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  12      Atopic Dermatitis 
    Maeve A.       McAleer    ,     Grainne M.       O ’ Regan     and     Alan D.       Irvine    
  

  INTRODUCTION 
 Atopic dermatitis (AD) is the most common chronic infl ammatory skin 
disease, and its increasing prevalence presents a major public health 
problem worldwide  1  . Characteristic features of AD include pruritus and 
a chronic or chronically relapsing course, usually beginning during 
infancy (early onset) but occasionally fi rst developing in adulthood (late 
onset)  2  . AD is a complex genetic disease and is often accompanied by 
other atopic disorders such as allergic rhinoconjunctivitis, asthma, food 
allergies, and less often eosinophilic esophagitis. These conditions may 
appear simultaneously or develop in succession. AD and food allergy 
have a predilection for infants and young children, while asthma favors 
older children and rhinoconjunctivitis predominates in adolescents. 
This characteristic age-dependent sequence is referred to as the “atopic 
march”  3   ( Fig. 12.1   ). Given that atopic disease progression starts with 
AD, management should not be concentrated solely on the treatment 
of acute fl ares, but also be directed towards ameliorating the underlying 
genetically determined epidermal barrier dysfunction and preventing 
active dermatitis via maintenance therapy. Such an approach could 
potentially block the sensitizations and ongoing infl ammation that 
drive the atopic march  4  .  

  HISTORY AND DEFINITIONS 
 The association of AD with allergic rhinitis and asthma was recognized 
by Besnier in 1892. The term “atopy” originates from the Greek word 
 atopos  meaning strange or unusual; it was fi rst applied to this triad in 
the 1920s, including the use of “atopic eczema”. A decade later, Hill 

  SEC TION 3  PAPULOSQUAMOUS AND ECZEMATOUS DERMATOSES 
       

      Synonym:          ■   Atopic eczema     

    
  Key features  
       ■      Common infl ammatory skin condition that typically begins during 

infancy or early childhood and is often associated with other 
atopic disorders such as asthma, allergic rhinoconjunctivitis, food 
allergies, and eosinophilic esophagitis  

   ■      Complex genetic disease with environmental infl uences  
   ■      Characterized by intense pruritus and a chronic or chronically 

relapsing course  
   ■      Acute infl ammation and involvement of the cheeks, scalp and 

extensor aspects of the extremities predominates in infants, 
shifting to chronic infl ammation with lichenifi cation and a 
predilection for fl exural sites in children and adults  

   ■      Associated with a predisposition to skin infections, especially with 
 Staphylococcus aureus  and herpes simplex virus  

   ■      A proactive approach to management is recommended, including 
avoidance of trigger factors, regular use of emollients, and 
anti-infl ammatory therapy to control subclinical infl ammation as 
well as overt fl ares; targeted immunomodulatory therapy is 
available for more severe disease      

  Fig. 12.1      The atopic march.       
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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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 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.   
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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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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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 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. 



214

S EC T ION

3
PA

PU
LO

SQ
UA

M
OU

S 
AN

D 
EC

ZE
M

AT
OU

S 
DE

RM
AT

OS
ES

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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are associated with increased likelihood of hand eczema in children and 
adults  82  , and frequent exposure to water and other irritants in house-
hold or occupational settings represents another risk factor. Atopic hand 
eczema typically involves the volar wrists and dorsum of the hands. 
The palms and sides of the fi ngers may develop the deep-seated vesicles 
of   dyshidrotic eczema   (see  Ch. 13 ). 

 The   prurigo form of AD   favors the extensor aspects of the extremi-
ties and is characterized by fi rm, dome-shaped papules and nodules 
with central scale-crust, similar to prurigo nodularis lesions in non-
atopic patients ( Fig. 12.12B ).   Nummular (discoid) lesions   also tend to 
develop on the extremities in children and adults with AD, appearing 
as coin-shaped eczematous plaques, usually 1 to 3 cm in diameter and 
often with prominent oozing and crusting ( Fig. 12.12C ). They are 
similar in appearance to nummular dermatitis occurring outside the 
setting of atopy (see  Ch. 13 ).   Frictional lichenoid eruption   has a pre-
dilection for atopic children and presents as multiple small, fl at-topped, 
pink to skin-colored papules on the elbows and (less often) knees and 
dorsal hands. Lastly, chronic   nipple eczema   can develop in children 
and adults with AD ( Fig. 12.13B ).  

