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Abstract 
 

Atopic dermatitis (AD) is the most common inflammatory disease of childhood. It is 

characterised clinically by chronic skin inflammation and pruritus. Atopic dermatitis is 

associated with several co-morbidities, including food allergies and asthma. It is a 

disease of early life, with a typical onset in infancy and the clinical manifestations varying 

with age. The cheek skin is the site of disease initiation and the focus of inflammation. 

Atopic dermatitis is associated with a significant negative impact on quality of life for the 

patient and their family. [1] 

 

Pathologically AD is characterised by an epidermal barrier abnormality, immune 

dysregulation, and microbiome alteration. [2] The discovery of loss-of-function (LOF) 

mutations in filaggrin (FLG), a barrier protein expressed in the outer layers of the 

epidermis, as the strongest known genetic risk factor for the development of AD was 

fundamental in highlighting that skin barrier dysfunction is a central pathomechanism in 

the disease. A defective epidermal permeability barrier is consistently found in AD skin, 

at both clinically affected and unaffected sites. Patients with AD with FLG LOF mutations 

have more persistent disease, more severe disease, and a greater risk of food allergies 

and eczema herpeticum. 

 

The focus of this PhD is the investigation of early disease mechanisms in AD. This work 

included characterisation of the epithelial barrier in early life, both in the setting of health 

and disease, as well as biomarker discovery in infantile AD.  I aimed to investigate 

regional and age dependent variations in stratum corneum (SC) structure and function, 

with a focus on filaggrin metabolism and corneocyte maturity, to determine if these could 

explain the observed predilection sites for AD in early life. I sought to explore the 

relationship between FLG genotype, filaggrin breakdown products (natural moisturising 
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factor [NMF]), and corneocyte morphology in patients with AD.  I also aimed to explore 

biomarkers in infantile AD, both from the skin and systemically, and compare these to 

structural and functional measures of the skin barrier. 

 

To address my research questions I established two, strictly defined patient cohorts (188 

subjects and 100 subjects) with associated biobanks. These cohorts had detailed clinical 

information recorded. Biophysical measures of the skin barrier were measured including 

transepidermal water loss (TEWL). The stratum corneum (SC) was sampled and used 

for analysis including:  measurement of filaggrin breakdown products or NMF, SC 

biomarkers, SC proteases and maturity assays, and imaging of corneocyte structure. 

Blood samples allowed FLG mutation status to be established and systemic biomarkers 

to be measured.  

 

This research identified the following findings in relation to SC biology and AD:  

  

• Total NMF is low after birth and increases rapidly in post-natal life.  

(Kruskal-Wallis test followed by Dunn’s multiple comparisons test and one-way 

ANOVA followed by Tukey’s multiple comparison test. p<0.001  - p<0.05) 

 

• Total NMF is regionally determined, with the cheek skin being slow to 

mature. 

(Mann Whitney 2-sided paired test and Kruskal-Wallis test followed by Dunn’s 

multiple comparisons test, p< 0.001 – p<0.05)  

 

• The late stage filaggrin processing enzymes, BH and C-1, and plasmin 

activity are elevated by 1 month of age in exposed cheek skin, in contrast 

to elbow skin. 
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(Kruskal-Wallis test followed by Dunn’s multiple comparisons test (for BH activity on 

elbow region one-way ANOVA followed by Tukey’s multiple comparison test was 

used). p < 0.01, p < 0.05) 

 

• Corneocyte structure, specifically the abundance of surface villous 

projections, is altered in FLG mutation carriers, irrespective of disease 

severity scores. 

(Two-tailed Mann Whitney test, p<0.05) 

 

• Corneocyte villous projections correlate with levels of filaggrin breakdown 

products and plateau at normal levels of filaggrin breakdown products. 

(Pearson correlation test, Spearman rank correlation and linear regression model, 

r= -0.726 and -0.730) 

 

• Villous projections showed the presence of corneodesmosin abundantly all 

over the cell surface 

 

• Non-invasive sampling can detect clinically relevant biomarkers in the SC 

of infants with AD. 19 SC and 12 plasma biomarkers showed significant 

differences between healthy and AD skin in infants.  

(two-tailed Welch’s t-test or two-tailed Mann-Whitney test,  BH corrected p-

values: p < 0.0001 – p<0.05) 

 

• Identified biomarkers of AD severity included Th2 skewed markers (Il-13, 

CCL17, CCL22, IL-5), markers of innate activation (IL-18, Il-1α, IL1β, CXCL8), 

angiogenesis (Flt-1, VEGF) and others (sICAM-1, GMCSF). 
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(two-tailed Welch’s t-test or two-tailed Mann-Whitney test,  BH corrected p-

values: p < 0.0001 – p<0.05) 

 

• Stratum corneum and plasma biomarkers showed correlation with skin 

barrier function and disease severity. 

(Spearman correlation coefficients [BH corrected p-values] p < 0.0001 - p < 0.05)  

 

This thesis presents several important original findings that represent progress in this 

research field. I have established that filaggrin processing, corneocyte maturity, and 

protease activities show regional and temporal differences in infant skin.  These findings 

help explain disease patterns in early life AD, particularly why infantile AD initially affects 

the cheeks. The results are supportive of the cheek site being highly relevant for allergen 

priming in early childhood. I have demonstrated that filaggrin deficiency is associated 

with physical abnormalities in corneocytes in AD that persist despite clinical improvement 

in disease. These structural differences help explain clinical variances between AD 

endophenotypes, and have the potential to facilitate assessment of therapeutic 

interventions. Finally, I have identified clinically relevant AD biomarkers, including novel 

markers, easily sampled and typed in infants with AD.  These markers provide insights 

into pathogenesis of infant AD, and may be potentially useful for disease stratification. 

Further research opportunities arise from this work. How the findings of this thesis can 

be utilised to guide directed therapeutics and preventative strategies, and the optimal 

timing of such interventions, are the next challenges to address. 
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I believe finally that education must be conceived as a continuing reconstruction 

of experience; that the process and the goal of education are one and the same 

thing. 

- John Dewey 
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1 Chapter One: Introduction 

 

 Rationale 1.1

 

Atopic dermatitis (AD) is the most common inflammatory disease of childhood.[3] It is a 

chronic, distressing skin condition characterised by an epidermal barrier abnormality, 

cutaneous inflammation, immune dysregulation, and microbiome alteration.[2] Atopic 

dermatitis is associated with several co-morbidities, including food allergies and 

asthma.[4] It is a disease of early life, with the typical onset in infancy and the clinical 

manifestations vary with age.[1]  

 

The critical importance of an inherited skin barrier defect is accepted in the pathogenesis 

of AD. The discovery that filaggrin (FLG) loss-of-function mutations are the strongest 

genetic risk factor for AD has been the single most significant breakthrough, to date, in 

understanding the molecular genetic mechanisms of a wide range of atopic and allergic 

disorders.[5] The association of FLG mutations with AD, and its associated atopic 

diseases, provides substantial evidence for the ‘outside-inside’ hypothesis of AD 

pathogenesis and places skin barrier function at the forefront of research into these 

extremely common diseases.[2] 

 

Despite a host of advances in the understanding of AD, many questions remain 

unanswered about pathomechanisms. Little is understood about early events in AD 

causation. Why AD is predominantly a disease of infancy, why it has a predilection for 

certain body sites, and why the affected regions vary with age in childhood was 

unexplored. Immunological dysregulation in AD is an area of expanding interest but, to 

date, has largely focused on adult cohorts with well-established chronic disease.  
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The focus of this PhD research is the investigation of early disease mechanisms in AD. 

This work included characterisation of the epithelial barrier in early life, both in the setting 

of health and disease, as well as biomarker discovery in infantile AD. I focused on early 

life, the typical time of disease onset, hoping this window would provide critical clues and 

unique insights into pathogenesis. Furthermore, I considered that very early events in the 

disease might provide more clarity on initiating pathogenesis in comparison with 

established disease. There is evidence that with disease chronicity secondary 

pathogenic mechanisms have effect, such as sensitisation to self-proteins and 

autoallergy.[1] The realistic hope is that new insights into the complex pathophysiology of 

AD will allow more targeted treatments aimed at dysregulated structural or immune 

functions. A better understanding of early events in AD pathogenesis has enormous 

value in dissecting and in planning individualised therapeutic approaches at an early 

stage of the disease, with the potential to impact not only the skin, but also the 

associated co-morbidities.  

 

 Aims of Thesis 1.2

 

At the onset of planning the work contained in this thesis I aimed to establish a clinical 

database and biobank of infants and children, both with AD and healthy skin, to allow 

investigation of early events in AD pathogenesis.   

 

I successfully established a clinical database and biobank of 100 infants and children 

with AD. Initial recruitment was in infancy (first 12 months of life), at the first presentation 

of skin disease. All patients were treatment naïve at recruitment. Ethics committee 

approval is in place to follow these children for 5 years after recruitment, including 
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ascertainment of clinical details, biophysical measures of the skin barrier, stratum 

corneum samples and blood samples.  

 

I also established a biobank of 188 healthy infants and children, ranging in age from less 

than 48 hours old to 6 years old. Stratum corneum (SC) samples from several skin sites 

were biobanked, as well as DNA extracted from bloods or buccal swabs.  

 

Both of these biobanks have proved fruitful to date, allowing the studies for this PhD 

candidature as well as several successful collaborative studies internationally. It is my 

hope and aim that these clinical databases and biobanks will continue to provide 

valuable and important discoveries into infantile and childhood AD, a condition which can 

be enormously distressing and which is such a common experience for many families.  

 

The research and experimental design outlined in this thesis were directed by 3 distinct 

hypotheses: 

 

 

Hypothesis 1: Regional and temporal differences in filaggrin expression and processing 

are likely to be important in the pathogenesis of AD, and may help explain the disease 

onset in infancy and observed clinical patterns in early life.  

 

Research Aim: To determine the regional and age dependent variations in 

levels of stratum corneum (SC) filaggrin degradation products, activities of 

SC filaggrin processing enzymes, together with plasmin and corneocyte 

maturity, from a large cohort of healthy infants and children, to determine if these 

could explain the observed predilection sites for AD in early life.  
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Hypothesis 2: Filaggrin deficiency associates with physical abnormalities in corneocytes 

that may explain the different phenotypes in AD associated with FLG mutations (ADFLG) 

compared with AD without FLG mutations (ADNON-FLG). 

 

Research Aim: I aimed to quantitatively explore the relationship between FLG 

genotype, filaggrin breakdown products (natural moisturizing factor [NMF]) 

and corneocyte morphology in children with AD, in an effort to explain clinical 

aspects of barrier dysfunction in the disease.  

 

Hypothesis 3: Infantile AD has a skin and systemic biomarker profile that will provide 

pathomechanistic insights, and have associations with clinical measures such as disease 

severity and barrier function.  

 

Research Aim: To profile both the plasma and stratum corneum in infants with 

AD. To analyse biomarkers, alongside eczema severity assessments, and 

transepidermal water loss (TEWL), to identify clinically relevant biomarkers of 

AD severity, including novel markers, easily sampled and typed in infants. 
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 Overview of Thesis 1.3

 

In this thesis I present original research undertaken during my PhD candidature. This 

thesis represents a series of 3 studies that have pathomechanisms of AD in early life, 

focusing on characterisation of the skin barrier as a central theme. Seven chapters 

constitute the main body of the thesis. Chapter 2 presents a literature review and the 

background to my research questions. Chapter 3 describes the methodology employed 

for my studies, including acquisition of the study cohorts, laboratory techniques and 

statistical tests. Chapters 4 to 6 present the results of my PhD research. In Chapter 4 I 

report the levels of SC filaggrin degradation products, activities of SC proteases, and 

maturity markers in early life. In Chapter 5 I present the relationship between corneocyte 

structure, FLG genotype and filaggrin breakdown products in infants and children with 

AD. In Chapter 6 I outline our investigation of biomarkers in infantile AD. Chapter 7 

concludes my thesis by reviewing the experimental chapters within the context of 

progress in the field, and future directions for research informed by my work.  
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2 Chapter Two: Literature Review 

 

 Chapter Overview 2.1

 

This chapter provides an overview of AD and disease pathogenesis.  Clinical aspects of 

the disease are briefly discussed.  Epidermal structure and function are appraised, 

including filaggrin biology and early life skin barrier development. Finally, the current 

state of knowledge about AD pathogenesis is reviewed, focusing on the triad of 

epidermal barrier dysfunction, immune dysregulation and alterations of the microbiome.  

 

 Clinical Features of Atopic Dermatitis 2.2

 

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease worldwide. 

It is the commonest inflammatory disease of childhood in the developed world. Its 

increasing prevalence presents a major global public health issue.[6] The current 

prevalence of AD in most high-income and some low- income countries is approximately 

10–30% in children and 2-10% in adults, representing a two- to threefold increase over 

the past several decades.[6]  

Atopic dermatitis typically starts in early infancy. A total of 45% of all cases of AD begin 

within the first 6 months of life, 60% begin during the first year, and 85% begin before 5 

years of age.[1] The reasons for disease onset in infancy are unknown. The clinical 

manifestations of AD vary with age. In infancy, the first lesions most commonly emerge 

on the cheeks and the scalp.[7] A Danish study of 411 infants reported that AD lesions 

started on the scalp, forehead, ear, neck and cheek in infants, with the cheek being the 

most commonly involved region.[8] While infantile AD typically involves the facial skin, 

the nasal tip is lesion-free: the ‘Yamamoto sign’.[9] (Figure 2.1) During childhood the 
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flexures, the nape, and the dorsal aspects of the limbs are often primarily involved. In 

adolescence and adulthood lichenified plaques affect the flexures, head, and neck.[1] 

(Figure 2.2) Why AD is a disease of infancy, why the clinical pattern varies with age, why 

it has a predilection for certain body sites, and why the cheek is the site of disease 

initiation and primary focus of skin inflammation was unknown, and largely unstudied, 

prior to this work.  

 

The characteristic clinical features of AD include pruritus, skin inflammation and a 

chronic or chronically relapsing course, beginning in infancy.[10] (Figures 2.3, 2.4, 2.5) In 

2003, a consensus conference suggested that the revised Hanifin and Rajka criteria was 

the most streamlined for AD diagnosis.[11] (Table 2.1) Atopic dermatitis is often 

accompanied by other atopic disorders - food allergies, asthma, allergic 

rhinoconjunctivitis, and less often, eosinophilic oesphagitis.  These co-morbidities can 

present simultaneously or in succession. The characteristic, age-dependent sequence of 

onset of co-morbidities is referred to as the ‘atopic march’.[12] Atopic dermatitis has a 

serious negative effect on patients’ and families’ quality of life, for example, through itch, 

sleep disturbance and a negative impact on schooling or work.[13-15]. The impact on 

health related quality of life of paediatric AD is comparable to that of other chronic 

diseases of childhood, including diabetes and asthma.[13] Furthermore, AD is 

associated with a significant socioeconomic burden.[16]  

 

With expanding evidence of the inflammatory pathways in AD, a new era in therapeutics 

is emerging. There remains, however, a large unmet need for safe and effective 

therapeutics in AD.[17] Recent clinical trials with the anti-IL-4 receptor α, dupilumab, 

have been encouraging, but it is clear that this treatment is not equally effective in all 

patients and alternative therapeutic approaches will be required. New sets of broad and 

targeted therapeutics are being investigated with the hope of providing new treatment 

options.[18] There will be an on-going need for therapeutic stratification of both new and 
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established treatments. Biomarker profiles will be central to this aim. In 2015 the Global 

Allergy Forum met in Davos to define key questions in AD research and education, 

which will pave the way for future therapies, including precision medicine.[19] Several 

research fields were identified as requiring further study in biomarker discovery, 

including: biomarkers in the field of barrier function, stratification of the phenotype ‘barrier 

function’ into more precise subgroups with appropriate biomarkers and research on the 

immune response in AD worldwide.[19]  

 

Infantile AD is an important phenotype to characterize – it marks the commencement of 

the disease, and is the gateway for the atopic march with its significant morbidities, and 

their related psychosocial and economic burden. Any insights into this subtype of AD 

could facilitate drug development and/or therapeutic approaches that could not only 

alleviate or cure the disease, but also halt the atopic march.  

 

 

Figure 2.1 Clinical images of infantile AD  
The cheek skin is the site of initiation and the focus of inflammation, in contrast to the nasal tip 
which is typically lesion-free: the ‘Yamamoto sign’. These babies were recruited to the AD cohort 
for studies included in this PhD candidature.  
Reproduced with parental permission.  
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Figure 2.2 Distribution patterns of AD and regional variants 
Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 
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adult stages ( Fig. 12.3   ). In each stage, patients may develop acute, 
subacute, and chronic eczematous lesions, all of which are intensely 
pruritic and often excoriated. Acute lesions predominate in infantile 
AD and are characterized by edematous, erythematous papules and 
plaques that may exhibit vesiculation, oozing, and serous crusting. 
Subacute eczematous lesions display erythema, scaling, and variable 
crusting. Chronic lesions, which typify adolescent/adult AD, present as 
thickened plaques with lichenifi cation as well as scale; prurigo nodule-
like lesions can also develop (see below). Perifollicular accentuation and 
small, fl at-topped papules (papular eczema) are particularly common in 
patients with African or Asian heritage. In any stage of AD, a general-
ized exfoliative erythroderma may develop in the most severely affected 
patients (see  Ch. 10 ). All types of AD lesions can leave postinfl amma-
tory hyper-, hypo-, or occasionally depigmentation upon resolution 
( Fig. 12.4   ). 

   Infantile AD (age  < 2 years)   typically develops after the second 
month of life, often initially appearing as edematous papules and pap-
ulovesicles on the cheeks, with sparing of the central face; the lesions 
may evolve to form large plaques with oozing and crusting ( Fig. 12.5   ). 

up to 65% of the  S. aureus  strains that colonize AD patients  76  . In addi-
tion, the  S. aureus   δ -toxin stimulates mast cell degranulation and Th2 
infl ammation  77  . Filaggrin defi ciency also increases the susceptibility of 
keratinocytes to  S. aureus   α -toxin-induced cytotoxicity  78  . 

 Alterations in the skin microbiome of AD patients related to the use 
of cleansers and topical immunomodulatory or antimicrobial agents 
may have potential effects on cutaneous infl ammation and barrier func-
tion. In addition, topical administration of coagulase negative  Staphy-
lococcus  strains with antimicrobial activity has been shown to markedly 
reduce  S. aureus  colonization in AD patients  78a  , providing the basis for 
bacteriotherapy as a potential AD treatment.   

  CLINICAL FEATURES 

  Disease Course 
 AD has a broad clinical spectrum that varies depending upon the age 
of the patient. It is divided into infantile, childhood, and adolescent/

  Fig. 12.3      Distribution patterns of atopic dermatitis (AD) and 
regional variants.     *May be the only manifestation of AD in 
adults.  † Not to be confused with nummular eczema occurring 
outside the setting of AD.       

DISTRIBUTION PATTERNS OF ATOPIC DERMATITIS AND REGIONAL VARIANTS

Most common sites

Infantile atopic dermatitis

Childhood and adolescent atopic dermatitis

Other frequently
involved sites

Most common sites

Other sites of predilection

Specific variants

Eyelid eczema*:
often has prominent
lichenification

Nipple eczema:
exacerbated by rubbing
of clothing (e.g. in
joggers/athletes)

Atopic hand eczema*:
often superimposed
irritant contact dermatitis

Nummular lesions† :
coin-shaped eczematous
plaques, often with
oozing/crusting, favoring
extremities

Frictional lichenoid
eruption:
multiple, small, flat-
topped pink to skin-
colored papules on
elbows > knees,
classically in atopic boys
in spring/summer

Prurigo-like lesions:
firm, dome-shaped
papulonodules with
central scale-crust,
favoring extensor
extremities

Dryness (chapping) of
vermilion lips, ± peeling,
fissuring, angular cheilitis

Erythema and scaling
surrounding vermilion
lips, often due to irritation
from licking (lip licker’s
eczema)

Dyshidrotic eczema:
deep-seated vesicles
favoring sides of fingers
and palms

Head and neck dermatitis:
primarily of face and neck
after puberty;
may be triggered by
Malassezia overgrowth

Ear eczema:
erythema, scaling and fissuring
under earlobe and/or in
retroauricular region, ±
bacterial superinfection

Juvenile plantar
dermatosis:
glazed erythema, scaling
and fissuring of plantar
forefeet
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Figure 2.3 Infantile AD. Erythema with scaling and crusting, and sparing of the 
nasal skin 
Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 

 

 

 
 
Figure 2.4 Chronic AD of childhood 
A: Licenification, scale and punctate excoriations in the antecubital fossa. 
B: Thick eczematous plaques with excoriations on the dorsal hand and wrist. 
Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 
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 In   childhood AD (age 2 to 12 years)  , the lesions tend to be less 
exudative and often become lichenifi ed. The classic sites of predilection 
are the antecubital and popliteal fossae (fl exural eczema) ( Fig. 12.7   ). 
Other common locations include the wrists, hands, ankles, feet, neck, 
and eyelids, although any area can be involved ( Fig. 12.8   ). Xerosis typi-
cally becomes pronounced and widespread. 

   Adult/adolescent AD (age  > 12 years)   also features subacute to 
chronic, lichenifi ed lesions, and involvement of the fl exural folds typi-
cally continues ( Fig. 12.9   ). However, the clinical picture may also 
change. Adults with AD frequently present with chronic hand derma-
titis that has both endogenous and exogenous components ( Fig. 12.10   ), 
while others have primarily facial dermatitis ( Fig. 12.11   ), often with 
severe eyelid involvement (see below). Patients who have suffered from 
continuous AD since childhood are more likely to have extensive 
disease that is resistant to treatment. Such individuals may also have 
severe excoriations and chronic papular skin lesions because of habitual 
scratching and rubbing ( Fig. 12.12A   ). 

   Senile AD (age  > 60 years)   is characterized by marked xerosis. Most 
of these patients do not have the lichenifi ed fl exural lesions typical of 
AD in children and younger adults. 

