli, 2010). Bacterial lipase has been reported to alter the 

secretion profile o f  the meibomian glands, increasing cholesterol concentration, and 

promoting bacterial colonization (McCulley and Shine, 2004). This implicates an 

altered ocular skin microbiome in the pathogenesis o f  blepharatis.

In Chapter 5, 1 have shown that Tmem79"“' mice have enhanced clearance o f  S. 

aureus infection following cutaneous inoculation, which is associated with elevated 

1L-17A responses in the inguinal dLNs at day 3 post inoculum. This suggests that the 

altered immune milieu in the skin may alter the immune response to bacterial 

infection. Previously, resident epidermal yb T cells, but not a(3 T cells have been 

shown to be required for neutrophil recruitment and bacterial clearance, in a model of 

cutaneous cutaneous S. aureus infection, in a mechanism involving 1L-1-, TLR2-, and 

lL-23-dependendent production o f  lL-17 by yb T cells, which was essential for host 

defense against S. aureus (Cho et al., 2010).

Tinem79"'" mice have recently been crossed to lL-17A-enhanced Green 

Fluorescent Protein-reporter mice. Initial studies with this IL-17A reporter strain 

reveal that Tmeni79'"‘̂ mice have a spontaneously increased percentage o f  dermal IL- 

17A T cells in skin dLNs. Future studies will require the characterization o f  yb T
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cells in Tmem79"'" mice, and their role in response to bacterial and antigenic 

challenge.

The development o f molecular techniques to identify and quantify the 

microbes in a host organisms skin microbiome, has been a considerable advance in 

the area of bacterial genomic characterization, over previous culture based techniques 

(Kong and Segre, 2012). The molecular characterization of skin microbiota diversity 

is based on sequence analysis of the 16S ribosomal RNA gene, which is present in all 

bacteria and archaea, but not in eukaryotic organisms. The 16S rRNA gene contains 

variable regions, facilitating taxonomic classification of microbes, and conserved 

regions o f sequence, which serve as binding sites for PCR primers. Furthermore, an 

organism does not need to be cultured to determine its type by 16S rRNA sequencing 

(Dethlefsen et al., 2007; Tumbaugh et al., 2007). This molecular technique has been 

used to profile the microbiota diversity across multiple and varied skin sites across the 

human body (Grice et al., 2009).

Using 16S rRNA sequencing technology, skin swabs were taken from varioue 

tissue sites for a preliminary analysis o f the skin microbiome of Tmem79'”‘'̂ ‘̂'Flg/'^  ̂

double-homozygous mice versus Tmem79"'"' F l^ ' ~ double-heterozygous mice, whicF 

have revealed an altered skin microbiota profile. Microbiota profiles are observed tc 

cluster by genotype, at all days sampled. Classifications are made using the 

Ribosomal Database Project (RDP) taxonomy. Significant shifts are observed in tht 

microbiota profile at the taxa level, with a notable increase in Staphylococci species ir 

homozygous mice. At Day 1, double-heterozygous mice had more Staphylococci thar 

double-homozygous mice, with double-heterozygous having a microbiome that it 

approximately 10% Staphylococci at day 1, largely composed of sequences matching 

5 cohnii. At day], double-homozygous mice have a microbiome with almost n(
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Staphylococci, but at day 28 and day 60, double-homozygous mice had a greater 

abundance in comparison to double-heterozygous animals. At day 28, double- 

homozygous mice have > 20% o f  the microbiome composed o f  Staphylococci, mainly 

characterized by 5. cohnii and S. saprophyticus. By day 60, the composition has 

shifted to being dominated by S. sciiiri, S. lentus, S. vitulimis and S. fleurettii (Julie 

Segre personal communication).

These early results in double-homozygous Tmem79'"‘'̂ "'‘'Fl^'''^' mutant mice, 

indicate a possible role for an altered skin microbiome in addition to the underlying 

epidermal barrier defects, due to the respective influences o f  the Tmem79"'“ and the 

F l^ '  mutations, in the development o f  AD-1 ike inflammation. In one respect, the 

alterations in skin microbiota may be a secondary phenomenon resulting from the 

spontaneous skin inflammation resulting from primary barrier defects. Contrastingly, 

a shift in the skin microbiome profile from commensal to pathogenic microbiota, due 

to an altered epidermal environment in mutant mice, may represent an environmental 

trigger accounting for the ‘spontaneous’ inflammation. These represent intriguing and 

important questions that need address, in the context o f  epidermal barrier defects and 

the skin microbiome in human AD pathology (Bieber, 2008).