  Associated Features 
  Pruritus 
 Intense pruritus is a hallmark of AD. The itch is often worse in the 
evening and may be exacerbated by exogenous factors such as sweating 
or wool clothing. Rubbing and scratching in response to pruritus can 
initiate fl ares or exacerbate existing dermatitis, explaining why AD is 
known as the “itch that rashes”. Excoriations (linear or punctate) are 
frequently present, providing evidence of scratching ( Fig. 12.14   ; see  Figs 
12.7–12.9 ). With repeated rubbing and scratching, the skin becomes 

neck. When older children and teenagers present with this form of AD, 
it usually persists into adulthood.  Malassezia  yeasts, which are members 
of the skin microbiome in the head and neck area, may be an aggravat-
ing factor for this presentation  81  , and systemic antifungal treatment 
with itraconazole or fl uconazole may be of benefi t. 

 Eczema variants also occur in acral sites.   Juvenile plantar dermato-
sis   presents with “glazed” erythema, scale, and fi ssuring on the balls 
of the feet and plantar aspect of the toes in children with AD (see  Ch. 
13 ).   Atopic hand eczema   (see  Fig. 12.10 ) affects ~60% of adults with 
AD and may be the only manifestation of the condition.  FLG  mutations 

  Fig. 12.12      Atopic 
dermatitis variants.     
 A  Chronic papular 
lesions resulting from 
habitual rubbing and 
scratching in the setting 
of longstanding disease. 
 B  Prurigo lesions 
presenting as fi rm, 
dome-shaped papules 
and nodules with 
central hemorrhagic 
crust.  C  Nummular 
plaques with oozing and 
crusting on the legs.      A, 
Courtesy, Thomas Bieber, MD, 
and Caroline Bussmann, MD; B, 
C, Courtesy, Antonio Torrelo, MD.   

A

B

C

  Fig. 12.13      Regional variants of atopic dermatitis.      A  Atopic cheilitis involving 
both the vermilion lip and surrounding skin (lip licker ’ s eczema).  B  Nipple 
eczema in an adolescent.      Courtesy, Julie V Schaff er, MD.   

A

B
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patches, usually 0.5 to 2 cm in diameter, with fi ne scaling; the lesions 
are typically located on the face, especially the cheeks (see  Fig. 12.17 ), 
but occasionally appear on the shoulders and arms. Pityriasis alba is 
most obvious in individuals with darkly pigmented skin and/or follow-
ing sun exposure. It is thought to result from a low-grade eczematous 
dermatitis that disrupts the transfer of melanosomes from melanocytes 
to keratinocytes. 

 Similar hypopigmented lesions can appear upon resolution of more 
overtly infl amed, erythematous lesions of AD. The differential diagno-
sis of pityriasis alba also includes postinfl ammatory hypopigmentation 
secondary to other dermatoses such as seborrheic dermatitis or pityria-
sis lichenoides chronica. Pityriasis versicolor is typically more sharply 
demarcated, with small lesions that may coalesce centrally in involved 
areas, and vitiligo is also sharply demarcated and depigmented rather 
than hypopigmented. Hypopigmented mycosis fungoides may occa-
sionally represent a diagnostic consideration if there is extrafacial 
involvement. Regular use of sunscreens and other forms of photoprotec-
tion may minimize the appearance of pityriasis alba.   

  Complications 
  Infections 
 Bacterial and viral infections represent the most common complica-
tions of AD. Considering that  S. aureus  colonizes the skin of the vast 
majority of patients with AD, it is not surprising that   impetiginization ,  
which can also be caused by  Streptococcus pyogenes , occurs frequently 
( Fig. 12.18   ). Bacterial infections may exacerbate AD by stimulating the 
infl ammatory cascade, e.g. via  S. aureus  exotoxins that act as superan-
tigens (see above). 