 AD has a profound adverse impact on the quality of life of affected 
children and adults, with intense pruritus and stigmatization often 

  Fig. 12.4    
  Postinfl ammatory 
hypopigmentation in 
atopic dermatitis.       

  Fig. 12.5      Infantile atopic 
dermatitis on the face.    
  A  Erythema with 
scale-crust on the 
cheeks. Note the sparing 
of the central face. 
 B  More severe, 
widespread facial 
dermatitis with 
accentuation of 
scale-crust around the 
mouth.      A, Courtesy, Julie V 
Schaff er, MD.   

A

B

  Fig. 12.6      Infantile 
atopic dermatitis on the 
extensor arms.     Chronic 
diff use involvement 
of the extensor arms 
with scaling and 
hyperpigmentation. 
Note the follicular 
prominence on the 
trunk.       

  Fig. 12.7      Flexural atopic 
dermatitis in a child.   
  The popliteal fossa is a 
typical location. Note the 
excoriations.      Courtesy, Julie V 
Schaff er, MD.   

The scalp, neck, extensor aspects of the extremities, and trunk may 
also be involved, usually with sparing of the diaper area ( Fig. 12.6   ). In 
the fi rst 6 months of life, the face is affected in  > 90% of patients with 
AD  79  . Young infants may attempt to relieve itch through rubbing move-
ments against their bedding, whereas older infants are better able to 
directly scratch affected areas. 
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scratching and rubbing ( Fig. 12.12A   ). 

   Senile AD (age  > 60 years)   is characterized by marked xerosis. Most 
of these patients do not have the lichenifi ed fl exural lesions typical of 
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children and adults, with intense pruritus and stigmatization often 
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The scalp, neck, extensor aspects of the extremities, and trunk may 
also be involved, usually with sparing of the diaper area ( Fig. 12.6   ). In 
the fi rst 6 months of life, the face is affected in  > 90% of patients with 
AD  79  . Young infants may attempt to relieve itch through rubbing move-
ments against their bedding, whereas older infants are better able to 
directly scratch affected areas. 
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resulting in sleep disturbances, psychological distress, social isolation, 
disrupted family dynamics, and impaired functioning at school or work. 
Children with AD experience greater impairment in their quality of life 
than those with diabetes mellitus or epilepsy  80  .  

  Regional Variants of Atopic Dermatitis 
 Several regional variants of AD can occur in isolation or together with 
the classic age-related patterns of involvement described above (see  Fig. 
12.3 ). The face is a frequent location for site-specifi c manifestations. 
Eczema of the lips, referred to as   cheilitis sicca  , is common in AD 
patients, especially during the winter ( Fig. 12.13A   ). It is characterized 
by dryness (“chapping”) of the vermilion lips, sometimes with peeling 
and fi ssuring, and may be associated with angular cheilitis. Patients try 
to moisten their lips by licking, which in turn may irritate the skin 
around the mouth, resulting in so-called   lip-licker ’ s eczema.   Another 
common feature of childhood AD is   ear eczema  , presenting as ery-
thema, scaling, and fi ssures under the earlobe and in the retroauricular 
area, sometimes in association with bacterial superinfection.   Eyelid 
eczema   can represent the only manifestation of AD, especially in 
adults. In contrast to eyelid eczema due to other causes, it is character-
ized by lichenifi cation of the periorbital skin. 

   “Head and neck dermatitis”   represents a variant of AD that typi-
cally occurs after puberty and primarily involves the face, scalp, and 

  Fig. 12.8      Extensive 
atopic dermatitis in a 
child.     Excoriations, 
crusting, and 
lichenifi cation are 
evident.       

  Fig. 12.9      Chronic atopic dermatitis.      A  Lichenifi cation, scale, and punctate excoriations in the antecubital fossae.  B  Coalescing papules and lichenifi cation on the 
ankle due to chronic scratching and rubbing.  C  Thick eczematous plaques with excoriation on the dorsal hand and wrist.      A, C, Courtesy, Julie V Schaff er, MD; B, Courtesy, Antonio 
Torrelo, MD.   

A B C

  Fig. 12.10      Atopic 
dermatitis with severe 
chronic hand 
involvement.     Note the 
marked lichenifi cation.    
  Courtesy, Julie V Schaff er, MD.   

  Fig. 12.11      Severe atopic 
dermatitis with facial 
involvement in an 
adult.       
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resulting in sleep disturbances, psychological distress, social isolation, 
disrupted family dynamics, and impaired functioning at school or work. 
Children with AD experience greater impairment in their quality of life 
than those with diabetes mellitus or epilepsy  80  .  

  Regional Variants of Atopic Dermatitis 
 Several regional variants of AD can occur in isolation or together with 
the classic age-related patterns of involvement described above (see  Fig. 
12.3 ). The face is a frequent location for site-specifi c manifestations. 
Eczema of the lips, referred to as   cheilitis sicca  , is common in AD 
patients, especially during the winter ( Fig. 12.13A   ). It is characterized 
by dryness (“chapping”) of the vermilion lips, sometimes with peeling 
and fi ssuring, and may be associated with angular cheilitis. Patients try 
to moisten their lips by licking, which in turn may irritate the skin 
around the mouth, resulting in so-called   lip-licker ’ s eczema.   Another 
common feature of childhood AD is   ear eczema  , presenting as ery-
thema, scaling, and fi ssures under the earlobe and in the retroauricular 
area, sometimes in association with bacterial superinfection.   Eyelid 
eczema   can represent the only manifestation of AD, especially in 
adults. In contrast to eyelid eczema due to other causes, it is character-
ized by lichenifi cation of the periorbital skin. 

   “Head and neck dermatitis”   represents a variant of AD that typi-
cally occurs after puberty and primarily involves the face, scalp, and 

  Fig. 12.8      Extensive 
atopic dermatitis in a 
child.     Excoriations, 
crusting, and 
lichenifi cation are 
evident.       

  Fig. 12.9      Chronic atopic dermatitis.      A  Lichenifi cation, scale, and punctate excoriations in the antecubital fossae.  B  Coalescing papules and lichenifi cation on the 
ankle due to chronic scratching and rubbing.  C  Thick eczematous plaques with excoriation on the dorsal hand and wrist.      A, C, Courtesy, Julie V Schaff er, MD; B, Courtesy, Antonio 
Torrelo, MD.   
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Figure 2.5 Extensive AD in a child 

Excoriations, crusting and licenification are evident 
Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 
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Table 2.1 Diagnostic features and triggers of AD 
Adapted from the American Academy of Dermatology Consensus Conference on Pediatric Atopic 
Dermatitis (Eichenfield LF, Hanifin JM, Luger TA et al. J Am Acad Dermatol 2004;49:1088-95) 
 Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 
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and Sulzberger proposed the name “atopic dermatitis”. The list of 
characteristic features proposed by Hanifi n and Rajka  5   in 1980 helped 
to unify the clinical concept of AD. In 1994, Williams and co-workers  6   
simplifi ed Hanifi n and Rajka ’ s criteria to establish the UK Working 
Party ’ s Diagnostic Criteria for AD, which were validated for the purpose 
of clinical studies; these criteria were modifi ed slightly by Williams in 
2005  2  . In 2003, a consensus conference spearheaded by the American 
Academy of Dermatology suggested revised Hanifi n and Rajka criteria 
that are more streamlined and applicable to the full range of patient 
ages ( Table 12.1   ). 

 According to the consensus nomenclature by the World Allergy Orga-
nization (WAO)  7  , the term “atopy” is tightly linked to the presence of 
allergen-specifi c IgE antibodies in the serum, as documented by positive 
fl uorescence enzyme immunoassays (previously radioallergosorbent 
[RAST] tests) or skin prick tests. Thus, an  IgE-associated  or  allergic  
form of dermatitis, formerly known as  extrinsic AD , corresponds to AD 
in the strict sense. The remaining 20–30% of patients with the clinical 
phenotype of AD who have no evidence of IgE-sensitization are catego-
rized as having a  non-IgE-associated  or  non-allergic  form of dermatitis, 

formerly known as  intrinsic AD . However, IgE-associated/allergic “true” 
AD and non-IgE-associated/non-allergic dermatitis have substantial 
overlap and cannot be considered as two separate diseases; for example, 
the latter often represents an early transitional form of IgE-associated 
AD.  

  EPIDEMIOLOGY 
 The current prevalence of AD in most high-income and some low-
income countries is approximately 10–30% in children and 2–10% in 
adults, representing a two- to threefold increase over the past several 
decades  1  . In general, the prevalence of AD in rural areas and low-
income countries is signifi cantly lower than in their urban and high-
income counterparts, illustrating the importance of lifestyle and 
environment in the pathogenesis of atopic disease. 

 Three subsets of AD based on age of onset have emerged from epi-
demiologic studies:
   •      early-onset type : defi ned as AD beginning in the fi rst 2 years of 

life. This is the most common type of AD, which develops during 
the fi rst 6 months of life in 45% of affected individuals, during the 
fi rst year of life in 60%, and before 5 years of age in 85%. 
Approximately half of children with disease onset during the fi rst 
2 years of life develop allergen-specifi c IgE antibodies by 2 years of 
age. About 60% of infants and young children with AD go into 
remission by 12 years of age, but in others disease activity persists 
into adolescence and adulthood  

  •      late-onset type : defi ned as AD that starts after puberty. There are 
few epidemiological studies on AD with onset in adulthood. 
Approximately 30% of AD patients overall are in the non-IgE-
associated category, and among adults, the vast majority of such 
patients are women  

  •      senile-onset type : an unusual subset of AD that begins after 60 
years of age has been identifi ed more recently  8  .     

  PATHOGENESIS 
 The pathogenesis of AD can be divided into three major categories: (1) 
 epidermal barrier dysfunction ; (2)  immune dysregulation ; and (3) alter-
ation of the  microbiome.  Each of these can be modulated by genetic 
and environmental factors ( Fig. 12.2   ). 

  Genetic Factors 
 Genetic factors account for ~90% of susceptibility to early-onset AD  9  , 
with a signifi cantly higher concordance rate in monozygotic twins 
(77%) compared to dizygotic twins (15%)  10  . Although the entities in 
the atopic triad cluster together in families, a parental history of AD is 
a stronger risk factor for the development of AD than either asthma or 
allergic rhinitis, supporting the existence of genes specifi c to AD sus-
ceptibility  11  . Genes that encode proteins important to the epidermal 
barrier and immunologic functions have been implicated in AD patho-
genesis ( Table 12.2   ). AD is a complex genetic disease, and both gene–
gene and gene–environment interactions have important roles  4  .  

  Epidermal Barrier Dysfunction 
 A defective epidermal permeability barrier represents a consistent 
feature of AD and is evident in the nonlesional as well as lesional skin 
of affected individuals  12  . A higher level of transepidermal water loss 
(TEWL), an indicator of barrier dysfunction, on day 2 of life predicts 
an increased risk of AD at 1 year of age  13  . In addition, the level of 
TEWL in the nonlesional skin of children with AD correlates with 
disease severity  14,15  . Epidermal barrier dysfunction permits an easier 
entry for irritants, allergens and microbes, which trigger immune 
responses that include the release of proinfl ammatory cytokines  16  . In 
infants, greater TEWL is associated with an increased likelihood of 
epicutaneous sensitization to aeroallergens, which could potentially 
play a role in the development of asthma and allergic rhinoconjuncti-
vitis  4,17,18  . Factors that contribute to the impaired cutaneous barrier in 
AD are discussed below. 

  Filaggrin and other structural proteins 
 Filaggrin is a keratin  fi l ament- aggr egating prote in  that serves as a major 
structural component of the stratum corneum. Loss-of-function  FLG  

  DIAGNOSTIC FEATURES AND TRIGGERS OF 
ATOPIC DERMATITIS (AD)  

 Essential features: must be present and are suffi cient for diagnosis 

   •     Pruritus
   -     Rubbing or scratching can initiate or exacerbate fl ares (“the itch that 

rashes”)  
  -     Often worse in the evening and triggered by exogenous factors (e.g. 

sweating, rough clothing)     
  •     Typical eczematous morphology and age-specifi c distribution patterns 

(see  Fig. 12.3 )
   -     Face, neck, and extensor extremities in infants and young children  
  -     Flexural lesions at any age  
  -     Sparing of groin and axillae     

  •     Chronic or relapsing course   

  Important features: seen in most cases, supportive of diagnosis  

   •     Onset during infancy or early childhood  
  •     Personal and/or family history of atopy (IgE reactivity)  
  •     Xerosis

   -     Dry skin with fi ne scale in areas  without  clinically apparent 
infl ammation; often leads to pruritus      

  Associated features: suggestive of the diagnosis, but less specifi c 
(see    Figs 12.3    &    12.14  ) 

   •     Other fi laggrin defi ciency-associated conditions: keratosis pilaris, 
hyperlinear palms, ichthyosis vulgaris  

  •     Follicular prominence, lichenifi cation, prurigo lesions  
  •     Ocular fi ndings: recurrent conjunctivitis, anterior subcapsular cataract; 

periorbital changes: pleats, darkening  
  •     Other regional fi ndings, e.g. perioral or periauricular dermatitis, pityriasis 

alba  
  •     Atypical vascular responses, e.g. midfacial pallor, white 

dermographism * , delayed blanch   

  Triggers  

   •      Climate:  extremes of temperature (winter or summer) ,  low humidity  
  •      Irritants:  wool/rough fabrics, perspiration, detergents, solvents  
  •      Infections:  cutaneous (e.g.  Staphylococcus aureus , molluscum 

contagiosum) or systemic (e.g. URI)  
  •      Environmental allergies:  e.g. to dust mites, pollen, contact allergens  
  •      Food allergies: 

   -     Trigger in small minority of AD patients, e.g. 10–30% of those with 
moderate to severe, refractory AD  

  -     Common allergens: egg  >  milk, peanuts/tree nuts, (shell)fi sh, soy, 
wheat  

  -     Detection of allergen-specifi c IgE (via blood and skin prick tests) does 
 not  necessarily mean that allergy is triggering the patient ’ s AD      

  *  Stroking the skin leads to a white streak that refl ects excessive vasoconstriction.   

Adapted from the American Academy of Dermatology 
 Table 12.1      Diagnostic features and triggers of atopic dermatitis (AD).    
 URI, upper respiratory infection.  
Consensus Conference on Pediatric Atopic Dermatitis (Eichenfi eld LF, Hanifi n JM, Luger TA, et al. J Am Acad 
Dermatol. 2004;49:1088–95).
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 Epidermal Structure and Normal Barrier Function 2.3

 

The epidermis is the first line of defence between the host organism and its environment. 

It minimises water loss from the body and protects against both everyday and extreme 

environmental insults. Furthermore, it prevents the entry of pathogens, allergens and 

irritants.[20] The barrier function of the skin is largely dependent on the stratum corneum 

(SC), the outermost layer of the epidermis which is composed of a tough multilayer of 

corneocytes rich in intracellular lipids.[20] Innate epithelial defences and the 

physiological microbiome also play a role in skin barrier function.[21-25]  

The SC is the end product of tightly regulated processes of keratinocyte differentiation 

called keratinisation. Keratinisation involves keratinocytes in the basal layer of the 

epidermis progressing through the four layers of the epidermis: stratum basale, stratum 

spinosum, stratum granulosum (SG), and the SC.[26] (Figure 2.6 & Figure 2.7 A) In the 

SG keratinocytes start to produce two membrane-bound granules: keratohyalin granules 

and lamellar bodies. (Figure 2.7 B) Keratohyalin granules contain intracellular 

components of the SC including filaggrin, loricrin, and keratin filaments. Lamellar bodies 

contain extracellular components such as lipids, corneodesmosin, and kallikreins.[26] At 

the inner SC the keratinocytes flatten and denucleate and become corneocytes. The 

cornified envelope (CE) replaces corneocyte cell membranes. Induction of CE maturity is 

key for barrier function. Corneocyte envelope maturity influences cell structure: immature 

or fragile cells have a crumpled surface and mature cells, such as those in the upper SC, 

have a smoother, flattened surface because of their mature and rigid cornified 

envelope.[27] At the transition from the SG to SC the lamellar bodies secrete lipids into 

the intercellular spaces between corneocytes.[26] Omega-hydroxy-ceramides are 

covalently bound to cornified envelope proteins and allow the subsequent addition of free 

ceramides, free fatty acids and cholesterol.[28] Corneocytes and the hydrophobic 
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extracellular matrix, together with specialised intercellular junctions in the SG (tight 

junctions) and in the SC (corneodesmosomes) form a very effective barrier.[4] The 

barrier is often referred to as bricks (corneocytes) and mortar (intercellular lipids and 

intercellular junctions). (Figure 2.7 C)   

 

An innate, epithelial chemical barrier is also part of the skin barrier defence. 

Keratinocytes produce antimicrobial peptides (AMPs), including cathelicidin (LL-37) and 

beta-defensins (HBDs). These antimicrobial peptides have antibacterial activity as well 

as fungicidal and virucidal properties.[21] AMPs not only kill microbes but also control 

inflammation and have a function in barrier regulation.[21, 28-30] Human beta defensins 

and LL-37 have been reported to induce keratinocyte migration, proliferation, re-

epithelialisation, neovascularisation, and wound healing.[21, 28, 29, 31] Human beta 

defensin 3 improves tight junction barrier function by inducing claudin expression.[30] 

Human beta defensins and LL-37 also induce the production of inflammatory 

cytokines.[31, 32]  

The importance of the epidermal microbiome in epithelial barrier function is an important 

recent concept. The cutaneous microbiome comprises a complex and highly diverse 

community of commensal and pathogenic bacteria, fungi, and viruses.[33-36] The 

human skin microbiome is site-specific.[37-39] The skin and gut commensal bacteria 

have been reported to play an important role in host defences against microbial 

penetration and skin barrier homeostasis.[22-25]  
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Figure 2.6 The stuctural and immune components of the upper epidermis 

The expanded view provides a schematic representation of the distribution of structural 

proteins and components of the innate immune system in the uppermost layer of the 

epidermis.  
From Agrawal R & Woodfolk JA. Skin Barrier Defects in Atopic Dermatitis. Curr Allergy Asthma 

Rep. 2014; 14: 433 

 

infiltrating immune cells. The stratified and multi-layered
epidermis comprises four sub-layers, which include the basal
stratum germinativum, stratum spinosum, stratum granulosum
and top-most stratum corneum (Fig. 2). Keratinocytes, the
predominant cell type in the epidermis, are anchored to the
basement membrane by complex multi-protein structures

called hemidesmosomes and to adjacent keratinocytes by
desmosomes. The skin is in a perpetual state of self-renewal.
As keratinocytes migrate through the epidermis, they undergo
proliferation, differentiation and finally cell death or cornifi-
cation. Within the spinous layer, keratinocytes lose their mi-
totic ability, change their keratin profile and acquire lamellar

Fig. 1 Schematic of the
immune response in AD skin
lesions. Defects in the epithelial
barrier provide a portal of entry
for microbial products and
allergens. In conjunction, these
antigens trigger the innate
response through induction of
cytokines from the epithelium.
Together, these events orchestrate
the induction of Th2 cells, which
secrete IL-4, IL-5, IL-13 and
IL-31, production of IgE, and
activation of basophils and mast
cells. This process is highly
dynamic and evolves to include
heterogeneous T-cell types
including Th1 cells

Tight junction

Desmosome

Keratohyalin granule

Lamellar granule

Corneodesmosome

Filaggrin, loricrin, & involucrin

Proteases; Protease Inhibitors; AMPs

Basement membrane

Stratum germinativum 

Stratum spinosum 

Stratum granulosum 

Stratum corneum 

Lipid matrix

Fig. 2 Structural and immune
components contributing to
barrier defects in AD. The
expanded view provides a
schematic representation of the
distribution of structural proteins
and components of the innate
immune system in the uppermost
layers of the epidermis

433, Page 2 of 11 Curr Allergy Asthma Rep (2014) 14:433
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Figure 2.7  The structure of the epidermis, the stratum granulosum and the 
stratum corneum 
A: The structure of the epidermis. The red line represents tight junctions in the stratum 

granulosum 

B. Magnified view of the stratum granulosum 

C. The ‘bricks and mortar’ structure of the stratum corneum 
From Egawa G & Kabashima K. Barrier dysfunction in the skin allergy. Allergology International 

2018; 67: 3-11 

 
  

and denucleated (which are then called as corneocytes) and
simultaneously, corneocyte cell membranes are replaced by a
specific barrier structure called a cornified envelope (CE). At the
transition from the SG to the SC, lamellar bodies are secreted into
the intercellular space of corneocytes and fill it upwith lipids. These
structures are often described as bricks (corneocytes) and mortar
(intercellular lipids) (Fig. 1C).

Here, we describe the formation of the SC barrier in terms of the
following five categories to review their link to the pathogenesis of
skin allergic diseases: 1) FLG metabolism; 2) CE; 3) intercellular
lipids; 4) corneodesmosome; and 5) corneocyte desquamation. The
genes involved in each process are listed in Table 1. This review is an
updated version of a similar article that has published in the Journal
of Allergy and Clinical Immunology.3

Filaggrin metabolism

FLG and its metabolites are key components for maintaining
normal skin barrier function (Fig. 2).7,8 In the SG, FLG is produced as
FLG polymer (profilaggrin), in which 10e12 repeats of FLG mono-
mer are linked, and stored in keratohyalin granules. At the transi-
tion from the SG to the SC, profilaggrin is cleaved to generate FLG
monomers by proteases such as CAP1/Prss8 and SASPase/
ASPRV1.9,10 FLG monomers bind to keratin filaments and this
keratin-FLG bundle is a fundamental structure in corneocytes. At
the upper layer of the SC, FLG is re-dissociated from keratin

filaments to further metabolism. In this process, the citrullination
of FLG and keratin1 by peptidylarginine deiminase is considered
essential.11 The released FLG monomers are degraded to free amino
acids, including glutamine, arginine, and histidine, and then con-
verted into urocanic acid (UCA) and pyrrolidine carboxylic acid
(PCA). This process is mediated by other sets of proteases, including
caspase14, calpain1, and bleomycin hydrolase.12,13 UCA is an
important ultraviolet-absorbing chromophore in the SC and also
contributes to maintaining the acidic pH of the skin.14 Recent study
has shown that UCA significantly reduced costimulatory molecule
expression on dendritic cells and increased their ability to induce a
regulatory Tcells.15 In contrast, PCA is amajor constituent of natural
moisturizing factors (NMFs), which are responsible for retaining
water in the SC. Therefore, FLG and its metabolites assume a
manifold role in the barrier function of the SC. Gene targeting
studies have revealed that FLG-deficient mice demonstrate a
reduced SC barrier function with enhanced sensitization.16

Furthermore, on a proallergic BALB/c background, FLG-deficient
mice develop spontaneous dermatitis.17

Filaggrin deficiency in the skin allergy

AD is the most common inflammatory skin disease, and has
multiple etiologies. Over the last decade, data from both experi-
mental models and patients have highlighted the primary patho-
genic role of skin barrier deficiency in AD.18e20 Particularly, loss-of-

Fig 1. A, The structure of the epidermis. The red line represents tight junctions in the stratum granulosum. B, Magnified view of the cell in the stratum granulosum. C, The “bricks
and mortars” structure of the stratum corneum.