In this preliminary study, skin swabs were taken from heterozygous and 

homozygous littermates following Tmem79"“’F l^'/+  x Tmem79‘"‘'F l^'/+  matings, in 

SPF as opposed to conventional housing. Despite the controlled SPF environment, 

further studies will require the generation o f  genn-free mutant mouse models, to 

assess the development o f  epidermal barrier function and inflammation under germ- 

free environmental conditions, a study that will be undertaken in the near future.

Furthermore, 16S rRNA sequencing will need to be undertaken on skin swabs 

from homozygous and heterozygous littermates from Tmem79"'“ and F l^ '  mutant
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mice, to delineate the respective contribution o f  each mutation to the skin 

microbiome. It is interesting to speculate on the potential outcomes o f  such a study. 

With respect to filaggrin (see Section.1.3.11), the filaggrin m onomer proteolysis 

derived NMF, is processed to the antimicrobial products, PCA and UCA. PCA and 

UCA, at concentrations physiologically in line with normal skin levels, have been 

shown to inhibit the bacterial growth rate and protein expression profile o f  S. aureus 

in vitro (Miajlovic et al., 2010). Given the absence o f  filaggrin in the skin o f  F l^  

mice, it is hypothesized that the absence o f  PCA and UCA will result in an altered 

skin microbiome in these mice.

With regards to Tmem79'"“ mice, the density o f  sebaceous glands is known to 

influence the skin microbiome profile in humans, depending on the skin region (Gricc 

and Segre, 2011). Areas with a high density o f  sebaceous glands like the facial area 

chest and back, have a higher incidence o f  lipophilic microorganisms such as 

Propionihacterium  and M alassezia  species (Roth and James, 1988). Bacterial 

diversity seems to be lowest in sebaceous sites, suggesting a selection specificity foi 

microbe subsets that can tolerate conditions in these areas (Grice and Segre, 2011) 

The lipid-rich substance sebum, produced by sebaceous glands form a hydrophobic 

coating that protects and lubricates the skin and hair, and provides an antibacteria 

shield. It could be hypothesized that the sebaceous gland hypeiplasia in Tm em 7^"‘ 

mice, may lead to increased sebum production, and a consequently altered skir 

microbiome. Indeed, as shown in Chapter 5, Tmem79"'“ mice display enhancec 

clearance o f  S. aureus following cutaneous challenge, suggesting that the impairec 

bacterial clearance may not be solely due to altered basal immunology, but in additior 

to an altered skin environment.
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In conclusion, in this thesis, I present the first experimental evidence for the 

permissibility o f  the intact skin o f  the flaky tail mouse to allergen ingress and 

sensitization. In addition, the mutation underlying the filaggrin defect in these mice is 

revealed to result from a mutation in the Fig  gene, homologous to human FLG  

mutations. I have delineated the respective roles for the F/g^'and Tmem79'"‘̂ mutations 

in the context o f  progressive age associated atopic dermatitis inflammation. It is now 

revealed that the Tmem79'”" mutation accounts for the development o f  skin 

inflammation identified in the flaky tail mouse. Furthermore, it is now shown in this 

thesis, that rwemZP"'" mice develop atopic dermatitis associated lung inflammation in 

an experimental demonstration o f  the atopic march in a spontaneous mutant mouse, 

and that these mice have a ‘leaky’ ban'ier pemiissible to antigen ingress. Recent 

preliminary studies on human atopic dermatitis sample cohorts, are now revealing 

exciting new associations between a SNP in the human homolog TMEM79  and 

human disease. This validates the use o f  a mouse model in an exploration o f  the 

pathogenesis o f  human disease.

Although it must be acknowledged that studies o f  mice have inherent limitations in 

their relevance to complex multifactorial human diseases, due to background strain, 

immunologic bias, or given that the recessivity or dominance o f  a trait may vary 

between humans and mice, useful insights have been gained from murine studies. 