   Eczema herpeticum   represents rapid dissemination of a herpes 
simplex viral infection over the eczematous skin of AD patients. It 
initially develops as an eruption of vesicles, but affected individuals 
more often present with numerous monomorphic, punched-out ero-
sions with hemorrhagic crusting ( Fig. 12.19   ). Eczema herpeticum is 
frequently widespread and may occur at any site, with a predilection 

thickened and leathery with exaggerated skin markings, referred to as 
lichenifi cation (see  Figs 12.9  and  12.10 ).  

  Atopic stigmata 
 Physical fi ndings other than dermatitis that are frequently observed in 
patients with AD are presented in  Table 12.3    and  Figs 12.15–12.17       .  

  Pityriasis alba 
 Pityriasis alba frequently affects children and adolescents with AD. It 
is characterized by multiple ill-defi ned hypopigmented macules and 

  Fig. 12.14      Associated features of atopic dermatitis.     See 
 Table 12.3 .      Inset of hand: Courtesy, Jean L Bolognia, MD.   ASSOCIATED FEATURES OF ATOPIC DERMATITIS

Xerosis:
dry skin with fine scaling

Excoriations:
linear or punctate

Keratosis pilaris:
keratotic follicular papules
with erythematous rim or
(on cheeks) background
of patchy erythema

Dennie–Morgan folds
(“atopic pleats”): lower lids

Periorbital darkening:
(“allergic shiners”): gray to
violet–brown ± edema

Pityriasis alba:
ill-defined hypopigmented
macules ± fine scaling

Postinflammatory
hypo- or
hyperpigmentation:
at sites of previous
eczematous lesions

Follicular prominence:
with “goose bump”-like
appearance

Central facial pallor

Anterior neck folds

Ichthyosis vulgaris:
fine whitish to polygonal
brown scaling that favors
the shins and spares the
flexures

Palmar and plantar
hyperlinearity

  Fig. 12.15      Excoriations.     Numerous punctate and a few linear excoriations in an 
area of papular eczema on the lower back.      Courtesy, Antonio Torrelo, MD.   
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  DIAGNOSTIC CRITERIA 
 Several authors and groups have suggested guidelines to assist in estab-
lishing the clinical diagnosis of AD. Major features in these sets of 
criteria include pruritus, eczematous skin lesions in typical age-specifi c 
distribution patterns, a chronic or chronically relapsing course, early 
age at onset, and a personal and/or family history of atopy (see  Table 
12.1 ). Atopic stigmata, especially xerosis, are also recognized as sup-
porting features (see  Table 12.3  and  Fig. 12.14 ). The Diepgen score 
represents another validated set of diagnostic criteria that are separated 
into objective, subjective, and laboratory features  85  . Validated scores to 
assess the severity of AD include the EASI (Eczema Area Scoring Index), 
SCORAD (SCORing Atopic Dermatitis), and POEM (Patient-Oriented 
Eczema Measure)  86  .  

  PATHOLOGY 
 The histologic features of AD depend upon the stage of the lesion 
sampled.  Acute , exudative eczema is characterized by marked spongio-
sis, with intraepidermal fl uid collection leading to the formation of ves-
icles (micro and macro) or even bullae. Some dermal edema may also 
be present, together with perivascular lymphocytes that extend into the 
epidermis and a variable number of eosinophils ( Fig. 12.20A   ). In  sub-
acute  lesions, vesiculation is absent whereas acanthosis, hyperkeratosis, 

for the head, neck, and trunk. It is often associated with fever, malaise, 
and lymphadenopathy, and complications may include superinfection 
with  S. aureus  or  S. pyogenes  as well as herpetic keratoconjunctivitis 
and meningoencephalitis  83  . Patients with mutations in the fi laggrin 
gene and those who have both severe AD and asthma have an increased 
risk for eczema herpeticum, and decreased production of antimicrobial 
peptides may have a pathogenic role. Patients with AD are also predis-
posed to the development of widespread   molluscum contagiosum   (see 
 Ch. 81 ).  