G. Egawa, K. Kabashima / Allergology International 67 (2018) 3e114
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 Filaggrin Biology 2.4

 

Filaggrin is a major structural protein in the SC and its constituent amino acids play a 

critical role in SC acidification and hydration. (Figure 2.7 and 2.8) Filaggrin deficiency is 

associated with impaired barrier function and the development of eczema, asthma and 

food allergy.[4] (Figure 2.9) Profilaggrin, the phosphorylated precursor to filaggrin, is 

expressed in the granular layer of the SC and is one of the most histidine and glutamine 

rich proteins in the human genome. Profilaggrin processing is initiated in the upper SG. 

Dephosphorylation, via a protease cascade, liberates functionally active filaggrin 

monomers. In the SC filaggrin monomers are further modified by proteolysis into short 

peptides and finally hygroscopic amino acids and derivatives, known as Natural 

Moisturizing Factor (NMF). Following deimination of arginine residues, the proteases 

caspase-14, bleomycin hydrolase (BH) and calpain-1 (C-1), located mainly in the upper 

SC, have been shown to be important in enzymatic degradation of filaggrin.[40, 41] 

Calpain-1 is also involved in the processing of profilaggrin to filaggrin, as well as in 

corneocyte maturation.[42, 43] (Figures 2.10 and 2.11) 

 

Natural moisturizing factor modulates the pH of the SC, exhibits intracorneocytic 

humectant activity, and may exert antimicrobial activity.[2] Important amino acid 

derivatives include trans-urocanic acid (t-UCA) and pyrrolidone carboxylic acid (PCA). [2] 

The enzyme histidase converts histidine (HIS) to urocanic acid (UCA).[44] Glutamic acid 

is converted to pyrrolidone carboxylic acid (PCA), by non-enzymatic degradation 

(cyclization) as well as enzymatic processes and overall, constitutes 12% of NMF.[45-47] 

In addition, lactate, urea, sugars and ions contribute to NMF. (Figure 2.10) The amino 

acids that constitute NMF can be measured and closely correlate with SC filaggrin 

content.[48]  
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Figure 2.8 Immunohistochemical staining of human epidermis with filaggrin 
protein in green 
Reproduced with permission from Declan Lunny 
 
 

 
 
Figure 2.9 The role of filaggrin in the skin and the structural and biophysical 
consequences of filaggrin deficiency 
A: The SC is produced by a highly organized differentiation process in which 

keratinocytes in the basal layer of the epidermis move through the spinous and granular 

layers. Profilaggrin is the major constituent of keratohyalin granules in the stratum 
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granulosum and is expressed in terminally differentiating keratinocytes in the outmost 

layers of the human epidermis. Profilaggrin consists of multiple copies of filaggrin, 

flanked by an S100-type calcium-binding domain, A and B domains at the N-terminal, 

and a unique tail sequence at the C terminal. Terminal epidermal differentiation is 

calcium dependent, and calcium may be involved in the control of profillagrin processing. 

Inactivation of LETKI is necessary to allow processing to be initiated. During terminal 

differentiation at the granular to cornified cell transition, profilaggrin is dephosphorylayed 

and cleaved by several proteases, including caspase-14, matripase, prostatin, kalikrein 5 

and elastase-2, to functional filaggrin monomers. SASPase is required for cleaving 

individual filaggrin monomers. Filaggrin monomers are thought to aggregate and align 

keratin bundles in the cornified cell envelope and are thus postulated to contribute to 

compaction of squames and thus to the mechanical strength and integrity of the stratum 

corneum. The free N-terminal domain of profilaggrin has been shown to translocate into 

the nucleus, where it may have a signalling function.  The function of the C-terminus is 

unknown but its absence due to truncation mutations leads to profilaggrin degradation.   

In the upper (cornified) layers of the SC, filaggrin monomers are deiminated and 

degraded by proteases to release their component hygroscopic amino acids. 

Peptidylarginine deiminase (PAD) isoforms 1 and 3 are involved in the deimination 

process. The major metabolites are the organic acids trans-urocanic acid (trans-UCA) 

and pyrroliodone-5-carboxylic acid (PCA). Filaggrin breakdown products form ‘natural 

moisturizing factor’ (NMF) which contributes to epidermal hydration and barrier function, 

help maintain the pH gradient of the epidermis which is key for many functions of the SC, 

and possibly plays a role in ultraviolet (UV) protection.  

 

B: The filaggrin deficient skin barrier has reduced pro-protein in F-type keratohyalin 

granules. The consequences of this are as yet unknown. Ultrastructually, FLG loss-of-

function mutations are associated with disorganized keratin filaments, impaired lamellar 

body loading and abnormal architecture of the lamellar bilayer. There is also reduction in 

corneodesmosome density and tight junction expression. These factors may contribute 

to the dysfunctional skin barrier and enhanced allergen exposure. FLG null mutations 

also result in decreased levels of NMF, reduced SC hydration and elevated 

transepidermal water loss (TEWL) and clinically dry skin. The acidic pH of the SC is key 

for many functions; it has an antimicrobial effect, is important for the functional activity of 

enzymes involved in ceramide metabolism, and modulates the activity of the serine 

protease cascade required for co-ordinated epidermal differentiation and cornified cell 

envelope formation. The reduction in filaggrin breakdown amino acids causes an 

elevation in SC pH. This more alkaline pH enhances protease activity and may 
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contribute to the pro-inflammatory stratum corneum in AD, as well as facilitating 

adhesion and proliferation of Staphlococci. 
Reporoduced with permission from McAleer MA & Irvine AD, The Multifunctional Role of Filaggrin 

in Allergic Skin Disease. JACI 2013;131 (2): 280-91. doi: 10.1016/j.jaci.2012.12.668; PMID: 

23374260 
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Figure 2.10 Filaggrin haploinsuffiency and increased risk of several complex traits 
Filaggrin haploinsufficiency is defined as a 50% reduction in the expression of the 

filaggrin protein. The odds ratios above relate to the risk of peanut allergy, asthma, or AD 

as compared with the risk in the absence of filaggrin mutation. The odds ratios listed for 

AD and asthma are from meta-analyses involving several thousand patients. FLG 

mutations confer an overall risk of asthma of 1.5, but this risk is restricted to patients with 

AD. The odds ratio for the complex phenotype of asthma plus AD is 3.3.  
Reproduced with permission from Irvine AD, McLean WHI & Leung DYM. Filaggrin Mutations 

Associated with Skin and Allergic Diseases. N Engl J Med 2011;365:1315-27 

 

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 365;14 nejm.org october 6, 20111322

tion and excretion of extracellular lamellar bod-
ies.36 Tight junctions are critical in sealing epider-
mal cell-to-cell integrity83; these junctions appear 
to be reduced in number in filaggrin-deficient 
persons.36 Similarly, such persons have a decreased 
density of corneodesmosin, the major protein 

component of corneodesmosomes (organelles that 
are critical for stratum corneum cell-to-cell ad-
hesion).36

The acidifying effect of filaggrin breakdown 
products84 is probably important. The elevation in 
skin-surface pH that is observed in FLG-deficient 

Figure 4. Filaggrin Haploinsufficiency and Increased Risk of Several Complex Traits.

Filaggrin haploinsufficiency is defined as a 50% reduction in the expression of the filaggrin protein. The odds ratios 
are for the risk of peanut allergy, asthma, or atopic dermatitis as compared with the risk in the absence of filaggrin 
mutation. The odds ratios listed for atopic dermatitis and asthma are from meta-analyses involving several thou-
sand patients. FLG mutations confer an overall risk of asthma of 1.5, but this risk is restricted to patients with atop-
ic dermatitis. The odds ratio for the complex phenotype of asthma plus atopic dermatitis is 3.3. The odds ratio for 
peanut allergy is based on the only available data, from a single study.
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Figure 2.11 Processing of profilaggrin during keratinocyte differentiation and SC 

maturation 
Reproduced from Voegeli & Rawlings. Corneocare: the role of the stratum corneum and the 

concept of total barrier care. Household and Personal Care Today 2013;8:7-17 

 
 
 

 Skin Barrier Development in Early Life  2.5

 

Full term infants rely on the skin barrier to protect them from the dramatic environmental 

transition that is marked by birth. The intrauterine environment is aqueous (100% humid) 

with a constant temperature, in stark comparison the dry, cool, and microbe rich extra 

uterine environment. Newborns’ skin is less resilient compared to children and adults, 

with a greater tendency to develop irritant dermatitis and increased susceptibility to 

infection. Furthermore, infant skin has higher percutaneous absorption, supporting the 

concept that the SC barrier function is not fully developed at this stage.[49, 50] Newborn 

skin, therefore, must further mature postnatally to achieve optimal function.  

tissue compared with the surface layers, whereas the indenta-
tion forces were the opposite.11–14 Equally, the intercorneo-
cyte forces were greater in aged and diseased tissue than in
healthy skin.15–18 Extensive changes in SC biochemistry and

architecture must be occurring in these conditions, namely
corneocyte maturation and corneodesmolysis (or a lack of it).
Al-Jaberi and Marks18 showed that corneocytes were smaller

in diseased tissue, and Marks later suggested that the increased

Fig 3. Depth distribution of
tetramethylrhodamine isothiocyanate (TRITC)
labelling of cornified envelope and filaggrin
immunoreactivity in tape strippings from
human stratum corneum. Modified, with
permission, from Watkinson et al.,37 © Marcel
Dekker Incorporated.

Fig 4. Processing of profilaggrin during keratinocyte differentiation and stratum corneum (SC) maturation. FLG, filaggrin; SASPase, skin aspartic
protease; SG, stratum granulosum; NMF, natural moisturizing factor; PCA, 2-pyrrolidone-5-carboxylic acid; UCA, urocanic acid. Modified, with
permission, from Voegeli and Rawlings. Corneocare: the role of the stratum corneum and the concept of total barrier care. Household and Personal
Care Today 2013; 8:7–17,6 © Tekno Scienze Publisher.
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Given the marked environmental transition with birth, a small number of studies have 

investigated aspects of skin barrier adaption in the days and weeks following birth. 

Structural differences between infant and adult skin have been reported.[51, 52] The SC 

in infants is 30% thinner than in adults.[53] Infant corneocytes have a smaller size 

compared with adults, correlating with a higher epidermal cell turnover rate compared 

with adults.[53] In contrast to adults, newborn babies do not show variation in corneocyte 

size between skin regions. Their corneocytes are uniformly small, similar in size to the 

adult forehead.[54] This suggests consistently high epidermal turnover over the entire 

skin surface in neonates.   

 

Adaptive changes in SC water handling properties and pH occur in early life. In full-term 

neonates transepidermal water loss (TEWL) data suggest a competent epidermal barrier 

function shortly after birth.[51, 55] Facial TEWL seems to be the lowest early in life, 

similar to the adult flexor forearm.[56] Infants’ facial TEWL then becomes higher than 

their mothers by one month of age.[57]  

 

New-born infants have a neutral pH on their skin surface [58] followed by an accelerated 

acidification phase in the first postnatal week. [51] Between site differences in pH are 

reported from week one of life onwards.[51] pH continues to drop in the first 3 months of 

life.[59-61] During this first month of life, there is increased susceptibility to irritants or 

microbes, suggesting the maturation of the skin barrier may be linked to this 

acidification.[61, 62]  

 

Visscher et al investigated SC free amino acids and hydration in neonates at birth, after 

24 hours, and over 1 month of age.[63] Stratum corneum from the chest or back was 

sampled. Glycine, Serine, Glutamic acid, Histidine, Arginine, and Citrulline were 

measured. Free amino acids were low at birth and increased significantly over the first 
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month of life.[63] A limitation of this study was the measurement of only free amino 

acids, which constitute 40% of the NMF. PCA and UCA, as well as lactate, urea and 

sugars were not measured.  

 

Raman confocal spectroscopy has been utilised to measure skin NMF and hydration 

profiles. Infant skin, aged 3 to 12 months has been compared with adult skin. Infant skin 

had a higher amount of water on the skin surface, as well as within the SC, at the 

fingertip.[49] Despite the greater water content, Raman profiles from the infant group 

showed lower amounts of NMF compared with adults.[49] Fluhr and colleagues reported 

contrasting results, albeit at a different skin location. They studied the volar forearm skin 

in 108 subjects, 18 in each age group: newborns, 5-6 week old babies, 6 month old, 1-2 

years, 4- years and 20-35 year olds.[64] Newborns displayed the highest Raman profiles 

for NMF. This decreased to the lowest value at 6 months and then recovered to a steady 

state over the ages of 1-2 years, 4-5 years and 20-35 years.[64]  

 

How these regional and temporal variations in SC structure and function relate to skin 

disease is largely unstudied. The typical onset of AD in the first year of life makes it 

unique among common inflammatory skin diseases and suggests that early dynamic 

changes in the skin barrier may prove important.  

 

 Atopic Dermatitis Pathogenesis 2.6

 

Epidermal barrier dysfunction, immune dysregulation, and alterations of the microbiome 

are key elements in AD pathogenesis [19, 65] (Figure 2.12); each of these factors can be 

modulated by genetic, epigenetic and environmental factors, adding further intricacy to 

the pathogenesis.[19]  
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Figure 2.12 Atopic dermatitis results from defects in epidermal barrier function, immune 

dysregulation, and environmental influences 

Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 

 

2.6.1 Epidermal barrier dysfunction in atopic dermatitis 

 

A defective epidermal permeability barrier is consistently found in AD skin, at both 

clinically affected and unaffected sites. Epidermal barrier dysfunction permits an easier 

entry for irritants, allergens and microbes, which trigger immune responses that include 

the release of proinflammatory cytokines.[66] Genetic factors (heritiability) account for 
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 Filaggrin breakdown products such as histidine contribute to epider-
mal hydration, acid mantle formation, lipid processing, and barrier 
function  20,27  . Gene expression profi ling and immunohistochemical 
analysis of lesional and nonlesional skin from AD patients have shown 
broad defects in terminal differentiation, with down-regulation of other 
epidermal barrier proteins such as loricrin, corneodesmosin, involucrin, 
small prolene rich proteins 3/4 (SPRR3/4), claudin-1, and late cornifi ed 
envelope protein 2B  30–34  .  

  Stratum corneum lipids 
 The composition, organization, and biochemical processing of stratum 
corneum lipids are critical determinants of epidermal permeability 
barrier function (see  Ch. 124 ). In AD, a fi laggrin-defi cient cytoskeletal 
scaffold contributes to abnormal loading and secretion of lamellar 
bodies, with subsequent defects in post-secretory lipid organization and 
processing  35–37  . Disruption of the skin ’ s acidic mantle leads to reduced 
activity of lipid-processing enzymes such as  β -glucoscerebrosidase and 
acid sphingomyelinase  38,39  . Th2 cytokines also negatively affect genera-
tion of stratum corneum lipid components  37,40  .  

  Proteases and protease inhibitors 
 Lesional AD skin demonstrates elevated levels of endogenous serine 
proteases, e.g. kallikrein 5 and 7 (KLK5/7), due to an imbalance in the 

mutations represent the strongest known genetic risk factor for AD and 
are also responsible for ichthyosis vulgaris  19–22   (see  Ch. 57 ), with carrier 
frequencies of up to 10% in European and ~3% in East Asian 
populations  23–25  . Approximately 20–50% of European and Asian chil-
dren with moderate-to-severe AD have at least one  FLG  mutation; the 
penetrance of AD is ~40% for one and ~90% for two mutant alleles  20  . 
This implicates epidermal barrier dysfunction in the initiation of AD, 
with subsequent development of Th2-biased immune responses  24  . Of 
note, fi laggrin expression is also affected by intragenic copy number 
variation and reduced by increased local pH, protease activity, and Th2 
cytokine levels  22,26  . 

  FLG  mutations are associated with early-onset AD, greater disease 
severity, and persistence into adulthood as well as enhanced epicutan-
eous sensitization and an increased risk of irritant contact derma-
titis, hand eczema, herpes simplex virus (HSV) infections, and food 
allergy  20,25,27  .  FLG  mutations have also been linked to an increased risk 
for the development of asthma and greater asthma severity; however, 
these effects are only seen in patients with pre-existing AD  28  . Since 
fi laggrin is not found in the gastrointestinal or bronchial mucosa, 
the association of  FLG  mutations with food allergy and asthma 
strongly suggests that epicutaneous sensitization and/or cutaneous 
infl ammation can contribute to the development of systemic atopic 
disease  29  . 

  Fig. 12.2      Atopic dermatitis results from defects in epidermal barrier function, immune dysregulation, and environmental infl uences.     SC, stratum corneum; KLK, 
kallikrein; TEWL, transepidermal water loss; TSLP, thymic stromal lymphopoietin.      Courtesy, Harvey Lui, MD.   

ATOPIC DERMATITIS: EPIDERMAL BARRIER DYSFUNCTION,
IMMUNE DYSREGULATION, AND ENVIRONMENTAL INFLUENCES

Environmental factors

• ↑↑ Penetration across skin barrier
• Damage to epidermal barrier (e.g. scratching,
 proteases)
• Activation of immune responses

Impaired stratum corneum (SC) barrier function

• ↓↓ Filaggrin and other genetic barrier protein
 deficiencies →→ abnormal corneocyte
 formation and impaired acid mantle (surface pH)
• ↑↑ Proteases (KLK5, KLK7) →→ corneocyte
 dysadhesion
• Abnormal lipids: impaired lamellar body and
 lipid processing →→ ↑↑ SC permeability

Immune dysregulation

Innate and adaptive responses to
environmental stimuli

Altered skin
microbiome
↑ S. aureus

↑ TEWL

Allergens
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barrier function
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Keratinocyte-derived
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TSLP, IL-1, IL-25, IL-33
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IL-4, IL-5, IL-13, IL-31
IgE

Chronic
Th1, Th17,

Th22 responses

Includes innate
lymphoid cells (ILC)
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Th22
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90% of susceptibility to early onset AD.[67] A wide range of genes that code for 

epidermal barrier proteins, as well those with immunological functions, have been 

implicated in AD. (Table 2.2) 

Loss-of-function mutations in the FLG gene are the strongest known genetic risk factor 

for the development of AD, as well as being causal for the Mendelian disorder ichthyosis 

vulgaris.[68, 69] The prevalence of FLG mutations in AD cohorts ranges from 25-50% in 

Northern European and Asian populations.[70, 71] Genome wide association studies 

have identified 31 risk loci of AD to date, with FLG mutations the strongest risk factor.[72] 

The penetrance of AD in FLG carriers is 40% for one and 90% for two FLG mutant 

alleles.[2] Within those who have AD, those who carry FLG mutations are associated 

with early-onset AD, greater disease severity, and persistence into adulthood as well as 

enhanced epicutaneous sensitization and an increased risk of irritant contact dermatitis, 

hand eczema, herpes simplex virus infections, and food allergy.[2, 5, 73] FLG mutations, 

in the setting of pre-existing AD, have been linked to an increased risk for the 

development of asthma and greater asthma severity.[74] Filaggrin is not found in the 

gastrointestinal or bronchial mucosa, hence the association of FLG mutations with food 

allergy and asthma strongly suggests that epicutaneous sensitization and/or cutaneous 

inflammation can contribute to the development of systemic atopic disease.[75] Murine 

studies support the role of epicutaneous sensitization through a defective barrier.[76] 

Filaggrin expression is also affected by intragenetic copy number variation and reduced 

by increased local pH, protease activity, and T-helper 2 (Th2) cytokine levels.[77, 78] 
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Table 2.2 Selected candidate genes for AD 
Reproduced with permission from McAleer MA, O’Regan G, Irvine AD (2018). Atopic Dermatitis. 

In: Jean L. Bolognia, MD, Julie V. Schaffer, MD and Lorenzo Cerroni, Eds . Dermatology 4e; 

Elsevier (ISBN: 978-0-7020-6275-9) 
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(IL-17E), and IL-33 promote a Th2 immune response. Th2 cytokines 
inhibit expression of major terminal differentiation proteins such as 
loricrin, fi laggrin, and involucrin as well as  β -defensin-2/3 antimicrobial 
peptides  31,49–51  . 

  Thymic stromal lymphopoietin (TSLP) 
 TSLP is an IL-7-like cytokine that is known as the “master-switch of 
allergic infl ammation” due to its central role in evoking a Th2 response 
via dendritic cell activation  45,52–54  . Exposure to allergens, viral infec-
tions, trauma, and other cytokines (e.g. IL-1 β , TNF) can trigger TSLP 
production by keratinocytes, fi broblasts, and mast cells  55  . TSLP is 
highly expressed in acute and chronic lesions of AD, but not in the 
nonlesional skin of patients with AD or in unaffected individuals  56  .  