Nevertheless, as discussed above, there is often the scope for the generation o f  

‘better’, more informative mouse models, in the context o f  human disease. In this 

regard, I feel strongly that the Tmem79"'‘' and Flg^' mouse models will accelerate our 

mechanistic understanding atopic dermatitis pathology, and progression to asthma and 

other secondary allergic conditions. These mice will serve as an important resource in
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investigating the im m une m echan ism s o f  allergies, and facilitate in the developm ent 

o f  the next generation o f  therapeutics.
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Appendices



Appendix I 

Preparation of media and buffers

All reag en ts  are  f rom  S ig m a -A ld r ic h  u n le ss  o t h e m i s e  ind ica ted .

Preparation for cell cultures.

Culture media

R P M l-1 6 4 0  M e d iu m  (G ib c o  Inv itrogen )

2 m M  L -G lu ta m in e

10%  Feta l C a l f  S e ru m  (P C S ; B iow es t ,  F ran ce )

50 U /m l Pen ic i l l in  (G ib c o  Inv itrogen )

50 ^ig/ml S t re p to m y c in  (G ib c o  Inv itrogen )

Wash media 

R P M l-1 6 4 0  M e d iu m  

50 U /m l P en ic i l l in

50 n g /m l  S t re p to m y c in

Phosphate Buffered Saline (PBS: IOX)

8 5 g  S o d iu m  c h lo r id e  (N aC l)

12.8g D i- so d iu m  h y d ro g e n  o r th o p h o sp h a te  ( N a 2H P 0 4 )

1,56g  S o d iu m  d ih y d ro g e n  p h o sp h a te  ( N a H 2P 0 4 )

A d d  to 1L d is t i l led  w a te r  (dH ^O ) and  ad jus ted  to pH  7.6  fo r  a lOX so lu tion .

D ilu t ing  IL  o f  the  lOX P B S  in 9L  d H 2 0  an d  a d ju s t in g  to  pH  7.6  p re p a re d  a IX  

so lu tion
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Tissue homogenization buffer

2% FCS with 0.5% hexadecyltrimethylammonium bromide (CTAB; Sigma)

ELISA buffers

Coating buffer:

ELISA Wash buffei 

Blocking buffer:

Incubation buffer:

Phosphate-citrate buffer 

10.19 g Citric acid (C6HSO7)

36.9 g Di-sodium hydrogen orthophosphate (Na2HP0 4 )

Dissolve in IL dHjO and adjust to pH 5

Carbonate buffer 

0.795 g 

1.465 g

Dissolve in 500 ml 

MPO buffers

Dihition buffer: Phosphate citrate buffer, pH 5.0

Substrate buffer: TMB, pH 5.5, 120 Resorcinol

Stop solution: 1M H2SO4

Na2C0 3  

NaHCOj 

dH.O (pH 2.6)

PBS

PBS with 0.05% Tween 20

1% BSA in PBS

PBS
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Tris-horate EDTA (TBE, lOX)

107.8 g Tris base

50 g Boric acid

7.44 g EDTA

Dissolve in IL dH20 and adjust to pH 8,3

A IX solution was prepared by diluting IL o f  the lOX TBE in 9L dH20.
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Appendix II: Antibodies

In  vitro antibodies:

Marker Clone Company

Rat anti-mouse CD3 17A2 BD PharMingen

Hamster anti-mouse CD28 37.51 BD PharMingen

In vivo antibodies:

Marker Clone Company

Anti-IL-17A mAh 17F3 BioXCell

Mouse IgGl MOPC-21 BioXCell
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A p p e n d i x  III

PCR primers:

Mouse genotyping primers:

Designation Purpose Sequence 5 - i ’

niFlgdelA-F Mutation delA genotyping CGC CAG GTC CCG GGG CTC TAC

niFlgdelA-R Mutation delA genotyping TCT TGA GCC TGA TCT TGC GCT GA

FTinsl5.F F/ 15 bp in/del marker CAT CTC CAG TCA GGG CTG ACC

FTinslS.R F/ 15 bp in/del marker GCT GCC TGT GGC CGG ACT CG

FT3’F Ft y  end of exon 3 GGG TCA CAA GGC CAA GCA CAG

FT5’R Fl 3 ’ end of exon 3 CAT ATC CTC CCT GAC CAC TTG C

mTmem79-F Mutation genotyping GGT TTC TCT TCA TTC TGC TG

mTmem79-R Mutation genotyping AAG GCA ATG GAT TCA ACA C
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Appendix IV

Intron-exon organization o f the murine filaggrin gene (Fig) manually annotated from 

the C57BL/6 mouse genome, chromosomal band 3qFl-3qF2.1 (base numbering in 

base pairs from mm9, July 2007 assembly o f the mouse genome).