  Ocular complications 
 In addition to allergic rhinoconjunctivitis, the spectrum of atopic eye 
disease includes chronic manifestations such as atopic keratoconjunc-
tivitis, which typically affects adults, and vernal keratoconjunctivitis 
that favors children living in warm climates. Symptoms include ocular 
itching, burning, tearing, and mucus discharge, often in association 
with conjunctival injection and blepharitis manifesting as swelling 
and scaling of the eyelids. Vernal keratoconjunctivitis features large, 
cobblestone-like papillae on the upper palpebral conjunctiva, and atopic 
keratoconjunctivitis is more prone to scarring. Additional infrequent 
ocular complications of AD include keratoconus and subcapsular cata-
racts, with anterior cataracts more specifi cally related to AD and pos-
terior cataracts occurring more commonly  84  ; rarely there is retinal 
detachment.    

 Table 12.3      Associated features of atopic dermatitis (“atopic stigmata”).     AD, atopic dermatitis. See  Fig. 12.14 .  

  ASSOCIATED FEATURES OF ATOPIC DERMATITIS (“ATOPIC STIGMATA”)  

Xerosis    •     Important feature that is present in most patients with AD  
  •     Often most prominent on the lower legs; may be generalized  
  •     Dry skin with fi ne scale in areas without clinically apparent infl ammation  
  •     Typically worse during the winter  
  •     Impaired epidermal barrier function from decreased water content in the stratum corneum leads to easier 

entry of irritants, which can promote pruritus and initiate an infl ammatory response   

Ichthyosis vulgaris    •     Autosomal semidominant disorder with incomplete penetrance caused by mutations in the fi laggrin gene 
( FLG ; see text and  Ch. 57 )  

  •     ~15% of patients with AD have moderate-to-severe ichthyosis vulgaris; conversely,  > 50% of patients with 
ichthyosis vulgaris have AD  

  •     Excessive fi ne, whitish to brown scaling that favors the lower legs (especially the shins) and spares the 
fl exures   

Keratosis pilaris    •     Common condition that affects  > 40% of patients with AD and ~75% of those with ichthyosis vulgaris  
  •     Onset typically in childhood; may improve after puberty (especially facial involvement)  
  •     Affects the lateral aspect of the upper arms, thighs, and lateral cheeks (especially in children)  >  trunk and 

extensor aspects of the distal extremities  
  •     Keratotic follicular papules, often with a rim of erythema (see  Fig. 12.16A ) or a background of patchy 

erythema (especially on the cheeks)  
  •     The  keratosis pilaris rubra (KPR)  variant features numerous tiny, “grain-like” follicular papules superimposed 

on prominent confl uent erythema (see  Fig. 12.16B ); often widespread on face & ears  >  trunk & proximal 
extremities, and tends to persist after puberty; presence of erythema rather than hyperpigmentation 
differentiates KPR from erythromelanosis follicularis faciei et colli, and a lack of atrophy in KPR differentiates it 
from keratosis pilaris atrophicans (see  Ch. 38 )  

  •     Keratolytic agents and topical retinoids are sometimes used to decrease the hyperkeratotic component, but 
the benefi t is limited and these agents can be irritating, especially in AD patients; treatment with vascular 
lasers (e.g. pulsed dye laser) can sometimes improve associated erythema   

Palmar and plantar hyperlinearity    •     Increased prominence of the palmar and, less often, plantar creases  
  •     Associated with ichthyosis vulgaris and  FLG  mutations   

Dennie–Morgan lines    •     Symmetric, prominent horizontal fold(s) (single or double) just beneath the margin of the lower lid, originating 
at or near the inner canthus and extending one-half to two-thirds the width of the lid   

Periorbital darkening (“allergic shiners”)    •     Skin around the eyes appears gray to violet–brown, while the rest of the facial skin is rather pale  
  •     Periorbital edema and lichenifi cation may also be seen   

Anterior neck folds    •     Horizontal folds across the middle of the anterior neck   

Hertoghe sign    •     Absence or thinning of the lateral eyebrows   

White dermographism    •     Stroking the skin leads to a white streak that refl ects excessive vasoconstriction  
  •     Most apparent on the forehead  
  •     Midfacial pallor and a delayed blanch response represent additional manifestations of aberrant vascular 

reactivity in patients with atopic dermatitis   

Follicular prominence    •     “Goose bump-like” appearance of the skin, most often on the trunk (see  Fig. 12.6 )  
  •     More commonly observed in children with darkly pigmented skin   
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conspicuous, but there may be an increased number of mast cells and 
dermal fi brosis. 