  IL-4 and IL-13 
 IL-4 has a key role in driving Th2 cell differentiation, IgE production, 
and eosinophil recruitment  57,58  . Transgenic mice overexpressing IL-4 
in their epidermis develop atopic dermatitis-like lesions, pruritus, an 
altered microbiome, and elevated IgE levels  59  . The heterodimeric recep-
tors for IL-4 and IL-13 both contain the IL-4 receptor  α  subunit (IL-
4R α ; see  Fig. 128.9C ) and activate signal transducer and activator of 
transcription 6 (STAT6), which promotes the differentiation of naive T 
cells into Th2 effector cells  60  . Although IL-4 and IL-13 share 25% 
sequence homology and effector functions, studies in human subjects 
and human keratinocyte cell lines support an independent role for 
IL-13 in AD pathogenesis. Anti-IL-4/13 therapy with dupilumab, a 
monoclonal antibody that targets the IL-4R α , is FDA-approved for the 
treatment of AD  61   (see  Ch. 128  and below).  

  Other cytokines 
 Th17 cells are important in the regulation of innate immunity, in 
particular neutrophil recruitment, and have also been implicated in 
allergic disorders  62  . Th17 cells are found in acute as well as chronic 
AD lesions  63  , and production of IL-17 and IL-19 is especially charac-
teristic of new-onset pediatric AD  64  . 

 IL-31 is a Th2 cytokine that is highly expressed in lesions of AD and 
other pruritic skin disorders such as prurigo nodularis  65  . Cutaneous 
exposure to staphylococcal superantigen rapidly induces IL-31 expres-
sion in atopic individuals, establishing a link between staphylococcal 
colonization of the skin and pruritus. The heterodimeric receptor for 
IL-31 is expressed by keratinocytes, eosinophils, activated macrophages, 
cutaneous C nerve fi bers, and dorsal root ganglia (see  Ch. 5 )  66,67  . A 
randomized, placebo-controlled study showed that nemolizumab, a 
humanized monoclonal antibody against the IL-31 receptor A subunit, 
can signifi cantly reduce pruritus in patients with moderate to severe 
AD  68  . 

 IL-33, a member of the IL-1 cytokine family, protects against hel-
minth infection by promoting a Th2-type immune response. IL-33 
expression is increased in AD lesions compared to the skin of unaf-
fected individuals  69  .  

  Innate lymphoid cells 
 The innate lymphoid cell (ILC) family includes natural killer cells and 
three groups of non-cytotoxic ILCs that orchestrate immunity, infl am-
mation, and homeostasis in multiple tissues  70  . The group 2 ILC (ILC2) 
population is expanded in AD lesions and stimulated by TSLP, IL-25 
(IL-17E), and IL-33  71–73  . ILC2s interact with other immune cells (e.g. 
mast cells, eosinophils) in the skin to promote Th2-type infl ammation 
in a T-cell independent manner.   

  The Cutaneous Microbiome 
 The cutaneous microbiome represents a complex and highly diverse 
community of pathogenic and commensal bacteria, fungi, and viruses 
that play a critical role in epidermal homeostasis. More than 90% of 
patients with AD have skin colonized with  S. aureus , compared to 
about 5% of unaffected individuals, presumably refl ecting the disrupted 
acid mantle, decreased antimicrobial peptides (e.g. cathelicidins, defen-
sins), and altered cytokine milieu of AD skin  74  . During AD fl ares, 
bacterial diversity decreases and the proportion of the microbiome 
accounted for by  Staphylococcus  spp. increases from ~35% to ~90%  75  . 

 Superantigens can promote the development of a Th2 immune 
response, and exotoxins with superantigenic properties are produced by 

 Table 12.2      Selected candidate genes for atopic dermatitis.     LETKI, 
lymphoepithelial Kazal-type-related inhibitor; RANTES, regulated on activation, 
normally T-cell expressed and secreted;  SPINK5 , serine peptidase inhibitor Kazal 
type 5.  

 SELECTED CANDIDATE GENES FOR ATOPIC DERMATITIS 

 Candidate gene(s)  Defective protein(s) 

 Genes encoding epidermal proteins 

 FLG Filaggrin (loss-of-function variants; see text)

 FLG2 Filaggrin family member 2

 SPINK5 Serine protease inhibitor LETKI

 KLK5/SCTE, 
KLK7/SCCE 

Kallikrein-related peptidases 5 & 7/stratum 
corneum tryptic & chymotryptic enzymes

 CLDN1 Claudin-1

 SPRR3 Small proline-rich protein 3

 TMEM79 Transmembrane protein 79 (mattrin)

  Genes encoding immunologic proteins  

 FCER1A Fc fragment of high-affi nity IgE receptor I,  α  
chain

 TLR2, 4, 6, 9 Toll-like receptor-2, -4, -6, and -9

 IRF2 Interferon regulatory factor 2

 IL4, 5, 12B, 13, 18, 31 Interleukin-4, -5, -12B, -13, -18, and -31

 IL4RA, IL5RA, IL13RA Interleukin-4, -5, and -13 receptors,  α  subunits

 GM-CSF Granulocyte–macrophage colony-stimulating 
factor

 CD14 Monocyte differentiation antigen CD14

 DEFB1  β -defensin 1

 GSTP1 Glutathione S-transferase P1

 CMA1 Mast cell chymase

 CCL5/RANTES Chemokine (C-C motif) ligand 5/RANTES

 TSLP Thymic stromal lymphopoietin

 MIF Macrophage migration inhibitory factor

 VDR Vitamin D receptor

 CYP27A1, CYP2R1 Cytochrome p450 family members 27A1 and 
2R1

activities of these proteolytic enzymes and protease inhibitors such as 
the lymphoepithelial Kazal-type trypsin inhibitor (LEKTI) encoded by 
 SPINK5 . Biallelic loss-of-function  SPINK5  mutations underlies Nether-
ton syndrome, which features profoundly compromised barrier func-
tion and atopy (see  Ch. 57 ), while  SPINK5  polymorphisms have been 
linked to increased risk of AD in some populations  41  . Other factors 
that enhance proteolysis include increased skin surface pH and exog-
enous proteases from allergens (e.g. house dust mites, pollens),  Staphy-
lococcus aureus , and  Malassezia   42  . 

 LEKTI defi ciency results in excessive degradation of the corneodes-
mosomal component desmoglein-1 (Dsg1), causing abnormal stratum 
corneum detachment and thereby disrupting the epidermal barrier  43  . 
The  S. aureus  extracellular V8 protease, which has a sequence similar 
to those of  S. aureus  exfoliative toxins, is also thought to degrade 
Dsg1  44  . In addition, unrestrained protease activity leads to degradation 
of lipid-processing enzymes and antimicrobial peptides as well as acti-
vation of proinfl ammatory cytokines  42,45  .   

  Immune Dysregulation 
 The innate and adaptive immune systems play dynamic interrelated 
roles in the pathogenesis of AD. Acute AD lesions have a predominance 
of Th2 cytokines, but there is subsequent evolution to a chronic phase 
characterized by Th1 and Th22 cytokine profi les, as well as variable 
levels of Th17 cytokines in both acute and chronic AD  46  . The acute 
phase features IL-4, IL-5, and IL-13; activation of eosinophils and mast 
cells; and production of allergen-specifi c IgE  47,48  . Keratinocyte-derived 
cytokines including IL-1, thymic stromal lymphopoietin (TSLP), IL-25 
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2.6.2 Atopic dermatitis and the skin barrier: affected and unaffected sites 

 

There is generalized skin dysfunction in AD, with abnormalities in both affected and 

unaffected skin. Unaffected skin has subclinical inflammation with skin barrier 

dysfunction, a proinflammatory cytokine milieu, and lymphocytic infiltration.[79] A chronic 

mild inflammation has been demonstrated in AD skin even in between flares. [80] A 

higher level of TEWL, an indicator of barrier dysfunction, on day 2 of life predicts an 

increased risk of AD at 1 year of age.[81] In addition, the level of TEWL in the 

nonlesional skin of children with AD correlates with disease severity.[82, 83] In infants, 

greater TEWL is associated with an increased likelihood of epicutaneous sensitization to 

aeroallergens, which could potentially play a role in the development of asthma and 

allergic rhinoconjunctivitis.[1, 12, 84] 

 

2.6.3 Alteration of the microbiome and barrier dysfunction  

 

Atopic dermatitis is associated with abnormal skin colonisation of pathogens.[35, 85] 

More than 90% of patients with AD have skin colonized with Staphlococcus aureus (S. 

aureus), compared to about 5% of unaffected individuals.[33] Commensal bacteria 

induce AMPs and inhibit S. aureus on the human skin.[36] In contrast, cutaneous 

dysbiosis affects skin immune responses and causes skin inflammation.[22, 86, 87] 

Furthermore, there is evidence that skin dysbyosis may cause further skin barrier 

defects.[88, 89] During AD flares, bacterial diversity decreases and the proportion of the 

microbiome accounted for by S. aureus increases from ~35% to ~90%.[90] 

Superantigenic exotoxins are produced by up to 65% of the S. aureus strains that 

colonise AD patients.[91] Bacterial superantigens can promote the development of a Th2 
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immune response.[92] Filaggrin deficiency also increases the susceptibility of 

keratinocytes to S. aureus α-toxin-induced cytotoxicity.[93]  

 

In summary, the altered microbiome in AD probably reflects a complex interplay of 

reduced epidermal filaggrin and a disrupted acid mantle, decreased antimicrobial 

peptides, and an altered cytokine milieu. This altered microbiome may then further 

contribute to skin barrier alterations.[33] 

 

2.6.4 Immune dysregulation in atopic dermatits 

 

Understanding the role of immune dysregulation in AD is an on-going endeavour in the 

field. Understanding inflammatory pathways in AD is complex. AD has been identified as 

a heterogeneous disease, with activation of several inflammatory pathways rather than a 

single or even a single dominant pathogenic immune axis, such as in psoriasis.[7, 94, 

95]  (Figure 2.12) 

The role of type 2 immune activation in AD pathogenesis is well established and the Th2 

axis is a significant disease driver across all subtypes of AD.[94, 96] The type 2 immune 

response is characterized by activated Th2 cells, eosinophils, mast cells, basophils, 

group 2 innate lymphoid cells (ILC2s), interleukin (IL)-4 and/or IL-13 induced 

macrophages, immunoglobulin-E (IgE), and the cytokines IL-4, IL-5, IL-9, and IL-13.[97] 

Type 2 immunity suppresses type 1 immunity and type 1 driven inflammation, as well as 

having important host protective and pathogenic activities.[97]  

 

Increasing complexity in the immunopathogenesis of AD has, however, has become 

apparent with Th22, Th17/IL-23 and Th1 cytokine pathways all playing a role.[98] Acute 

AD lesions have pronounced Th2 and to a lesser degree Th22 cell infltrates.[99, 100] In 
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chronic AD lesions Th2 and Th22 responses are increased with additional activation of 

the Th1 axis.[101, 102] Th17 levels have been shown to be up regulated in patients with 

both acute and chronic AD.[101, 103] IL-22 and IL-31 have also been identified as 

cytokines of interest, playing a role in epidermal hyperplasia and itch respectively.[104-

106] Studies have suggested that the immune profile of AD varies with clinical 

phenotype. Intrinsic and extrinsic AD both demonstrate Th2 activation, however intrinsic 

AD shows a stronger activation of Th17 and Th22, with some TH17 mediators correlating 

with disease activity.[107] Ethnicity may also alter AD immune profile. An increased Th17 

axis has been demonstrated in Asian patients compared with European American 

patients.[108]  

   

Despite AD being predominantly a disease of infancy and childhood, few studies 

investigated the paediatric immune profile. Paediatric and adult AD have clinical 

differences, including the distribution of the AD lesions [7] and the microbiome 

disturbances [109]. These clinical differences may point to pathomechanistic diversity. 

Paediatric studies have demonstrated a correlation between serum biomarkers and 

disease activity. These biomarkers include IL-31, CCL17, CCL22, CCL27, eosinophils 

and IgE.[110-123] micro-RNA expression has been studied in paediatric AD, looking at 

limited Th1 and Th2 markers.[124-128] The peripheral blood in paediatric AD has been 

shown to have Th2 expansion, without other polar T cell subsets in the blood, in contrast 

to the adult profile that had Th2 and Th22 polarisation.[129] A study of skin profiles, 

comparing infants and adults, with AD demonstrated Th2 activation in adult skin,[130] 

while in infant skin there was a Th2 response but also innate and IL17 related 

inflammation.[130] Non-lesional skin in both adults and children has increased 

expression levels of cytokines with as high, or even higher levels in children compared 

with adults[130, 131].  Infant skin shows increased levels of thymic stromal 

lymphopoietin (TSLP), a cytokine that drives Th2 cell differentiation, two months prior to 

the onset of the disease.[132] Whether these markers represent a unique pathogenic 
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profile of paediatric AD or are, in fact, physiological and play a role in combating skin 

infection in vulnerable infants remains unclear. The pathogenicity, or otherwise, of the 

immunological profile demonstrated in paediatric AD requires further study. 

 

Biomarker discovery has the potential to reveal mechanistic insights and can facilitate 

AD subphenotyping, which will ultimately inform clinical study design, and drug 

development, and hasten the era of personalized medicine in AD. Useful biomarkers in 

infantile AD are currently not available.  

 
 

 Conclusion 2.7

 

Insights into the pathomechanisms of AD have developed rapidly in the last decade, with 

the role of FLG mutations in disease causality emphasising the importance of a barrier 

defect. Subsequent work has shown that skin barrier dysfunction is key to disease 

initiation in AD. Factors such as immune dysregulation, epidermal gene mutations, 

deficiencies in AMPs and skin dysbiosis further disrupt the skin barrier. Despite immense 

advances in our understanding of AD pathogenesis, we are still at the early stages of 

understanding the complexity of this disease and its associated atopic co-morbidities. 

Significant challenges lie ahead in integrating the clinical and translational scientific 

advances to develop and deliver therapies and preventative strategies.   
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3 Chapter Three: Methods  

 

 Study Cohorts 3.1

 

Two cohorts were recruited for studies included in this thesis:  

(i) A cohort of infants and children with healthy skin for the study of normal and 

age-related difference in the skin barrier.  

(ii) A cohort of infants with AD for the investigation of the biophysical and 

immunological changes in AD skin.  

I recruited and assessed all subjects, ensuring consistency in evaluation. Both studies 

were conducted in accordance with the Helsinki Declarations and were approved by the 

Research Ethics Committee of Our Lady’s Children’s Hospital, Dublin, Ireland. Full 

written informed consent was obtained from all subjects’ parents.  

 

3.1.1 Cohort of infants and children with healthy skin for study of normal 

and age related differences in the skin barrier 

 

Phase I of this study involved recruiting healthy infants and children that were booked for 

elective surgical procedures in Our Lady’s Children’s Hospital, Dublin (March to 

September 2013). Children were recruited if they did not have a history suggestive of 

AD, or any other inflammatory skin disease. Exclusion criteria from the study included 

subjects who had pyrexial illness in the preceding 2 weeks, those who had received 

systemic therapy in the preceding 3 months, and patients whose ancestry was not 

exclusively Irish (4/4 grandparents). Seven body sites were tape stripped to sample the 
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SC: cheek, nasal tip, nape of neck, volar forearm at the elbow flexure, dorsal proximal 

mid upper limb, dorsal hand, and the buttock. (Figure 3.1) 

 

Phase II of the study was carried out in The National Maternity Hospital, Holles Street, 

Dublin (July to September 2014). Infants were recruited, both in the postnatal wards in 

the 48 hours following delivery, and in the early weeks of life in outpatient/ambulatory 

clinics, when attending for elective baby checks. Identical inclusion and exclusion criteria 

applied for phase II as for phase I. Three body sites were tape stripped in this cohort: 

cheek, nasal tip, and volar forearm at the elbow flexure. The number of body sites 

sampled had to be reduced in view of the very young age of these subjects. The 3 body 

sites in this cohort were selected because preliminary data from phase I of the study 

suggested that these body sites were most likely to be most informative. (Figure 3.2) 
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Figure 3.1 Schematic of phase I recruitment and assessment for cohort of healthy 
infants and children 
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Figure 3.2 Schematic of phase II recruitment and assessment for cohort of healthy 
infants 
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3.1.2 Atopic Dermatitis Cohort 

 

Infants with AD were recruited, from November 2012 to November 2014, in a dedicated 

AD clinic in Our Lady’s Children’s Hospital, Dublin. All subjects met the Hanifin & Rajka 

criteria[133] and UK diagnostic criteria[134] for the diagnosis of AD. Inclusion criteria 

were that the infant had to be less than 12 months of age, with moderate or severe AD, 

and presenting for the first time to the clinic. Furthermore, the subjects had to be 

treatment naïve, apart from the use of emollients and 1% hydrocortisone cream or 

ointment. Exclusion criteria included subjects who had a pyrexia or illness in the 

preceding 2 weeks, those who had received any systemic therapies in the preceding 3 

months, and patients whose ancestry was not exclusively Irish (4/4 grandparents), to 

ensure accurate and comprehensive FLG genotyping. Standard clinical care was 

provided, in addition to the study assessments being done, as outlined below. Subjects 

were treated as clinically indicated. Following 6 weeks of treatment, and again one year 

after recruitment, subjects were reassessed. (Figure 3.3) 

 

Thirty control subjects were recruited while attending Our Lady’s Children’s Hospital, 

Dublin, for elective surgical and laser procedures under general anaesthetic. Subjects 

were recruited if they did not have AD, any history suggestive of AD, or any other 

inflammatory skin disease. Parents were questioned about any history of itchy or red 

skin in their child to determine if there was any possibility of previous AD or other 

inflammatory skin disease. Other exclusion criteria were identical to those outlined 

above. 
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Figure 3.3 Recruitment and assessment of AD cohort 
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 Clinical Assessment of Subjects with AD 3.2

 

The age of onset of AD was recorded. Any history of food allergies or other atopic 

conditions were noted. (Appendix A) 

 

Atopic dermatitis severity was assessed using the Scoring Atopic Dermatitis (SCORAD) 

scale.[135] I carried out all of the SCORAD assessments. The SCORAD was developed 

by the European Task Force on Atopic Dermatitis to assess the extent and severity of 

AD.[135] It is an objective measure, and its strengths include its validity, responsiveness 

and inter-observer reliability.[136, 137] The SCORAD is internally consistent, responsive 

and interpretable and has adequate inter-observer reliability (Cohen’s kappa (κ) = 0.82, 

p<0.001).[138] SCORAD is a composite score, that incorporates both objective physician 

assessment of extent and severity and subjective patients or parent assessment of itch 

and sleep loss.[15] To measure the extent of AD, the rule of nines is applied to the 

inflammatory lesions, and the extent is graded 0-100. The intensity consists of 6 items: 

erythema, oedema/papulation, excoriations, lichenification, oozing/crusts, and dryness. 

Each item is graded on a scale of 0-3. The subjective items are daily pruritus and 

sleeplessness and are graded on a 0-10 cm visual analogue scale. The SCORAD index 

formula is: A/5 + 7B/2 + C, where A is extent (0-100), B is intensity (0-18) and C is 

subjective symptoms (0-20). The maximum score is 103. Mild disease is SCORAD 25 or 

below, moderate disease score is 25-50 and severe disease is defined as SCORAD 

greater than 50. (Appendix A) 

 

The presence of any clinical infection (bacterial, yeast, or viral) was documented and 

swabs for bacterial or viral culture were taken, when indicated. 
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 Transepidermal Water Loss Measurement 3.3

 

Transepidermal water loss (TEWL) measurements were carried out on the AD patient 

cohort. Transpeidermal water loss (TEWL) provides information on permeability barrier 

status under normal, experimentally perturbed, or diseased conditions.[139] A low TEWL 

is consistent with an intact skin function in vivo.[139] Elevated TEWL values are 

observed in a number of diseases with skin barrier abnormalities, such as AD, ichthyosis 

vulgaris and psoriasis.[140] I used an open chamber instrument to measure TEWL. This 

system is based on Fick’s diffusion law, indicating the quantity of water being transported 

per a defined area and period of time. By using the data obtained from thermo- and 

hydro-sensors, after processing the information by an inbuilt microprocessor, a numerical 

value of the TEWL is obtained, commonly shown in g/m2/h. In stable ambient conditions 

and in healthy skin, TEWL oscillates around 4–10 g/h/m2, depending on the skin site 

tested.[141, 142]  Measurements can be influenced by microclimate change near the 

skin surface. Measurements should be taken in acclimatised rooms with controlled air 

temperature and relative humidity, and without direct air-flow into the test field.[143] 

Other factors that should be considered include the anatomical sites, sweating, and skin 

surface temperature.  

 

I carried out TEWL measurements under standardized conditions (room temperature of 

22-25oC and humidity levels of 30%-35%). Participants’ parents were asked not to apply 

any topical agents to the infants’ volar forearm for 48 hours prior to the assessment. 

Prior to the reading, patients were acclimatized in the environmentally controlled room 

for a minimum of 10 minutes, with their volar forearm skin exposed. Babies and children 

had to be relaxed, and not crying or fussing to ensure the quality of TEWL readings. 

(Appendix A) Measurements were taken from an area of clinically unaffected skin on the 
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volar forearm using the Tewameter 300 (Courage and Khazaka Electronic GmbH, 

Cologne, Germany). (Figure 3.4) 

 

 

Figure 3.4 Measuring TEWL 

A: a Courage and Khazaka Tewameter  

B: a schematic of an open chamber system TEWL reading on the principal of Fick’s 

difussion law 

 

 Tape Stripping Technique 3.4

 

The SC was sampled using the tape strip technique.[48] (Figure 3.5) As previously 

outlined, in the study of regional skin sites in healthy skin, seven skin sites were sampled 

in phase I (cheek, nasal tip, nape of neck, volar forearm at the elbow flexure, dorsal 

proximal mid upper limb, dorsal hand buttock) and three skin sites in phase II (cheek, 

nasal tip, volar forearm at the elbow flexure). In the study of AD skin the sampled site 

was a clinically unaffected area of the volar forearm.  