Feature Start End Size

Exon 1 93077463 93077494 32

Intron 1 93077495 93081473 3979

Exon 2 93081474 93081632 159

Intron 2 93081633 93083302 1670

Exon 3 93083303 93097613 14311
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Appendix V

Resolution of assembly errors evident in Fig ORF within filaggrin tandem repeat 

region derived from the genomic sequence from the BAC clone RP23-227A12.

mRNA position Genomic DNA position (mm9, July 
2007)

3186T>G 93,086,297T>G

3195T>G 93,086,306T>G

3312delGC 93,086,423delGC

3343insG 93,086,454insG

5946delG 93,089,057delG
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Appendix VI

Primers used for shotgun sequencing.

Designation Purpose Sequence 5 ’- i ’

FTshotgun.Fl PCR of shotgun fragment 1 AAG ATC AGG CTC AGG AGG AAC

FTshotgun.Rl PCR of shotgun fragment 1 GAG CTG TGC CCT TGG TTA GAG

FTshotgun.F2 PCR of shotgun fragment 2 CCA GCG ACA GCG AGG GCC ACT C

FTshotgun.R2 PCR of shotgun fragment 2 CTC GCT GAC CCC TCG ACG CCC F

FTshotgun.F3 PCR of shotgun fragment 3 GAG GGC CGG ATC CAG CTC CGG CTC A

FTshotgun.R3 PCR of shotgun fragment 3 CTT CGA CCT GGA CTC CAG AAT 3GA C

FTshotgun.F4 PCR of shotgun fragment 4 GCT GTT CGT GCT CAT GCT GGT G

FTshotgun.R4 PCR of shotgun fragment 4 GGG CTC CCT GGT GTC CTC TC

FTshotgun.F5 PCR of shotgun fragment 5 CAC GGC TCC GGA TAC TAC TATG

FTshotgun.RS PCR of shotgun fragment 5 GAC CGC TGC TCG TGC CTC TGG :

FTshotgun.F6 PCR of shotgun fragment 6 TCT CGC CAC CAG GCC ACT CTC

FTshotgun.R6 PCR of shotgun fragment 6 GAG AGA GGA GCT GTG CCC TTC
. . . . . . -------------------------------------------------------------------------------------------------------------------------------------------------------------------j
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Appendix VII

The location o f Tmeni79 on mouse Chromosome 3 is 88132575:88183555. Seven 

primer pairs were used in the sequencing o f the sequnce o f the 4 exons o f the gene.

Feature F primer (5’-3') R primer (5'-3')

Exon 1 TTTGGAGACACAGGCAAG TCTCTACAGCCAAGGGTCA

Exon 2.1 TTCCTCCCCACAGTGTTCT AATGGCTCCTCCGACTTAG

Exon 2.2 CAGAGGCACCTACTAAGTCG AGTGGCAGGTTCAGGATAC

Exon 3 GGTTTCTCTTCATTCTGCTG AAGGCAATGGATTCAACAC

Exon 4.1 GGTGTTTGGAGTAGTATCGGC TTTTCCTTCTCCTTGGCG

Exon 4.2 ACACTTCCTTCTTGGGCAG GCTTGGAAGGCAGTTAGTTTC

Exon 4.3 CAAGCCTCTCTCTGTCTTCC TGCTCCCAGTAAGTTGTCC
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Appendix V Ill

Real-time quantitative PCR was performed using predesigned TaqMan gene 

expression assays specific for murine transcripts (Applied Biosystems, Paisley, UK)

Assay Assay ID

1L-1|3 M m01336189_m l

IL-4 M m00445259_ml

lL-10 M m00439616_ml

IL-13 M m00434204_ml

1L-17A M m00439619_m l

lL-21 Mm0051764_ml

lL-33 M m00505403_ml

IFN-y M m00801778_ml

TSLP M m00498739_ml
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