 

Circular adhesive tape strips (3.8 cm2, D-Squame, Monaderm, Monaco, France) were 

applied to the skin site that was being sampled. Where possible, the D-Squame pressure 

instrument D500 (CuDerm, Dallas, TX, USA) was pressed on the tape strip for 10 

seconds with a constant pressure (225g/cm2). (Figure 3.6) In sites such as the face, 

A B 
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where it wasn’t possible to apply the D-squame pressure instrument, pressure was 

applied manually for 10 seconds. (Appendix A) Eight consecutive tape strips were 

sampled, all from the same site, and immediately stored at -80°C. (Figure 3.6) The first 2 

strips were not analysed, to avoid contaminants present on the skin surface, and also to 

reach the SC depth were NMF levels are more homogeneous.[144] The remaining 6 

strips were available for analyses. Tapes were used for optical density measurement of 

squames on the strip, NMF levels, protein level measurement present on the strip, for 

multiplex enzyme-linked immunoabsorbent assay (ELISA) assessment of cytokines and 

chemokines, and squame surface topography. These methods are outlined below. 

Furthermore, tapes were available to our collaborators for further studies.  

 

 

 

Figure 3.5 Schematic of tape stripping technique 

Adhesive circular disc are attached to the SC, a constant pressure applied and then 

removed along with a layer of squames. 
From Nair A, Jacob S, Al-Dhubaib B et al. Basic considerations in the dermatokinetics of topical 

formulations. Braz. J. Pharm Sci. 2013 49 (3); 423-434 
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Figure 3.6 Clinical images of tape stripping technique 

A: a toddler demonstrating how the doctor pressed down the D-squame pressure 

instrument 

B: painless removal of the tape strip 

C: placing the tape strip in an Eppendorf prior to storage in -80°C freezer 

 

 Blood collection, Plasma and PBMC Separation, and Storage 3.5

 

Subjects, where possible, had venepuncture and blood samples taken. The volume of 

blood draw depended on the infants’ or child’s weight, based on recommended 

guidelines. (Appendix A) Blood was used for FLG genotyping and for measurement of 

total IgE, specific IgE to common ingested and inhaled allergens, as well as for isolation 

of peripheral blood mononuclear cells (PBMCs) and plasma. Briefly, PBMCs and plasma 

were separated from the whole blood sample, using sterile technique, by centrifugation. 

The PBMCs were preserved in foetal calf serum (FCS) and 10% dimethyl sulfoxide 

(DMSO). The plasma was pipetted into cryotubes and stored and frozen at -80°C until 

further analysis. (Appendix A)  

 

C 

B A 
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 Buccal Swabs for Filaggrin Status 3.6

 

Where bloods tests were not clinically indicated in the AD infants, or in the cohort of the 

healthy infants, buccal swabs (Isohelix DNA buccal swabs, Cell Projects Ltd, Kent, UK) 

were carried out for FLG mutation analysis.  

 

 

 HPLC to measure Natural Moisturising levels with normalisation 3.7

for total protein content. 

 

After extraction by an acid or base, filaggrin degradation products can be determined by 

High Performance Liquid Chromatography (HPLC).[144] The total amount of His, PCA 

and both isomers of UCA, cis-UCA and trans-UCA, referred collectively as NMF, were 

calculated by addition of their individual amounts and normalised for total protein 

content.  

Prior to extraction, the amount of SC proteins on the tape strip was determined by 

measuring the absorption of the disc at approximately 850 nm (infrared radiation) using 

the D-squame Scan 850A instrument (CuDerm).[145] The absorption value is displayed 

as a percentage and is translated into protein content by using a simple transfer 

function.[146] Infrared densitometry has been shown to be a reliable and fast indirect 

method of evaluating protein content on tape strips, with the advantage of being non-

destructive.[146] These studies, however, were carried on adults and on conventional 

skin sites. To allow for variations in the protein content, in view of the young age of our 

subjects, and the inability to use the pressure applicator in sites such as the face, we 

also measured the protein content on the tape extracts. This was done after the NMF 

extraction and is described below.  
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Natural moisturising factor (NMF) component analysis (HIS, PCA, trans-UCA and cis-

UCA), and proteins were carried out on the 4th consecutive strip using the validated 

method. [48] Natural moisturizing factor components in the SC on the tape strip were 

extracted with 500 millilitres of 25% (w/w) ammonia solution, evaporated to dryness, and 

reconstituted in 250 millilitres of pure water. The NMF components were separated from 

each other on a 250 x 3 mm reversed-phase Prevail column (grance / Altech, Breda, the 

Netherlands) with a flow rate of 0.4mL/min, delivered by HPLC pumps (model PU 1850; 

Jasco, Tokyo, Japan). Isocratic elution was performed with 20mm/L ammonium formate, 

containing 1.5mmol/L tetrabutylammonium hydroxide and 1% acetonitrile at pH 7.3. The 

effluent was monitored at 210 nm fro PCA and at 270 nm fro both UCA isomers, using 

two sequential UV/vis detectors, model 759A (Applied Biosystems) and model UV-975 

(Jasco). Ten-microliter samples were injected into the system with a Promis II 

autosampler (Spark Holland, Emmen, the Netherlands). Data was recorded using Jasco-

Borwin chromatography software (JMBS Development, Le Fontanil, France)[144] 

(Appendix A) Due to incomplete extraction recovery of SC proteins by ammonia, the 

second extraction of proteins from the tape strips was performed with 0.1M KOH solution 

over 24 hours. The proteins were determined in both extracts by using Pierce Micro BCA 

protein assay kit (Thermo Scientific, Rockford, IL, USA). The levels of NMF components 

in the SC were normalised for proteins and expressed as mmol NMF/g protein. 

 

 Extraction of Cytokines from Stratum Corneum 3.8

 

Enzyme immunoassay (EIA) and ELISA are widely used diagnostic and analytical tools. 

Berson and Yalow first described radioimmunoassay to measure endogenous insulin. 

Yalow was awarded the Nobel Prize in 1977 for this work. [147] Secondary to concerns 

regarding radioactivity, RIA assays were modified by replacing the radioisotope with an 

enzyme, thus creating the modern-day EIA and ELISA.[148] 
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EIA/ELISA uses the basic immunology concept of an antigen binding to its specific 

antibody, which allows detection of very small quanities of antigens such as proteins, 

peptides, hormones or antibody in a fluid sample. EIA and ELISA utilize enzyme labelled 

antigens and antibodies to detect the biological molecules. The antigen in fluid phase is 

immobilised, usually in a 96-well microtitre plate. The antigen is allowed to bind to a 

specific antibody, which is itself, subsequently detected by a secondary, enzyme coupled 

antibody. A chromogenic substrate for the enzyme yields a visible colour change or 

fluorescence, indicating the presence of antigen. Quantitative or qualitative measures 

can be determined using colorimetric reading.[148] (Figure 3.7) 

 

ELISA has been long considered the standard cytokine measurement method and is 

widely utilised in clinical and biomedical research. The results are highly quantitative and 

generally reproducible. ELISA, despite being a very useful technique, has some 

disadvantages. It is largely dependent on antibody quality, kit manufacturer, as well as 

operator skill. [149] ELISA only permits the measurement of only one cytokine at a time 

in a given sample.  It frequently requires high volumes of serum, which can be prohibitive 

especially in paediatric research. Furthermore, this limits the ability to evaluate a 

spectrum of inflammatory mediators. Another limitation of ELISA-based assays is that 

the dynamic range (range over which there is a linear relationship between the cytokine 

concentration and the absorbance reading) is narrow relative to the range for multiplex 

assays. Thus samples with concentration above the dynamic range have to be diluted for 

the assay. Dilution not only reduces the concentration of the cytokines being measured, 

but may also diminish the concentration of any circulating inhibitors or binding proteins. 

This is particularly relevant to the use of serum samples, exaggerating differences 

between samples that have cytokines levels within the dynamic range (do not require 

dilution) and samples above the dynamic range (do require dilution).[150] 
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Bead-based and electrochemiluminescence-based multiplex assays have been 

developed, allowing greatly reduced subject serum per measurement and multiple 

mediators to be measured.[150] I employed multiplex kits from Meso Scale Discovery 

(MSD, Gaithersburg, MD, USA) (www.mesoscale.com) in my study. These utilise 

sandwich immunoassay electrochemiluminescence technology with multiple specific 

capture antibodies coated at corresponding spots on an electric wired microplate. The 

detection antibody is conjugated to a proprietary tag that is excited by emission beams in 

the electric field. The co-reactant in the “read buffer” then further amplifies the signal. 

Without utilizing the enzymatic or fluorescent detection system, 

electrochemiluminescence-based multiplex arrays avoid time-dependent signal decay 

issues.[150] (Figure 3.8) 

 

Compared with traditional ELISA, multiplex arrays have a number of advantages 

including: a) high throughput multiplex analysis; b) less sample volume needed, c) 

efficiency in terms of time and cost, d) ability to evaluate the levels of one given 

inflammatory molecule in the context of multiple others, e) ability to perform repeated 

measures of the same cytokine panels in the same subjects under the same 

experimental assay condition, f) ability to reliably detect different proteins across a broad 

dynamic range of concentrations.[150] 

 

The 5th consecutive tape strip was used to measure cytokine levels in the SC. To 

determine the amount of soluble protein and cytokines, 0.6 mL of phosphate buffered 

saline (PBS) (Merck, Darmstad, Germany) with 0.005% Tween-20 (Sigma-Aldrich, 

Zwijndrecht, The Netherlands) was added to each vial, and the vials were left on ice for 

30 minutes. Extraction was performed with an ultrasound sonifier equipped with a probe 

(Salm & Kipp, Breukelen, The Netherlands) for 15 minutes in ice water. The extract was 

centrifuged (2 minutes at 15,000g), and supernatant aliquots of 60 µl were frozen at -80 
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°C until further analysis.  The amount of cytokine in the SC was normalized for the 

protein content, which was determined using the Pierce Micro BCA protein assay kit 

(Thermo Fischer Scientific, Rockford, IL, U.S.A.), with the BSA supplied as standard. 

(Appendix A) 

 

 

 

Figure 3.7 Enzyme-linked immunosorbant assay (ELISA) technique. 

The antigen (in liquid phase) is added to the wells, where it adhers to the walls. Primary 

antibody binds specifically to the antigen. An enzyme-linked secondary antibody is 

added that reacts with a chromogen, producing a color change to quantitatively or 

qualitatively detect the antigen 
From Gan SD & Patel KR. Enzyme immunoassay and enzyme-linked immunoabsorbant assay. J 

Invest Dermatol 2013;133(9): e12  
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to the specific test antigen to select it out of the serum, as 
illustrated in the sandwich technique below.

Sandwich ELISA
The sandwich technique is used to identify a specific sample anti-
gen. The well surface is prepared with a known quantity of bound 
antibody to capture the desired antigen. After nonspecific binding 
sites are blocked using bovine serum albumin, the antigen-con-
taining sample is applied to the plate. A specific primary antibody 
is then added that “sandwiches” the antigen. Enzyme-linked sec-
ondary antibodies are applied that bind to the primary antibody. 
Unbound antibody–enzyme conjugates are washed off. Substrate 
is added and is enzymatically converted to a color that can be 
later quantified. Canady et al. (2013) analyzed patient sera using 
the sandwich method to detect enhanced keratinocyte growth 
factor (KGF) levels in the sera of keloid and scleroderma patients 
compared to healthy controls to quantify human KGF (Figure 3).

One advantage of using a purified specific antibody to capture 
antigen is that it eliminates the need to purify the antigen from a 
mixture of other antigens, thus simplifying the assay and increas-
ing its specificity and sensitivity.

Competitive ELISA
The key event of competitive ELISA is the process of competi-
tive reaction between the sample antigen and antigen bound 
to the wells of a microtiter plate with the primary antibody. 
First, the primary antibody is incubated with the sample anti-
gen and the resulting antibody–antigen complexes are added 
to wells that have been coated with the same antigen. After 
an incubation period, any unbound antibody is washed off. 
The more antigen in the sample, the more primary antibody 
will be bound to the sample antigen. Therefore, there will be 
a smaller amount of primary antibody available to bind to the 
antigen coated on the well. Secondary antibody conjugated to 
an enzyme is added, followed by a substrate to elicit a chro-
mogenic or fluorescent signal. Absence of color indicates the 
presence of antigen in the sample.

The main advantage of competition ELISA is its high sensitivity 
to compositional differences in complex antigen mixtures, even 
when the specific detecting antibody is present in relatively small 
amounts (Dobrovolskaia et al., 2006). This method can be used 
to determine the potency of U.S. standardized allergen extracts 
(Dobrovolskaia et al., 2006) and to measure the total antibodies 
to the capsular polysaccharide of Haemophilus influenzae type 

“capture” antibody. The antigen is thus “sandwiched” between 
such capture antibody and a detection antibody. If the anti-
gen to be measured is small in size or has only one epitope 
for antibody binding, a competitive method is used in which 
either the antigen is labeled and competes for the unlabeled 
antigen–antibody complex formation or the antibody is labeled 
and competes for the bound antigen and antigen in the sample. 
Each of these modified techniques of ELISA can be used for a 
qualitative and quantitative purpose.

TYPES OF ELISA
Indirect ELISA
A sample that must be analyzed for a specific antigen is adhered 
to the wells of a microtiter plate, followed by a solution of nonre-
acting protein such as bovine serum albumin to block any areas 
of the wells not coated with the antigen. The primary antibody, 
which binds specifically to the antigen, is then added, followed 
by an enzyme-conjugated secondary antibody. A substrate 
for the enzyme is introduced to quantify the primary antibody 
through a color change. The concentration of primary antibody 
present in the serum directly correlates with the intensity of the 
color. One application of the indirect ELISA method is demon-
strated by Haapakoski et al. (2013), who investigated the role 
of Toll-like receptor activation during cutaneous allergen sen-
sitization using ovalbumin (OVA) in the modulation of allergic 
asthma. In one experiment, dermal exposure to Toll-like receptor 
ligands (lipopolysaccharide, Pam3Cys, P(I:C)) was demonstrated 
to downregulate OVA-specific IgE antibodies in serum, as mea-
sured by the indirect ELISA technique (Figure 2).

A main disadvantage of indirect ELISA is that the meth-
od of antigen immobilization is not specific. When serum 
is used as the test antigen, all proteins in the sample may 
adhere to the wells of a microtiter plate. This limitation, 
however, can be overcome using a capture antibody unique 

Figure 1. Enzyme-linked immunosorbent assay (ELISA) technique used 
to detect an antigen in a given sample. The antigen (in liquid phase) is 
added to the wells, where it adheres to the walls. Primary antibody binds 
specifically to the antigen. An enzyme-linked secondary antibody is added 
that reacts with a chromogen, producing a color change to quantitatively or 
qualitatively detect the antigen.

Figure 2. Indirect enzyme-linked immunosorbent assay (ELISA). Dermal 
exposure to Toll-like receptor ligands (lipopolysaccharide, Pam3Cys, P(I:C)) 
was demonstrated to downregulate ovalbumin-specific IgE antibodies 
in serum, as measured by the indirect ELISA technique. Reprinted from 
Haapakoski et al. (2013).
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Figure 3.8 Sandwich immunoassay electrochemiluminescence technology  
High binding carbon electrodes in the bottom of multi-array and multi-spot microplates 
allow for easy attachment of biological reagents. Assays use electrochemiluminsecent 
labels that are conjugated to detection antibodies. The labels are called SULFO-TAG. 
Electricity is applied to the plate electrodes by an MSD instrument leading to light 
emission by SULFO-TAG lables. Light intensity is then measured to quantify analytes in 
the sample. 
Reproduced from www.mesoscale.com 

A 
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 Cytokine Analysis in Plasma and Stratum Corneum 3.9

 

Cytokines concentrations in the SC and plasma were measured using MESO QuickPlex 

SQ 120  (MSD, Rockville, MA, U.S.A.) according to the manufacturer’s instructions, apart 

from in the case of SC extracts the samples being undiluted and the incubation time 

prolonged to 16 hours. (Appendix A)  

Cytokines were measured on preconfigured multiplex panels, as follows:  

• proinflammatory panel: IL-1β, IL-2, CXCL8, and IL-13 in the SC and additionally 

IFN-γ, IL-4, IL-6, IL-10, IL12p70 and TNF-α in plasma 

• chemokine panel: CCL2, CCL3, CCL4, CCL13, CCL17, CCL22 and CXCL10 in 

the SC and additionally IL-8 (HA), CCL5, CCL11 and CXCL8 in plasma  

• cytokine panel: GM-CSF, IL-1α, IL-5, IL-7, IL-12p40, IL-15, IL-16 and IL-17 in the 

SC and additionally TNF-β, IL-17A and VEGF in plasma  

• vascular panel: CRP, SAA, sICAM-1 and sVCAM-1 in both, SC and plasma; 

angiogenesis panel: Flt-1, Tie-2, VEGF-A and VEGF-C in the SC and additionally 

FGF (basic), PIGF, VEGF-D (in plasma)  

• some single-plex assays (IL-18).  

Data analysis was carried out with Meso Scale software. For statistical analysis, 

cytokines concentrations below detection limit (but above the bottom of the curve) or 

above detection limit were taken unchanged, and cytokines concentrations which were 

below fit curve range (signal was below the bottom of the bottom of the curve fit, no 

concentration given) were assigned half the value of the lowest sample concentration 

below detection limit to maintain the ranking order. Limits of detection are given in Table 

3.1.  
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CYT 
LoD 

SC Plasma 
pg/mL 

Flt-1 1.45 0.24 
Tie-2 4.51 14.7 
VEGF-A 1.39 1.15 
VEGF-C 13.1  19.4 
PIGF nd 0.1 
VEGF-D nd 3.8 
CCL2 (MCP-1) 0.109 5.34 
CCL22 (MDC) 3.0 3.29 
CCL17 (TARC) 0.106 0.19 
IL-5 0.114 0.11 
IL-13 0.619 0.31 
CCL26 (Eotaxin-3) nd 0.77 
CCL11 (Eotaxin) nd 2.14 
IL-4 nd 0.08 
CCL5 (RANTES) nd 0.62 
IL-1α 0.202 0.6 
IL-18 1.22 0.74 
IL-1β 0.0894 0.04 
CXCL8 (IL-8) 0.0457 0.06 
TNF-β nd 0.07 
TNF-α nd 0.09 
CXCL10 (IP-10) 0.206 0.26 
CCL13 (MCP-4) 4.23 2.38 
CCL3 (MIP-1α) 4.35 5.34 
CCL4 (MIP-1β) 5.6 2.95 
GM-CSF 0.131 0.1 
IL-7 0.19 0.16 
IL-12p40 1.08 0.53 
IL-15 0.129 0.11 
IL-16 0.747 0.53 
IL-17A 0.633 0.69 
IL-2 0.0894 0.06 
CRP 73 3.74 
SAA 555 43.2 
sICAM-1 76 2.66 
sVCAM-1 107 5.55 
bFGF nd 0.07 
IFN-γ nd 0.69 
IL-6 nd 0.14 
IL-10 nd 0.09 
nd → not determined in the SC 
Angiogenesis markers Th2 skewed markers Markers of innate activation Others 

 
Table 3.1 Cytokine and chemokine limits of detection  

Cytokines / chemokines limits of detection (LoD) and number of cytokines with 

concentrations below fit curve range in the SC and in plasma. 
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 Other Stratum Corneum Techniques 3.10

 

3.10.1 Skin nanotexture analysis - dermal texture index 

 

I collaborated with Dr Christoph Reithmuller to utilise high-resolution atomic force 

microscopy (AFM) to investigate the topography of corneocytes in patients with AD, in 

relation to FLG genotype, levels of filaggrin degradation products, and AD severity based 

on the SCORAD score.[151] Atomic Force Microscopy involves a sharp tip at the end of 

a soft silicon cantilever touching and scanning the surface of a sample. (Figure 3.9 A) 

Changes in topography cause deflection of the cantilever and is transformed into a 3-

dimensional image.[152] Subsequently, a software method was applied to the images 

through which villous projections (VPs) on the corneocyte surfaces were quantitatively 

determined and termed the Dermal Texture Index (DTI). (Figure 3.9B) DTI were 

measured scores in corneocytes of children with active AD at first presentation and after 

6 weeks of standard topical therapy with skin care regimens and appropriate topical 

steroids.  

The seventh tape strip was used for the AFM measurements. Atomic Force Microscopy 

was carried out with a Multimode AFM equipped with the Nanoscope III controller and 

software version 5.30sr3 (Digital Instruments, Santa Barbara, California). Silicon-nitride 

tips on V-shaped gold-coated cantilevers were used (0.01 N/m, MLCT; VEECO, 

Mannheim, Germany). Imaging was performed at ambient temperature with forces of 

less than 1 nN and 1 to 3 scan lines per second (1-3 Hz) with 512 x 512 pixel resolution. 

For texture analysis, subcellular scan areas of 20 mm2 were recorded. Ten random 

images were analysed from each sample. 

Topographic cell-surface data was analysed with the nAnostic method, applying custom-
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built proprietary algorithms (Serend-ip GmbH, Munster, Germany). The principle of this 

method has been described elsewhere.[153] Briefly, each nanostructure protruding from 

the mean surface level was morphometrically evaluated. These objects were then filtered 

by size and shape through computer vision. At this stage, only structures of positive local 

deviational volume smaller than 500 nm in height and with an area of less than 1 mm2 

were considered. The DTI score is the count of identified objects per image (a mean 

value from 10 randomly recorded images). (Figure 3.9 B)   

 

Figure 3.9 Measuring Dermal Texture Index (DTI) 

A: Superfical corneocytes are obtained by tape stripping. The basal (bottom) face of 

corneocytes adhering to the tape is imaged by atomic force microscopy. 

B: Arbitrarily addressed areas of 20µm2 are scanned and analysed by computer vision to 

count structures. The number of objects per area yields the DTI. DTI is defined as mean 

value of 10 images. 
From Engebretsen KA, Bandier J, Kezic S et al. Concentration of filaggrin monomers, its 

metabolites and corneocyte surface texture in individuals with a history of atopic dermatitis and 

controls. JEADV 2018; 32: 796-804 

closed vial until analysis. The same skin location was tape-stripped

five consecutive times, and the fourth tape was analysed by atomic

force microscopy (AFM) as described in details elsewhere.11

Briefly, a Multimode AFM equipped with the Nanoscope III con-

troller and software version 5.30sr3 (Digital Instruments, Santa

Barbara, CA, USA) and silicon nitride tips on V-shaped gold-

coated cantilevers were used (0.01 N/m, MLCT, VEECO, Man-

nheim, Germany). The topographic cell surface data were analysed

using the nAnostic method with custom-built proprietary algo-

rithms (Serend-ip GmbH, Munster, Germany).12 Computer vision

was used to evaluate each nanostructure morphometrically and to

filter them by size and shape. For each sample, 10 randomly

selected images of 20 lm2 were assessed, and the mean value of

the identified objects in these 10 images gave the final DTI.

Determination of filaggrin degradation products in stratum
corneum
Corneocytes were collected by the same tape-stripping tech-

nique as described previously to determine the amount of

filaggrin degradation products, and the analyses were also

performed on the fourth consecutive tape.13 Briefly, NMF

components, histidine (His), 2-pyrrolidone-5-carboxylic acid

(PCA) and urocanic acid (UCA) (trans- and cis-isomer), were

extracted from each tape by adding 500 ll 25% (w/w) ammonia

solution. After 2 h of continuous shaking (IKA-Vibrax Model

2200, IKA-works Inc, Wilmington, NC, USA), the extracts were

evaporated to dryness at 60 °C (Eppendorf Concentrator 5301,

Eppendorf AG, Hamburg, Germany) and the residue was dis-

solved in 500 ll Millipore water and analysed by HPLC. To com-

pensate for the variable amount of stratum corneum protein on

the tape strips, the total amount of protein was determined. Due

to incomplete extraction of proteins by ammonia, a second extrac-

tion with 0.1 M KOH was performed. Proteins in both extractions

were measured by a Pierce Micro BCA protein assay kit (Thermo

Fischer Scientific, Rockford, IL, USA), added together, and the

levels of NMF were expressed as mmol/g total protein.13

Quantification of epidermal monomeric filaggrin in the skin
Epidermal monomeric filaggrin was quantified in 4 mm skin

biopsies taken from the inner surface of the upper arm.6 Biopsies

(a)

(b)

Corneocytes

Adhesive tape

Raw data Processed Dermal Texture Index 
(DTI)

20 µm2

20 µm2
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Figure 1 Nanostructure counting. (a) Superficial corneocytes are obtained by tape stripping. The basal (bottom) face of corneocytes
adhering to the tape is imaged by atomic force microscopy (AFM). (b) Arbitrarily addressed areas of 20 lm2 are scanned and analysed by
computer vision to count circular structures (green spots). The number of objects per area yields the Dermal Texture Index (DTI). DTI is
defined as mean value of 10 images. AD, atopic dermatitis.

© 2018 European Academy of Dermatology and VenereologyJEADV 2018

Filaggrin, NMF and DTI in dermatitis 3
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3.10.2 Corneodesmosin immunolabeling 

 

Following AFM and DTI analysis, the distribution of corneodesmosome remnants was 

investigated using scanning electron microscopy and corneodesmosin 

immunocytochemical labelling. Corneocytes from 3 patients with different FLG mutation 

genotypes collected on D-squame discs were labelled with an anti-corneodesmosin 

antibody and visualized with SEM, as described elsewhere.[154] Briefly, the native cells 

exposed to the mouse monoclonal antibody to corneodesmosin (diluted 1:100; Abnova, 

Jhongli City, Taiwan) were immunogold labelled with the goat anti- mouse Ultra Small 

probe (0.8 nm, diluted 1:10; Aurion, Wageningen, The Netherlands). The labelling was 

silver enhanced with the BBI kit (BBI Solutions, Cardiff, United Kingdom), and the 

samples, after dehydration in ethanol, were observed in a partial vacuum by using 

secondary and backscattered electron detection modes.  

 

3.10.3 Natural moisturising factor depth profiling 

 

To ensure that NMF measurements in different age groups and sites were not affected 

by varying SC thickness, NMF profiling was carried out on consecutive tape strips in 13 

subjects. Natural moisturising factor was assessed in the 2nd, 6th and 8th tape stripping in 

subjects from <48 hours old to 3 months of age at the cheek and elbow sites.  

3.10.4 Stratum corneum maturation assay 
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Stratum corneum maturation was assessed using differential Nile red and 

immunostaining for the late epidermal differentiation marker involucrin, using a 

modification of the previously described method.[155, 156] Briefly, tape strips were 

immersed in 1mL of dissociation buffer (2% SDS, 20mmol L-1 DL-dithiothreitol, 5mmolL-1 

EDTA, 0.1mol L-1 Tris-HCL buffer adjusted to pH 8.0). After heating at 100°C for 10 

minutes the corneocytes were collected as a precipitate by centrifugation at 3300g for 10 

minutes. Extraction with the dissociation buffer was carried out three times to remove 

soluble materials. The remaining insoluble material was dissolved in 100µL buffer. 

Aliquots of corneocyte suspension were applied to a microscope slide and allowed to dry 

at room temperature. The cells were rehydrated twice using PBS for 5 minutes. Primary 

monoclonal antibody (1:100, antihuman involucrin, clone SY5, in PBS) was applied to 

the corneocytes and incubated overnight at 4°C in a humidified chamber. The cells were 

then exposed to FITC-labelled 1:50 rabbit polyclonal to mouse antibody IgG (H&L) 

antibody in PBS for 1 hour in a dark room at room temperature after which the slides 

were rinsed with PBS. A stock solution of Nile red (500 µg mL-1) in acetone was diluted 

with 75% glycerol/water to a concentration of 20 µg mL-1. An appropriate amount of this 

solution was used to stain the cells for 10 minutes in a dark room. The sides were 

subsequently rinsed with PBS and covered with a slide cover. Fluorescence was 

monitored with a fluorescence microscope equipped with a Fuji S2 pro 6.2 megapixcel 

camera (Fuji, Tokyo, Japan). The object was magnified x10, giving 0.8 pixels µm-1 with a 

resolution of 1440x960 pixels. After observing the slides, images of both Nile red-stained 

and immunostained cells were taken separately. IMAGEJ® image analysis software (NIH 

Image; National Institutes of Health, Bethesda, MD, USA) was used to analyse the red 

pixels obtained from the Nile red-stained cells, by measuring red-green-blue pixels. 

Mature corenocytes were stained by Nile red. The immature corneocytes were 

specifically immunostained by the antihuman antibody and emanated a green 

fluorescent colour. The ratio of red/green pixels corresponds to the corneocyte maturity. 

(Figure 3.10)  
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Figure 3.10 Evaluation of corneocyte envelope maturity 
Evaluation of CE maturity by involucrin/nile red staining 
Reproduced with permission from Tony Rawlings 

 

3.10.5 Bleomycin hydrolase, calpain-1 and plasmin assays 

 

Protease activities were determined on the 5th tape stripping using previously reported 

methods.[155-159]. After measuring protein content, the tape strips were placed in 

1.5mL Eppendorf tubes. The corneocytes were extracted with 750 µL of a buffer (0.1 

mmol L-1 Tris –HCL /0.5% Triton x-100, pH 8.0)/ and mixed for 15 minutes at 25°C and 

180 g in an Orbital incubator SI50 (Stuart Scientific, Stone, U.K). To each 250 µL of 

solutions, 1.25 µL of 5 mmol L-1 fluorogenic peptide substrates concentration dissolved in 

DMSO were added, giving a final substrate concentration of 25 µmol L-1. The mixtures 

were incubated and shaken at 37°C and 180 g for 2 hour. The reaction was stopped by 

adding 250 µL of acetic acid (1% v/v). The released aminomethyl coumarin was 
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quantified by HPLC using a Symmetry C18 column, 5 µm, 4.6 x 150mm (Waters, Milford, 

MA, U.S.A) and with a fluorescence detector. The wavelength for emission was 442 nm 

and for excitation was 354 nm. The mobile phases used were: 75% water, 25% 

acetonitrile, and 0.01% trifluoroacetic acid (TFA). The flow rate was 1 mL min-1 and the 

injection volume was 20 µL. The retention time of aminomethly coumarin (AMC) was  6.5 

minutes. The released AMC was then calculated from a standard calibration curve. The 

total SC protein was used to normalise values for the proteases.  

 

 Filaggrin mutation status testing 3.11

 

All patients were screened for the 9 most common filaggrin mutations found in the Irish 

population (R501X, Y2092X, 2282del4, R2447X, S3247X, R3419X, 3702X, S1040X, and 

G1139X) from DNA extracted from a blood sample. The methods used have been 

previously described.[160] All subjects that were FLG heterozygous or homozygous for 

loss of function mutations were excluded from the analysis. 
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 Good Laboratory Practices 3.12

 

Irrespective of the technique, I operated good laboratory practices including quality 

assurance activities such as optimising assay precision and accuracy, quality control to 

check result validity, and standardisation and calibration of measurements.  

 

 Statistical analysis 3.13

 

All calculations were performed using Prism 7 software (GraphPad, San Diego, CA, 

USA0 and R 3.4.0 (R Foundation for Statistical computing, Vienna, Austria). The 

distribution of data was tested by Shapiro-Wilk normality test; p values were corrected for 

multiple testing using a Bonferroni-Hochberg procedure. All applied statistical tests are 

outlined in the corresponding figure legends or within the figure. 
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4 Chapter Four: Normal Regional and Age Variations in the 

Skin Barrier: Implications for Atopic Dermatitis  

  

 

 Introduction 4.1

 

The clinical manifestations of AD vary with age. In infancy, the first lesions most 

commonly emerge on the cheeks and the scalp.[7] These well-recognised predilection 

sites for AD suggested regional differences in skin structure and function. Non-invasive 

biophysical measures of SC and advances in microscopy previously demonstrated some 

regional differences in SC structure and function. Notably, there are distinctive findings in 

facial skin.[161] There have been few studies measuring SC amino acids in infancy and 

childhood, investigating limited skin sites, but with conflicting results.[49, 63, 64] The 

mechanisms underlying how these regional variations relate to AD are unclear. I 

hypothesised that age-related and regional differences in skin structure and function 

were likely important in AD.  

 

The critical importance of an inherited skin barrier defect is well established in the 

pathogenesis of AD and its associated atopic disorders. Genetic and acquired filaggrin 

protein deficiency in the SC is a central mechanism in this barrier impairment.[4] 

Filaggrin is metabolised, via dephosphorylation, deamination and proteolysis, into 

hygroscopic amino acids and derivatives, known as NMF.[40, 41] The amino acids that 

constitute NMF can be measured and closely correlate with SC filaggrin content.[48]  

 

I carried out a cross-sectional, observational study investigating regional and age 

dependent variations in SC structure and function, with a focus on filaggrin metabolism 
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and corneocyte maturity, to determine if these could explain the observed predilection 

sites for AD in early life. I utilised my cohort of healthy infants and children. I investigated 

the regional and temporal expression of filaggrin-derived NMF levels, together with SC 

filaggrin processing enzyme activities (BH & C-1), plasmin activities, and corneocyte 

phenotypes, with an emphasis on locations relevant for AD. I demonstrate novel findings 

in infants’ cheek skin that may explain why this body site is vulnerable to the initiation of 

inflammation typical of AD onset in early life.  

 

 Results 4.2

 

4.2.1 Demographic data of subjects 

 

One hundred and eighty-eight infants and children were recruited, 112 male and 76 

female. The average age, age range, and age groups are outlined in tables 4.1 & 4.2. 

The demographics of the 37 subjects that had corneocyte maturity assays as well as C-

1, BH and plasmin measured are outlined in table 4.3. FLG mutation status was 

determined in all subjects in phase I. In phase II the FLG status in 12 subjects was not 

definitively established due to poor DNA quality obtained from this subset of buccal 

swabs. (Table 4.4) These were excluded from analysis. 

 

 

Table 4.1 Subjects’ demographics 
Age groups and sex of all recruited subjects 
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 Number Male Female Mean Age Age Range 

 

Phase I 129 78 51 27.9 months 0.25-70 months 

Phase II 59 34 25 20.5 days 1 – 84 days 

Total 188 112 76 - - 

Age groups  <48 hrs 48hr-4w 1-3m 4-11m 12-36m 36-72m 

        

 All 26 20 26 28 44 43 

 Male 13 12 17 14 28 27 

 Female 13 8 9 14 16 16 
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Table 4.2 Demographics of subjects in phase I and phase II 

Sex distribution, mean age and age range of all subjects in study phase I and phase II  

 

 

 

  
 

Table 4.3 Demographics of subjects included in SC protease and CE maturity 
study. 
 

 

 

 

Table 4.4 Filaggrin status of all recruited subjects 
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 Number Male Female Mean Age Age Range 

 

Phase I 129 78 51 27.9 months 0.25-70 months 

Phase II 59 34 25 20.5 days 1 – 84 days 

Total 188 112 76 - - 

Age groups  <48 hrs 48hr-4w 1-3m 4-11m 12-36m 36-72m 

        

 All 26 20 26 28 44 43 

 Male 13 12 17 14 28 27 

 Female 13 8 9 14 16 16 

Age	groups	 <48	hrs	 48hr-4w	 1	-3	m	 4-11m	 All	Age	Groups	
Number	 10	 10	 9	 8	 37	
Mean	Age	
(months)	 0.03	 0.38	 1.78	 7.4	 2.41	

Age	range	
(months)	 <0.033-0.03	 0.07-0.93	 1	-	3	 4-	11.5	 <0.033-11.5	

	

		 FLG	WT	 FLG	HET	 Unknown	
Phase	I	 118	 11	 0	
	 	 	 	
Phase	II	 46	 1	 12	
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4.2.2 Total NMF was low after birth in all sampled sites and increases 

rapidly in post-natal life. 

 

ln the first 48 hours after birth, the total NMF levels were low in all sampled regions. 

There was an increase in the total NMF levels in the early weeks of life in all regions. 

(Figure 4.1)  
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Figure 4.1 Total NMF, His, PCA and UCA in cheek, tip of nose and elbow flexure 

Levels of tot NMF, His, PCA and sum of trans- and cis-UCA in the SC of children 

(median with interquartile) in different age groups (< 48 h (n = 18), 48 h – 4 weeks (n = 

18), 1 – 11 months (n = 41), 12 – 35 months (n = 25) and 36 – 72 months (n = 30) on 

three body regions. Differences between age groups were determined by Kruskal-Wallis 

test followed by Dunn’s multiple comparisons test. ***P < 0.001, **P < 0.01 and *P < 

0.05. 
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4.2.3 Total NMF is regionally determined 

 

Total NMF is regionally determined, with the cheek skin being slow to mature. 

The nasal tip and the elbow flexure had a rapid increase in total NMF levels in the first 4 

weeks of life, after which NMF levelled off, with no further increase. (Figure 4.1) In 

contrast, in cheek skin there was still a significant increase (P<0.001, Mann Whitney 2-

sided paired test) in NMF between time periods of 1-11 months and 12-35 months.  

Furthermore, the rate of increase in levels of NMF in cheek SC was much slower, and 

there was a significant (r2=0.28; P<0.0001) linear response of NMF vs. age from 1 up to 

72 months. (Figure 4.2)  
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Figure 4.2 Levels of total NMF in the SC  
Levels of totNMF in the SC of children (median with interquartile) (panels a, b and c) and 

regression analysis totNMF vs. age of children (up to 4 weeks of age; panels d, e and f, 

from 1 to 72 months of age; panels g, h and i) on three body regions. For regression 

analysis the values were log-transformed; b=slope of the regression line, CI= 95% 

confidence interval, r2 = regression coefficient. Differences between age groups were 

determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. ***P < 

0.001, **P < 0.01 and *P < 0.05. Age groups: < 48 h (n = 18), 48 h – 4 weeks (n = 18), 1 

– 11 months (n = 41), 12 – 35 months (n = 25) and 36 – 72 months (n = 30).  
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4.2.4 NMF values in the cheek SC  

 

NMF values in the cheek SC were significantly lower as compared to the elbow in 

the first year of life. 

In the first year of life, the NMF values in the check SC were significantly lower as 

compared to the elbow (median of difference 0.15; P <0.0001) (Wilcoxon paired t-test), 

while this difference was not significant at ages >12 months. (Figure 4.3) 

 

 

 

Figure 4.3 NMF at cheek and elbow before and after first year of life. 

NMF values between C and E during the 1st year of life and for all ages >1 year. 

(Wilcoxon paired 2-sided t-test) 

 

4.2.5 NMF levels on the remaining body sites 

 

NMF levels on the remaining body sites were stable over the age of 1 month. 

Natural moisturising factor levels on the remaining body sites sampled in phase I (nape 

of neck, dorsal hand, dorsal upper limb, and buttock) were stable over the ages of 1 

month to 72 months of age. (Figure 4.4)  
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Figure 4.4 Total NMF, His, PCA and UCA in cheek, tip of nose and elbow flexure in 

neck, hand, upper limb and buttock 

Levels of totNMF, His, PCA and sum of trans- and cis- UCA in the SC of children 

(median with interquartile) in different age groups, which were: 1 – 11 months (n = 25); 

12 – 35 months (n = 25); and 36 – 72 months (n = 27); across four body regions. 

Differences between age groups were determined by Kruskal-Wallis test followed by 

Dunn’s multiple comparisons test (for His on nape of neck, dorsal upper limb and buttock 
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region One-way ANOVA followed by Tukey’s multiple comparison test was used). **P < 

0.01 and *P < 0.05. 

 
 

4.2.6 NMF levels and SC depth  

 

NMF levels did not vary with SC depth after 48 hours of age. 

To ensure that NMF measurements in different age groups and sites were unaffected by 

varying SC thickness, NMF profiling was done on consecutive tape strips in 13 subjects. 

The NMF was assessed in the 2nd, 6th and 8th tape strip in subjects from <48 hours old to 

3 months of age at the cheek and elbow sites. 

Of note, there was no variation in NMF levels with SC depth after 48h of age. (Figure 

4.5) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 NMF and SC depth 

Level of totNMF at different SC depth (mean + SEM) in different age groups (< 48 h (n = 

7) and 48 h – 4 weeks (n = 2) and 1 – 11 m (n = 4)) on two body regions; cheek and 

elbow flexure (depth: 2 = 2nd SC tape, 6 = 6th SC tape, 8 = 8th SC tape). 
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4.2.7 Histidine/UCA ratio and trans-UCA/cis-UCA ratio  

 

Histidine/UCA ratio and the trans-UCA/cis-UCA ratio changed rapidly postnatally 

and transitioned to a steady state more quickly in exposed skin sites to non-

exposed sites. 

The His to UCA ratio rapidly increased in the first 3 months of life in exposed sites, and 

reached a steady state from 4 months of age onwards (approximately 2-3 fold). In the 

non-exposed elbow flexure skin the His to UCA ratio remained low for the first 3 months 

of life. (Figure 4.6) The cis-UCA/totUCA ratio increased rapidly in postnatal life in 

exposed sites. The ratio of cis-UCA to the total amount of UCA (cis + trans isomer) in the 

cheek and nasal tip skin reached the levels 30%- 50% around 1st year of life while the 

ratio between cis-UCA/tot UCA in the elbow flexure SC remained low. (Figure 4.7)  
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Figure 4.6 Ratio of His to UCA 

Ratio of His to UCA (median with interquartile) (panels a, b and c) and linear regression 

between ratio of His to UCA and age of children (up to 3 months of age; panels d, e and 

f, from 3 to 72 months of age; panels g, h and i) on three body regions. For regression 

analysis the values were log-transformed; b=slope of the regression line, CI= 95% 

confidence interval, r2 = regression coefficient. ***P < 0.001, **P < 0.01 and *P < 0.05 as 

determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Age 

groups: < 48 h (n = 18), 48 h – 4 weeks (n = 18), 1 – 3 months (n = 21), 4 – 11 months (n 

= 20), 12 – 35 months (n = 25), 36 – 72 months (n = 30).  
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Figure 4.7 Ratio of cis-UCA to tot-UCA 

Fig 3. Ratio of cis-UCA to tot-UCA (cis+trans-UCA) (median with interquartile) (panels a, 

b and c) Differences between age groups were determined by Kruskal-Wallis test 

followed by Dunn’s multiple comparisons test. ***P < 0.001, **P < 0.01 and *P < 0.05. 

Age groups: < 48 h (n = 18), 48 h – 4 weeks (n = 18), 1 – 3 months (n = 21), 4 – 11 

months (n = 20), 12 – 23 months (n = 1), 24 – 35 months (n = 14), 36 – 47 months (n = 

12) and 48 – 72 months (n = 18).  

 

4.2.8 Bleomycin hydrolase and calpain-1 activities 

 

Bleomycin hydrolase and calpain-1 activities increase after one month of life and 

are higher in the cheek than the elbow. 

The late stage filaggrin processing enzymes, BH and C-1 activities were similar in the 
cheek and elbow skin after birth. After 1 month of age the levels increased significantly in 
the exposed cheek skin and after 1 month of age, but not at the elbow. (Figure 4.8 & 4.9)   
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Figure 4.8 BH, C-1 and plasmin activities  

Bleomycin hydrolase (BH), calpain-1 (C-1) and plasmin activities in the SC of children 

(median with interquartile) in three age groups, which were: < 48 h (n = 10); 48 h – 4 

weeks (n = 10); and 1 – 11 m (n = 16); across two body regions. Differences between 

age groups were determined by Kruskal-Wallis test followed by Dunn’s multiple 

comparisons test (for BH activity on elbow region one-way ANOVA followed by Tukey’s 

multiple comparison test was used). **P < 0.01, *P < 0.05. 
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Figure 4.9 Cornified envelope maturity, SC cohesion, corenocyte surface area, BH 

and C-1, and plasmin activity 

Cornified envelope (CE) maturity, SC cohesion, cornecyte surface area and activity of 

bleomycin hydrolase (BH), calpain-1 (C-1) and plasmin in the SC of children up to 11 

months of age (n = 37). Difference between cheek region and elbow flexure region were 

determined by two-tailed paired t-test (SC cohesion and CE maturity) or by two-tailed 

Wilcoxon matched-pairs signed rank test (corneocyte surface area, BH, C-1 and 

plasmin). ****P < 0.0001, **P < 0.01. 

 

4.2.9 Plasmin activity  

 

Plasmin activity increased at one month of age in the cheek and correlates with 

trans-UCA/cis-UCA ratio in cheek skin. A
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Plasmin activities were higher in the cheek compared with the elbow at birth (Figure 4.8). 

At one month, the plasmin activity generally increased in the exposed cheek skin. 

Plasmin activities correlated with trans-UCA/cis-UCA ratios at the cheek. (Figure 4.10)  

 

 

Figure 4.10 Plasmin activity correlates with trans-UCA/cis-UCA 
Linear regression plasmin activity vs. ratio of cis-UCA to tot-UCA (cis+trans-UCA) on two 

body sites. The values were log-transformed; b=slope of the regression line, CI= 95% 

confidence interval, r2 = regression coefficient. 

 

4.2.10  Corneocyte phenotype 

 

Cheek corneocytes had a more immature phenotype, in contrast with elbow 

corneocytes. 

Corneocyte maturity was determined by differential of fragile to mature corneocytes, 

corneocyte cohesiveness, and surface area. The cheek corneocytes had an immature 

phenotype from birth, which did not change with age. This contrasted with the elbow 

corneocytes, which had a mature phenotype from birth. (Figure 4.11) In keeping with an 

immature phenotype, the cheek corneocytes had higher cohesion – specifically, there 

was less SC protein removed so that the corneocytes were more tightly cohesive. 

(Figure 4.11)  
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Figure 4.11 CE maturity, SC cohesion, corneocyte SA, BH, C-1 and plasmin in SC 
of children from birth to 11 months of age 
Cornified envelope (CE) maturity, SC cohesion, cornecyte surface area and activity of 

bleomycin hydrolase (BH), calpain-1 (C-1) and plasmin in the SC of children up to 11 

months of age (n = 37). Difference between cheek region and elbow flexure region were 

determined by two-tailed paired t-test (SC cohesion and CE maturity) or by two-tailed 

Wilcoxon matched-pairs signed rank test (corneocyte surface area, BH, C-1 and 

plasmin). ****P < 0.0001, **P < 0.01. A
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 Discussion 4.3

 

The results show that NMF is low at birth at all investigated skin sites and increases 

significantly over the first month of life, suggesting that the SC rapidly adapts to the 

dramatic environmental shift from in utero to ex utero. My findings are in keeping with a 

previous study that measured free amino acids in the chest or back skin of 30 neonates 

and infants. [63] Similarly, Chittock et al demonstrated low NMF in the skin of 115 

neonates at birth, with a significant increase in NMF by 4 weeks of age.[162] Low NMF in 

infant skin at birth is in keeping with reports in variations between neonatal and adult rat 

skin. Scott and Harding reported that during late foetal development, filaggrin 

accumulates throughout the entire thickness of rat SC and immediately after birth, 

filaggrin proteolysis occurs in the outer SC.[163]  

 

The cheek skin was found to be a unique site with respect to NMF levels and corneocyte 

maturity in infancy. NMF levels in cheek SC were much slower to increase compared 

with other sites, including exposed sites such as the nasal tip. (Figure 4.12) The cheek is 

frequently the site of initial inflammation in infantile AD. Absolute low levels of NMF and a 

slow increase in NMF levels may play a role in disease initiation at this site, as may high 

plasmin activity. The elbow flexure was notable for reaching a steady state of NMF early 

in infancy. This site is not typically involved in infantile eczema, but is a classic site of 

childhood AD. The reason why this site is vulnerable in childhood AD is unclear, but may 

reflect the local microbiome, rather than NMF levels. It has been shown that age strongly 

affects the microbiome in infants, with bacterial community structure and diversity shifting 

over time.[164]  
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This study provides other important insights into post-natal SC biology. In early postnatal 

life, there is a rapid increase in the ratio between His and its metabolite UCA (Figure 

4.6), which levels off after approximately 3 months. This might be caused by the age- 

and skin site related differences in the expression and activity of histidase which has the 

optimum at about pH 8.5 and decreases toward lower pH.[165] The pH of the skin 

surface in the first two weeks after birth is the highest (pH=6.0) and gradually decreases 

with age.[64]  

 

To further define the generation of NMF in the SC in early post-natal life, as well as SC 

stress the activities of SC proteases BH and C-1 and plasmin in a selection of subjects at 

the cheek and elbow sites were measured. The active forms of BH and C-1 are critical in 

the final stages of filaggrin degradation.[41-43, 166-168] Increased activity of BH in the 

exposed cheek skin after one month of life was demonstrated. In contrast, levels at the 

elbow remain unchanged with increasing age.  Plasmin activities, which indicate SC 

stress and impaired barrier function, are high in the cheek compared with the elbow at 

birth. At one month of age plasmin activities increase in the exposed cheek skin, but not 

at the elbow. Furthermore, plasmin activity correlated with the cis-UCA/tot-UCA ratio in 

the cheek skin, but not at the elbow. Raj et al hypothesised that these atmospheric 

conditions result in a feedback mechanism to upregulate filaggrin degradation proteases, 

thereby producing NMF in an effort to improve barrier function and/or epidermal water 

retention.[159] My data support this hypothesis, as well as demonstrating that it is 

relevant in infant skin during early postnatal life.  

 

Corneocyte envelope maturity is critical for skin barrier function. This study shows that 

the cheek CE is immature from birth and does not improve rapidly with age. Cheek CE 

immaturity, therefore, is present from birth and persists into adulthood.[27, 159, 169] The 

nasal tip is a site of interest in this study; while this site matures rapidly to steady state 

NMF levels, the quantity is relatively low suggesting that at the nasal tip, factors other 
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than NMF or filaggrin expression protect against AD development. At this site sebum 

production is much higher as is skin hydration, factors that may offset the effects of low 

NMF.  

 

Furthermore, low NMF and low maturity of the CE in the infant cheek SC may be 

important for allergen sensitization, and subsequent food allergy, via this site. There is 

clear evidence that epicutaneous exposure to peanut through an impaired skin barrier 

increases the risk of peanut sensitization and confirmed peanut allergy.[170-172] Early 

life exposure to peanut antigen in household dust is a risk factor for peanut sensitization 

and allergy in children with filaggrin deficiency [173] and murine models support the 

concept of an impaired skin barrier as a route for sensitization.[170-172, 174] The 

demonstration of low NMF levels, a more inflammatory plasmin profile, and decreased 

corneocyte maturity in the cheek skin of infants supports the hypothesis of this site being 

key to food sensitization and allergy in early life, either independently or in the setting of 

AD. Saliva and food protein exposure causing irritation at this site are likely co-factors in 

this pathology. 

 

The early postnatal weeks are particularly dynamic for SC maturation. The infant cheek 

SC has delayed NMF normalisation, higher cohesion and reduced CE maturation, and 

evidence of increased SC stress from birth. I propose that this combination of factors 

facilitates the initiation of AD inflammation and allergic sensitisation. The study findings 

support the concept of improving SC moisturisation and skin barrier function in sites of 

vulnerability in infants in an effort to prevent the onset of AD.[175, 176]  Use of 

moisturisers may compensate for low NMF. Even small increases in filaggrin copy 

number that drive NMF have been shown to be protective against developing AD.[78] 

Limiting preventative topical treatment to the cheek skin may become even more 

relevant in the setting of novel treatments such as prescription emollient devices, or, new 

classes of topical agents that aim to pharmacologically enhance the skin barrier function 
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of AD patients.[177]  

In summary, regional SC biochemical and cellular characteristics may explain the initial 

clinical patterns of AD in infancy. Cheek SC early in life is likely permissive for 

development of AD, allergen penetration and food allergy. 

 

 

 
 

Figure 4.12 Cheek skin is slow to mature in contrast to exposed sites such as 

nasal tip 

Cheek skin is slow to mature with respect to NMF levels and corneocyte maturity. While 

other exposed sites such as the nasal tip rapidly reach steady state maturity in the early 

months of life the cheek skin starts life with the lowest NMF and only reaches steady 

state NMF levels at approximately age 7. NMF levels are graphically represented by 

depth of blue colour. 

 

 Summary of Results 4.4

 

NMF levels are low at birth and increase with age. Cheek SC, compared with elbow 

flexure and nasal tip, has the lowest NMF in the first year of life and is the slowest to 

reach stable levels.  Cheek corneocytes remain immature. Plasmin, BH and C-1 

activities are all elevated by 1 month of age in exposed cheek skin, but not in elbow skin. 
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 Conclusions 4.5

 

Regional and temporal differences in NMF levels, CE maturity and protease activities 

may explain the predilection for AD to affect the cheeks initially and are supportive of this 

site as key for allergen priming in early childhood. These observations will help design 

early intervention and treatment strategies in AD.  

 

 Key Findings 4.6

 

• Filaggrin processing, corneocyte maturity, and protease activities show regional 

and temporal differences in infant skin.   

• These findings may help explain disease patterns in early life AD, particularly why 

infantile AD initially affects the cheeks.  

• Cheek skin may be highly relevant for allergen priming.  

• Emollient therapy at the vulnerable cheek site might help prevent AD and/or food 

sensitization 
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5 Chapter Five: Filaggrin Breakdown Products determine 

Corneocyte Conformation in Patients with Atopic Dermatitis 

 

 Introduction 5.1

Loss-of-function mutations (LOF) in the filaggrin gene (FLG) are a well-replicated risk 

factor for AD, and are known to cause an epidermal barrier defect. The nature of this 

barrier defect is not fully understood. AD patients with FLG LOF mutations (ADFLG) are 

known to have more persistent disease, more severe disease, greater risk of food 

allergies and eczema herpeticum.[4]  

Within corneocytes, filaggrin aggregates intermediate keratin filaments that are linked to 

the corneodesmosomes that interconnect the corneocytes providing a physical barrier 

structure at the surface of the skin. Together with keratin filaments, filaggrin has been 

proposed to provide a scaffold for the assembly of structural proteins such as involucrin, 

loricrin and small proline-rich proteins, which are cross-linked by several 

transglutaminases to form the CE.[178, 179] Some of CE proteins serve as an anchor for 

the attachment of ceramides, thus, lack of filaggrin may also affect the structural 

organization of the intercellular SC lipid lamellae responsible for the barrier function.  

Abnormalities in corneocyte morphology have been observed in AD, including ‘villus-like 

projections’ (VPs)[180-182]. These ultrastructural features, however, had not been 

systematically studied in AD in relation to FLG genotype and acute and convalescent 

status. Several mechanistic suggestions have been proposed for occurrence of VPs, 

including disturbed organization of the cytoskeleton upon desmosome disruption, 

immature and fragile cornified envelopes (CE), and attachment sites of 

desmosomes.[180, 181, 183, 184] Since filaggrin is a component of the CE [185], and 

filaggrin-deficient corneocytes display gene dose–dependent alterations in CE structure 
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[186], I aimed to investigate the relationship between FLG genotype, filaggrin breakdown 

products, or NMF, and corneocyte morphology in children with AD.  

Fifteen children children were studied at first presentation of AD and after 6 weeks of 

standard therapy. High-resolution atomic force microscopy (AFM) was applied to 

investigate the topography of corneocytes in relation to FLG genotype. Using a new 

quantitative methodology, the number of VPs per investigated corneocyte area was 

assessed and expressed as The Dermal Texture Index (DTI). I measured levels of NMF, 

skin barrier function as assessed by TEWL, and severity of AD by the SCORAD.[151] 

Corneocytes were also labelled with an anti-corneodesmosin antibody and visualized 

with scanning electron microscopy. 

 

 Results 5.2

 

5.2.1 Patient characteristics 

 

Demographic characteristics of the investigated population and values of measured 

parameters are presented in Table 5.1. Patients ranged between 2 and 57 months. 

There was a male predominance, in keeping with the sex distribution in moderate to 

severe AD. FLG mutation status was equally distributed in the cohort.  Baseline 

SCORAD and TEWL measurements were consistent with moderate to severe disease.  
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Table 5.1 Demographic data of patients, DTI scores, and NMF levels 
Patient demongraphics, DTI socres and NMF levels at baseline (treatment naïve) and 
after 6 weeks of treatment. 
 

5.2.2 Corneocyte villous projections and DTI score 

 

Corneocyte villous projections and DTI score were increased in FLG  

mutation carriers. 

Figure 5.1 shows representative AFM images of the surface of the corneocytes sampled 

from AD patients with three different FLG mutation genotypes. The abundance of the 

VPs was clearly increased in the carriers of FLG mutations. The DTI, which quantifies 

the number of VPs per investigated surface area, showed a trend of higher mean values 

in the carriers of FLG mutations as compared to FLG wild type individuals at week 0 

(427.0 and 336.2, respectively) and after 6 weeks of therapy (296.6 and 224.3, 

respectively), although the differences did not reach statistical significance.  

analysis, subcellular scan areas of 20 mm2 were recorded. Ten random images
were analyzed from each sample.

Topographic cell-surface data were analyzed with the nAnostic method,
applying custom-built proprietary algorithms (Serend-ip GmbH, Munster,
Germany). The principle of this method has been described elsewhere.22

Briefly, each nanostructure protruding from the mean surface level was
morphometrically evaluated. These objects were then filtered by size and
shape through computer vision. At this stage, only structures of positive local
deviational volume smaller than 500 nm in height and with an area of less than
1 mm2 were considered. The DTI score is the count of identified objects per
image (a mean value from 10 randomly recorded images).

Corneodesmosin immunolabeling
Corneocytes from 3 patients with different FLG mutation genotypes

collected on D-squame discs were labeled with an anti-corneodesmosin
antibody and visualized with SEM, as described elsewhere.23 Briefly, the
native cells exposed to the mouse mAb to corneodesmosin (diluted 1:100;
Abnova, Jhongli City, Taiwan) were immunogold labeled with the goat anti-
mouse Ultra Small probe (0.8 nm, diluted 1:10; Aurion, Wageningen, The
Netherlands). The labeling was silver enhanced with the BBI kit (BBI
Solutions, Cardiff, United Kingdom), and the samples, after dehydration in
ethanol, were observed in a partial vacuum by using secondary and backscat-
tered electron detection modes.

Statistics
Data were checked for normality by using the Shapiro-Wilk test. The

relationship between DTI scores and clinical parameters was tested either by
using the Pearson correlation test or Spearman rank correlation if the variables
were not normally distributed or the relationship between the variableswas not
linear. Because of skewed distribution, DTI scores and NMF levels were log-
transformed before linear regression analysis. Differences in the investigated
parameters (DTI score, TEWL, SCORAD score, and NMF level) between 2
measurement points (0 and 6 weeks) were tested by using the paired 2-sided t
test (NMF and DTI score) or by using the Wilcoxon matched signed-rank test
in the case of deviation from normal distribution (TEWL and SCORAD
score). Differences in DTI scores among 3 FLG genotypes were tested by
using the Kruskal-Wallis test, followed by Dunn multiple comparison. The
relationship between the DTI score as a dependent variable versus the
SCORAD score and NMF level as dependent variables was tested by using
a linear regression model with SPSS software (version 22; IBM, Somers,
NY). For other statistical analyses, GraphPad Prism version 5.00 software

for Windows (GraphPad Software, San Diego, Calif) was used. A P value
of less than .05 was considered statistically significant.

RESULTS
Demographic characteristics of the investigated populations

and values of measured parameters are presented in Table I. Fig 1
shows representative AFM images of the surfaces of corneocytes
sampled from patients with AD with 3 different FLG mutation
genotypes. On simple inspection, VP numbers were clearly
increased in carriers of FLG mutations. The DTI score, which
quantifies the number of VPs per investigated surface area,
showed a trend toward higher mean values in the carriers of
FLG mutations compared with FLG wild-type subjects at week
0 (427.0 and 336.2, respectively) and after 6 weeks of therapy
(296.6 and 224.3, respectively), although the differences did not
reach statistical significance (data not shown). At week 6, howev-
er, the DTI in the FLG2/2 group was significantly higher than in
the FLG1/1 group (respective median values were 496.8 and
208.2, respectively; P < .05, as assessed by using the 2-tailed
Mann-Whitney test), whereas there was no significant difference
in SCORAD scores between these 2 FLG genotype groups. When
DTI scores were plotted against the NMF levels, a significant
correlation was observed at both weeks 0 and 6 (respective
correlation coefficients amounted to 20.80 and 20.75, P < .001
and P5 .002, respectively; Fig 2, A). VP numbers reach a plateau
at normal NMF levels (approximately 0.5 mmol/g protein).
Regression analysis of log-transformed values of DTI scores

and NMF levels showed almost identical regression coefficients
for 0 and 6 weeks (20.726 and 20.730, respectively; Fig 2, B).
The relationship of DTI scores with TEWL and SCORAD
scores (see Fig E1 in this article’s Online Repository at
www.jacionline.org) was weaker than that of DTI scores and
NMF levels. Furthermore, in a linear regression model with the
DTI score as a dependent variable versus the NMF level and
SCORAD score, only NMF levels showed a significant effect
on DTI scores (P 5 .005 and .015, respectively, for weeks
0 and 6; see Table E1 in this article’s Online Repository at
www.jacionline.org).

TABLE I. Demographic data of patients, DTI scores, and NMF levels assessed at baseline (treatment naive) and after 6 weeks of

treatment

Sex Age (mo) No. of FLG mutations

SCORAD score TEWL (g/m2 h) DTI score (AU) NMF (mmol/g)

Week 0 Week 6 Week 0 Week 6 Week 0 Week 6 Week 0 Week 6

M 9.3 0 28.9 22.5 12.7 14.1 172.0 139.8 0.41 0.63
M 5.3 0 62.5 14.6 27.1 12.9 434.4 172.7 0.26 0.32
M 5 0 27.9 4.5 27.3 11.6 397.5 208.2 0.24 0.75
M 9 0 53.5 59.3 17 15.1 411.2 363.5 0.37 0.31
M 9.5 0 26.9 21.8 13.8 8.8 265.8 237.3 0.41 0.47
M 8.5 0 47.4 17.9 14.5 13.6 173.4 185.7 0.43 0.29
M 2.3 1 42.1 20.3 13.1 12.7 170.1 249.3 0.25 0.26
F 57.3 1 38.5 24.6 11.5 7.7 122.5 116.3 0.43 0.52
M 10 1 55.1 20.9 14.9 8.3 660.6 96.3 0.19 0.65
F 6 1 57.1 8.2 15.9 14.6 623.0 421.0 0.25 0.28
M 6.25 1 35.3 56.6 13.4 10.7 259.1 219.9 0.30 0.19
M 8.25 1 28.6 9.2 13.7 13.4 372.8 196.3 0.33 0.38
M 6.8 2 70.5 66.2 41.6 22.3 412.4 617.3 0.11 0.18
M 28 2 61.2 28.1 22.8 14.7 822.5 496.8 0.06 0.11
M 5.75 2 42 13.1 34.4 25.4 653.8 367.2 0.13 1*

F, Female; M, male.
*Analysis failed.
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Figure 5.1 Representative AFM images 

Representative AFM images of the surfaces of corneocytes sampled from patients with 

AD with 3 diffferent FLG mutation genotypes: +/+, wild type homozygous, +/- 

heterozygote for FLG LOF mutation; -/-, compound heterozygote or homozygote for FLG 

LOF mutation. On simple inspection, number of VPs were clearly increased in carriers of 

FLG mutations. 

 

5.2.3 Transepidermal water loss and disease severity scores 

 

Transepidermal water loss and disease severity scores significantly improved 

after treatment. 

Changes in DTI scores, NMF levels, TEWL, and SCORAD
scores measured at the first presentation of disease and after
6 weeks of standard topical therapy with skin care regimens and
appropriate topical steroids are shown in Table I and Fig 3.
Although the skin barrier, as measured based on TEWL and
SCORAD scores, significantly improved after 6 weeks of therapy,
NMF levels and DTI scores did not mirror these improvements in
all patients.
Representative SEM images of D-Squames after immunogold

labeling are shown in Fig 4 for 3 patients with AD of different
FLG genotype status. The high abundance of VPs on the
corneocytes obtained from an FLG2/2 subject (Fig 4, C) was
confirmed by means of SEM. The VPs were decorated at their
tips with corneodesmosin labeling, indicating the presence of dis-
rupted corneodesmosome structures (Fig 4, D). The corneocytes
of a homozygous subject (FLG2/2) demonstrated labeling over
the entire surface (Fig 4, C). In contrast, in a patient who is
wild-type with respect to FLG mutations (FLG1/1; Fig 4, A),
the labeling was almost exclusively distributed on the lateral
rims of the cell. In the heterozygous patient (FLG1/2; Fig 4, B)

the central area of corneocytes remained largely free of the label,
even though it was partially occupied by the VPs (Fig 4, B,
arrows).

DISCUSSION
Filaggrin deficiency results in a definite skin barrier defect, but

the pathomechanisms underlying this defect are poorly under-
stood.11Within the corneocytes, filaggrin aggregates intermediate
keratin filaments that are linked to the corneodesmosomes, which
interconnect the corneocytes, providing a physical barrier
structure at the top of the skin.24,25 Together with keratin
filaments, filaggrin has been proposed to provide a scaffold for
the assembly of structural proteins, such as involucrin, loricrin,
and small proline-rich proteins, which are cross-linked by several
transglutaminases to form the CE.24,25 Some CE proteins serve as
an anchor for attachment of ceramides, and thus lack of filaggrin
might also affect the structural organization of the intercellular
SC lipid lamellae responsible for barrier function.

FIG 1. Representative AFM images of the surfaces of corneocytes sampled from patients with AD with 3
different FLG mutation genotypes: 1/1, wild-type homozygote; 1/2, heterozygote for FLG LOF mutation;
2/2, compound heterozygote or homozygote for FLG LOF mutation. On simple inspection, numbers of
VPs were clearly increased in carriers of FLG mutations.
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Changes in DTI, NMF, TEWL and SCORAD measured at their first presentation of 

disease, and after 6 weeks of standard topical therapy with skin care regimens and 

appropriate topical steroids, are shown in Table 5.1 and Figure 5.2) The skin barrier, as 

measured by TEWL and SCORAD, significantly improved after 6 weeks of therapy. 

 

5.2.4 Treatment effect on filaggrin breakdown products and villous 

projections 

 

Filaggrin breakdown products did not significantly improve with treatment and 

number of villous projections did not improve in all patients.  

Unlike TEWL and SCORAD, the levels of NMF did not significantly recover with 6 weeks 

of therapy and the DTI score did not improve in all patients. (Figure 5.2)  

 

Figure 5.2 TEWL, SCORAD score, DTI score, and NMF level  

TEWL, SCORAD< STI and NMF level at first presentation of disease and after 6 weeks 

of topical therapy with skin care regimens and appropriate topical steroids. 

Data was checked for normality by the Shapiro-Wilk test. Differences between 2 

measurement points (week 0&6) was tested using the paired 2-sided t test (NMF & DTI) 

In the present study we demonstrate that deficiency of filaggrin
is associated with altered topography of the corneocyte surface,
likely caused by defects in the CE. In a recent study2 similar
villous structures were observed on the palmar skin of healthy
subjects, although not on forearm skin, which is in contrast to
the present study. We found that levels of filaggrin degradation
products (NMF) used as a marker of filaggrin expression12,26

were strongly associated with corneocyte VP numbers. These
corneocytes were sourced from the upper middle part of the SC
(seventh strip); however, the same pattern concerning distribution
of VPs was also seen in the more superficial strips (eg, strip
number 4; data not shown). VP numbers were more closely

related to NMF levels than to SCORAD scores, suggesting that
the absence of filaggrin is important for the formation of VPs
rather than inflammation per se. This is supported by similar
regression coefficients of the DTI score versus NMF level rela-
tionship at weeks 0 and 6, despite the sharp decrease in SCORAD
scores. Furthermore, in a linear regression model with the DTI
score as a dependent variable versus the NMF level and SCORAD
score as independent variables, only NMF levels showed a
significant effect on DTI scores at both weeks 0 and 6. Local
inflammation might have affected the presence of DTI scores
indirectly by influencing NMF levels, an effect that previously
has been shown in vitro and in vivo.12,13 This might explain the

FIG 2. A, Relationship between DTI scores andNMF levels at first presentation of disease (squares) and after
6 weeks of topical therapy with skin care regimens and appropriate topical steroids (circles), with
corresponding correlation coefficients (r). B, Linear regression analysis of log-transformed DTI scores
and NMF levels at first presentation of disease (squares) and after 6 weeks of topical therapy with skin
care regimens and appropriate topical steroids (circles). , B, Patients with AD wild-type with respect to
FLG LOF mutations; J, 3, patients with AD heterozygous for FLG LOF mutations; 5@, patients with AD
homozygous or compound heterozygous for FLG LOF mutations.

FIG 3. TEWL, SCORAD score, DTI score, and NMF level at first presentation of disease and after 6 weeks of
topical therapy with skin care regimens and appropriate topical steroids.
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or by using the Wilcoxon matched signed-rank test in the case of deviation from normal 

distribution (TWEL and SCORAD) 

 
 
 

5.2.5 Corneocyte villous projections and FLG mutation status 

 

Corneocyte villous projections were increased in FLG mutation carriers, 

irrespective of disease severity scores. 

Following 6 weeks of standard therapy SCORAD improved in all patients, with the 

exception of 1, regardless of FLG status. (Table 5.1) At week 6, however, the DTI in the 

FLG-/- group was significantly higher than in the FLG+/+ patients (respective median 

values were 496,8 and 208,2; p<0.05 as assessed by 2-tailed Mann Whitney test), while 

there was no significant difference in the SCORAD between these two FLG genotype 

groups. (Figure 5.3 A)  

 

5.2.6 Corneocyte villous projections and levels of filaggrin breakdown products 

 

Corneocyte villous projections correlate with levels of filaggrin breakdown 

products and plateau at normal levels of filaggrin breakdown products. 

There was a significant correlation between VP and NMF levels. When DTI values were 

plotted against the NMF levels, at week 0 and week 6, respective correlation coefficients 

were 0.80 and 0.77.  The numbers of VPs reached a plateau at normal levels of NMF 

(approximately 0.5 mg/g protein). (Figure 5.3A) Regression analysis of log-transformed 

values of DTI and NMF showed almost identical regression coefficients for 0 and 6 

weeks (-0.726 and -0.730, respectively). (Figure 5.3B) 
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Figure 5.3 Relationship between DTI and NMF 

A: Relationship between DTI and NMF at first presentation of disease (square symbols) 

and after 6 weeks of topical therapy with skin care regimens and appropriate topical 

steroids (circle symbols) with corresponding correlation coefficients (r). B. Linear 

regression analysis of the log-transformed DTI and NMF at first presentation of disease 

(square symbols) and after 6 weeks of topical therapy with skin care regimen and 

appropriate topical steroids (circle symbols) 

□ ○:AD patients wild type for FLG LOF mutation;  

◓, ◨: AD patients heterozygous for FLG LOF mutation and  

!" AD patients homozygous or compound heterozygous for FLG LOF mutation.  

 
Data was checked for normality using the Shapiro-Wilk test. Because of skewed 
distribution, DTI scores and NMF levels were log transformed before linear regression 
analysis. 
 
 

5.2.7 Corneocyte villous projections, barrier function and disease severity 

scores 

 

Corneocyte villous projections are not significantly associated with 

transepidermal water loss and disease severity scores. 

The relationship of DTI with TEWL and SCORAD (Figure 5.4) was weaker than that of 

DTI and NMF. Furthermore, in a linear regression model with DTI as a dependent 

variable vs NMF and SCORAD, only NMF showed a significant effect on DTI (p=0.005 

and 0.01, respectively for week 0 and week 6. (Table 5.2)   

In the present study we demonstrate that deficiency of filaggrin
is associated with altered topography of the corneocyte surface,
likely caused by defects in the CE. In a recent study2 similar
villous structures were observed on the palmar skin of healthy
subjects, although not on forearm skin, which is in contrast to
the present study. We found that levels of filaggrin degradation
products (NMF) used as a marker of filaggrin expression12,26

were strongly associated with corneocyte VP numbers. These
corneocytes were sourced from the upper middle part of the SC
(seventh strip); however, the same pattern concerning distribution
of VPs was also seen in the more superficial strips (eg, strip
number 4; data not shown). VP numbers were more closely

related to NMF levels than to SCORAD scores, suggesting that
the absence of filaggrin is important for the formation of VPs
rather than inflammation per se. This is supported by similar
regression coefficients of the DTI score versus NMF level rela-
tionship at weeks 0 and 6, despite the sharp decrease in SCORAD
scores. Furthermore, in a linear regression model with the DTI
score as a dependent variable versus the NMF level and SCORAD
score as independent variables, only NMF levels showed a
significant effect on DTI scores at both weeks 0 and 6. Local
inflammation might have affected the presence of DTI scores
indirectly by influencing NMF levels, an effect that previously
has been shown in vitro and in vivo.12,13 This might explain the

FIG 2. A, Relationship between DTI scores andNMF levels at first presentation of disease (squares) and after
6 weeks of topical therapy with skin care regimens and appropriate topical steroids (circles), with
corresponding correlation coefficients (r). B, Linear regression analysis of log-transformed DTI scores
and NMF levels at first presentation of disease (squares) and after 6 weeks of topical therapy with skin
care regimens and appropriate topical steroids (circles). , B, Patients with AD wild-type with respect to
FLG LOF mutations; J, 3, patients with AD heterozygous for FLG LOF mutations; 5@, patients with AD
homozygous or compound heterozygous for FLG LOF mutations.

FIG 3. TEWL, SCORAD score, DTI score, and NMF level at first presentation of disease and after 6 weeks of
topical therapy with skin care regimens and appropriate topical steroids.
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Figure 5.4 Relationship between DTI and clinical parameters 
Relationship between DTI and clinical parameters at first presentation of disease (square 

symbols) and after 6 weeks of topical therapy with skin care regimens and appropriate 

topical steroids (circle symbols ).  

□ ○:AD patients wild type for FLG LOF mutation;  

◓, ◨: AD patients heterozygous for FLG LOF mutation and  

!" AD patients homozygous or compound heterozygous for FLG LOF mutation.  

Data was checked for normality using the Shapiro-Wilk test.The relationship between 
DTI scores and clinical parameters were tested either by using the Pearson correlation 
test or Spearman rank correlation if the variables were not normally distributed or the 
relationship between the variables was not linear. 
 
 
 

 
 

Table 5.2 Linear regression model for DTI and NMF 

Linear regression model for DTI score as the dependent variable and NMF level and 

SCORAD score as predicting variables at baseline (treatment naive) and after 6 weeks 

of treatment.  

 

FIG E1. Relationship between DTI scores and clinical parameters at first presentation of disease (squares)
and after 6 weeks of topical therapy with skin care regimens and appropriate topical steroids (circles).,B,
Patients with AD with respect to FLG LOF mutations; J, 3, patients with AD heterozygous for FLG LOF
mutation; 5@, patients with AD homozygous or compound heterozygous for FLG LOF mutations.
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TABLE E1. Linear regression model for DTI score as the dependent variable and NMF level and SCORAD score as predicting

variables at baseline (treatment naive) and after 6 weeks of treatment

Coefficients*

Model

Unstandardized
coefficients Standardized coefficients

t Significance (P value)B SE b

Baseline*
1 (constant) 680.806 222.435 3.061 .010

NMF0 21292.165 375.588 20.729 23.440 .005
SCORAD0 1.664 3.159 0.112 0.527 .608

After 6 wk of treatment!
1 (constant) 470.605 78.408 6.773 .000

NMF6 2514.723 178.133 20.654 23.012 .015
SCORAD6 20.200 0.560 20.081 20.314 .727

DTI0, DTI score at o weeks; DTI6, DTI score at 6 weeks; NMF0, NMF level at 0 weeks; NMF6, NMF level at 6 weeks; SCORAD0, SCORAD score at 0 weeks; SCORAD6,
SCORAD score at 6 weeks.
*The dependent variable is DTI0, and predictors (constant) are SCORAD0 and NMF0.
!The dependent variable is DTI6, and predictors (constant) are SCORAD6 and NMF6.
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5.2.8 Scanning electron microscopy 

 

Scanning electron microscopy confirmed the high abundance of villous 

projections in filaggrin deficient patients.  

Representative scanning electron microscopy (SEM) images of D-Squames after 

immunogold labeling are shown in Figure 5.5 for three AD patients of different FLG 

genotype status. The high abundance of VPs on the corneocytes obtained from an FLG 

-/- subject was confirmed by SEM. (Figure 5.5C)   

 

5.2.9 Corneodesmosin staining 

 

Villous projections stained for corneodesmosin indicating the presence of 

disrupted corneodesmosome structures. 

Villous projections were decorated at their tips with corneodesmosin labeling indicating 

the presence of disrupted corneodesmosome structures. (Figure 5.5 D) The 

corneocytes of a homozygous subject (FLG-/-) demonstrated labeling over the entire 

surface. (Figure 5.5 C) In contrast, in a patient who is wild type with respect to FLG 

mutations (FLG+/+; Figure 5.5 A), the labeling was almost exclusively distributed on the 

lateral rims of the cell. In the heterozygous patient (FLG+/-; Figure 5.5B), the central area 

of corneocytes remained largely free of the label, even though it was partially occupied 

by the VPs (arrows).  
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Figure 5.5 SEM immunolabelling of corneodesmosin 

A: corneodesmosomes at the cell surface of a patient wild type for FLG LOF mutations 

(Flg+/+) 

B: a patient heterozygous for FLG LOF mutations (Flg+/+) 

C: a patient homozygous for FLG LOF mutations (Flg-/-). Insert in C is corneodesmosin-

expressing junctions present at the top of VPs in the patient homozygoues for FLG LOF 

mutations. Arrows in 4B show presence of VPs (not labelled for corneodesmosin). 

  

lack of a significant difference in DTI scores between patients
with AD with FLG LOF mutations and patients with AD without
FLG LOF mutations, although the former group tended to have
higher DTI scores, and the lack of statistical significance seen
here might simply be due to a lack of power in this study. Further-
more, at week 6, the FLG2/2 patients, in whom inflammation is
controlled and NMF levels are mainly influenced by FLG LOF
mutations, had significantly higher DTI scores compared with
FLG1/1 patients, despite clinical improvement, as measured
based on SCORAD scores. Also of note is our observation that
the relationship between TEWL and DTI scores was significant

at 6 weeks (after anti-inflammatory therapy) but not at week
0 (see Fig E1 ). This suggests a relationship between corneocyte
conformation as measured by DTI scores and barrier function
(TEWL).

During the transition from the stratum compactum to the
stratum disjunctum, corneocyte morphology and mechanical
properties change from a ‘‘fragile’’ and soft to a more robust,
smooth, and ‘‘rigid’’ phenotype.27-29 This transition process is
accompanied by loss of nonperipheral corneodesmosomes
because only peripheral corneodesmosome attachments connect-
ing consecutive layers of corneocytes remain.28,29 Interestingly,

FIG 4. SEM immunolabeling of corneodesmosin. A, Corneodesmosomes at the cell surface of a patient
wild-type with respect to FLG LOF mutations (FLG1/1). B, A patient heterozygous for FLG LOF mutations
(FLG1/2). C, A patient homozygous for FLG LOF mutations (FLG2/2). Insert in Fig 4, C, Corneodesmosin-
expressing junctions present at the tops of the VPs in the patient homozygous for FLG LOF mutations. Ar-
rows in Fig 4, B, show the presence of VPs (not labeled for corneodesmosin).

J ALLERGY CLIN IMMUNOL

DECEMBER 2015

1578 RIETHMULLER ET AL



 90 

 

 Discussion 5.3

 

The work presented in this chatper demonstrates that deficiency of filaggrin is 

associated with altered topography of the corneocyte surface, likely caused by the 

defects in the CE.  

 

Levels of filaggrin degradation products (NMF), used as a marker of filaggrin 

expression[187, 188] were strongly associated with the number of corneocyte VPs. The 

number of VPs was more closely related to the level of NMFs than to the SCORAD, 

suggesting that the absence of filaggrin is important for the formation of VPs, rather than 

inflammation per se. This is supported by similar regression coefficients of the DTI vs. 

NMF relationship at week 0 and 6 despite the sharp decrease in the SCORAD.  

Furthermore, in a linear regression model with DTI as a dependent variable vs. NMF 

and SCORAD as independent variables, only NMF showed a significant effect on DTI, 

on both week 0 and week 6. Though the local inflammation might have affected the 

presence of DTI indirectly by influencing NMF, an effect that previously has been shown 

in vitro and in vivo.[187, 189] This might explain the lack of a significant difference in the 

DTI between ADFLG and ADnon-FLG, although the former group tended to have higher DTI 

values, and the lack of statistical significance seen here may simply be due to a lack of 

power in this study. Furthermore, at week 6, the FLG -/- patients, in whom inflammation 

is controlled and the NMF values are mainly influenced by FLG LOF mutations, showed 

significantly higher DTI as compared to FLG+/+ patients, despite clinical improvement as 

measured by SCORAD. Also of note is the observation that the relationship between 

TEWL and DTI was significant at 6 weeks (after anti-inflammatory therapy) but not at 

week 0 (Figure 5.4). This suggests a relationship between corneocyte conformation as 

measured by DTI, and barrier function (TEWL).  
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During the transition from the stratum compactum to the stratum disjunctum, corneocyte 

morphology and mechanical properties change from a ‘fragile’ and soft to a more robust, 

smooth and ‘rigid’ phenotype.[47, 190, 191] This transition process is accompanied by 

loss of non-peripheral corneodesmosomes, as only peripheral corneodesmosome 

attachments connecting consecutive layers of corneocytes remain.[47, 191] 

Corneodesmosin was visualised on the tips of the VPs, all over the cell surface in FLG-/- 

patients and to less extent in heterozygous individuals, which suggests changes in their 

maturation due to a disturbed terminal differentiation program. As discussed by 

Rawlings[47] and shown by Watkinson et al, [192] the loss of non-peripheral 

corneodesmosomes and the CE maturation changes seem to parallel degradation of 

filaggrin. Lack of filaggrin in the CE and between the keratin filaments might lead to 

conformational changes and the adhesive portions of the peripheral corneodesmosomes 

might become less accessible for degradation enzymes. In addition to the direct effect of 

filaggrin, the existence of the VPs might also be caused by a reduction in filaggrin 

degradation products and reduced hydration of the SC.  Matsumoto et al observed the 

emergence of villi on the rear surface of corneocytes after topical exposure to a contact 

allergen, TNCB, which caused dry and inflamed skin.[183] The villi disappeared after 

topical treatment with a moisturizer at a higher rate than after topical corticosteroid 

therapy. The surfactant-induced xerosis led to a considerable increase of an immature 

and fragile CE phenotype.[191] The perturbation of CE maturation coincided with 

reduced hydrolysis of corneodesmosomes that was paralleled by altered activity of 

transglutaminase. Furthermore, exposure to sodium lauryl sulfate causes a dramatic 

decrease in the levels of NMF in the SC[193] so the changes in corneocyte maturation 

might have also been caused by the lack of NMF. Interestingly, also in the study of 

Harding et al,[191] the balance between the two CE phenotypes was recovered after 

treatment with a moisturiser, emphasizing the importance of the SC hydration for the 

maturation process. 
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The size of the VPs of several hundreds of nm (average height of 350 nm and width at 

half-maximum of 250-400 nm) and their high abundance is intriguing. The CE is 

approximately 20 nm thick, implying that considerable mechanical force lies behind its 

protrusion. The present results do not allow firm conclusions to be drawn regarding the 

relationship between the VPs and retention of the non-peripheral corneodesmosomes as 

the presence of VPs was not always accompanied with central distribution of 

corneodesmosin. The persistence of VPs in both the acute and convalescent phases of 

ADFLG offers an intriguing insight into the enduring abnormalities in ‘normal’ or 

‘unaffected’ AD skin, an area of great interest.[79] The persistence of an underlying 

physical and structural abnormality, even in the light of apparent clinical improvement 

may explain why ADFLG patients have more severe and persistent disease,[194] why they 

are more likely to develop eczema herpeticum,[195] and why they have more food 

allergies.[196] 

 

 Summary of Results  5.4

 

There was a strong correlation between NMF levels and DTI in both acute and 

convalescent disease status (respective r = - 0.80 and 0.77; P<0.001).  

 

VPs showed the presence of corneodesmosin abundantly all over the cell surface in 

homozygous/compound heterozygous FLG patients and to less extent in heterozygous 

and wild type patients. 
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 Conclusions 5.5

 

Filaggrin deficiency is associated with a skin barrier defect and AD but the mechanism 

underlying this is unknown. I have demonstrated that corneocytes of ADFLG patients are 

morphologically distinct both in active disease and in convalescence from ADNON-FLG. 

NMF levels are highly correlated with corneocyte morphology in AD. These corneocyte 

conformational changes shed further insight into the filaggrin deficient phenotype and 

help explain the barrier defect in ADFLG.  

 

 

 Key Messages 5.6

 

• Filaggrin deficiency is associated with physical abnormalities in corneocytes. 

• This study shows, for the first time, significant structural differences in 

corneocytes in ADFLG that can be quantitatively measured. These structural 

changes correlate well with NMF levels and persist despite apparent clinical 

improvement. 

• These structural differences may explain clinical differences between AD 

endophenotypes, and faciliate assessement of therapeutic interventions.  
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6 Chapter Six: Stratum Corneum and Systemic Biomarkers in 

Infantile AD 

 

 Introduction 6.1

 

The importance of both a skin barrier defect and immune dysregulation in AD has been 

clearly demonstrated.[65] (Figure 6.1) Atopic dermatitis has a wide spectrum of clinical 

presentations, natural history, severity, therapeutic response, and associated 

diseases.[19] This diversity of clinical phenotype likely reflects the complexity of disease 

pathomechanisms. Biomarker discovery is a research priority as it has the potential to 

reveal mechanistic insights.[19] Biomarkers can facilitate AD subphenotyping, which will 

ultimately inform clinical study design, and drug development, and hasten the era of 

personalized medicine in AD.  As previously discussed, I considered infantile AD an 

important phenotype to characterise. This phase marks disease onset and is the first 

step of the ‘atopic march’ or the development of associated atopic comorbidities. 

Furthermore, this age group represents a significant disease burden globally, with 

resultant negative psychosocial and economic effects. Useful biomarkers in infantile AD 

are currently not available, probably in part due to the complexity and dynamic nature of 

the disease, as well as the challenges presented in sampling very young patients.   With 

this in mind, I studied infants with AD in the first year of life with the aim of determining a 

biomarker profile. I studied both plasma and SC with the intention of immune profiling 

both compartments, as well as potentially developing a non-invasive method to 

immunophenotype these babies. I analysed these biomarkers alongside eczema severity 

assessments and functional measures of skin barrier function. 
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Figure 6.1 Skin barrier dysfunction and immune dysregulation in AD 

Skin barrier dysfunction and immune dysregulation are key pathomechanisms in AD. 
From Leung DM & Guttman-Yassky E. Deciphering the complexities of atopic dermatitis: Shifting 
paradigms in treatment approaches. J Allergy Ciin Immunol 2014;134:769-79. 
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 Results 6.2

6.2.1 Study subjects 

 

From my cohort of 100 infants with moderate or severe AD, and 20 healthy control 

infants, I analysed plasma of 47 patient samples and 20 control samples. Stratum 

corneum samples were analysed for NMF in 74 patient samples and 18 controls, and SC 

cytokines in 66 patient samples and 13 controls. Demographic details of the patients and 

controls analysed for this study are outlined in table 6.1. All study raw data is shown in 

tables 6.2, 6.3 and 6.4. 

 

 

 