 These features are not specifi c, as similar fi ndings are observed in 
other eczematous dermatoses such as allergic contact dermatitis. There 
are occasionally histologic clues to the etiology, such as individually 
necrotic keratinocytes that suggest an irritant contact dermatitis. 
However, a skin biopsy is usually more helpful in excluding other enti-
ties that can mimic AD clinically, such as mycosis fungoides.  

  DIFFERENTIAL DIAGNOSIS 
 The differential diagnosis of AD is broad and includes other chronic 
dermatoses, infections, infestations, and malignancies as well as meta-
bolic, genetic (e.g. primary immunodefi ciencies), and autoimmune dis-
orders ( Table 12.4   ). 

  Fig. 12.16      Keratosis pilaris.      A  Discrete perifollicular papules with central 
keratotic cores on the extensor surface of the upper arm. Each papule has a rim 
of erythema.  B  Keratosis pilaris rubra on the lateral face. This variant is 
characterized by tiny, “grain-like” follicular papules superimposed on confl uent 
erythema.      B, Courtesy, Angela Hernández-Martín, MD.   

A

B

  Fig. 12.17      Pityriasis 
alba.     Note the slight 
scale associated with the 
hypopigmented macules 
and patches on the 
cheeks.      Courtesy, Antonio 
Torrelo, MD.   

  Fig. 12.18      Infected hand dermatitis in a patient with atopic dermatitis.     There 
is impetigo-like crusting as well as pustules.      Courtesy, Louis A Fragola, Jr, MD.   

  Fig. 12.19      Eczema 
herpeticum.   
  Grouped punched-
out monomorphic 
erosions with 
hemorrhagic crusts 
on the arm  (A)  and 
posterior neck  (B ). 
Vesicles are rarely 
evident.       

A

B

and parakeratosis become evident ( Fig. 12.20B ). In  chronic , lichenifi ed 
AD, epidermal thickening is more pronounced in a pattern that may 
be either irregular or regular (psoriasiform). Changes in the granular 
layer vary from thickening secondary to rubbing, as seen in lichen 
simplex chronicus, to thinning when there is a psoriasiform pattern, 
seen in some nummular lesions. Spongiosis and infl ammation are less 
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an urticarial reaction within 30 minutes of patch testing on previously 
affected skin. 

 Mycosis fungoides (MF) should be considered in adolescents and 
adults with chronic dermatitis poorly responsive to topical corticoste-
roid treatment. Because the histologic fi ndings of early MF may be 
diffi cult to distinguish from those of AD, multiple biopsies are recom-
mended, preferably from untreated areas of skin since corticosteroids 
can eliminate the epidermotropic T cells that point to the diagnosis of 
MF. Longitudinal evaluation of such individuals is required, especially 
when the clinical and/or histologic features are not classic for AD, with 
additional biopsies as indicated.  

  TREATMENT 

  General Approach 
 Because AD is a chronic, relapsing disease, the traditional approach 
was reactive management targeting acute fl ares with short-term treat-
ment regimens. Based on insights into the underlying skin barrier 
defect and its relationship to infl ammatory processes in the skin and 
other organs, a proactive approach that includes long-term mainte-
nance therapy is now recommended ( Fig. 12.21   )  87  . This treatment 
strategy may modify the overall disease course and possibly prevent the 
development of atopic comorbidities. Management of AD includes 
education of patients/parents, gentle skin care, moisturizer use, and 
anti-infl ammatory therapy to control subclinical infl ammation as well 
as overt fl ares. Topical agents represent the mainstay of treatment. 
Severe disease may require phototherapy or systemic medications, 
usually in conjunction with continued topical therapy ( Table 12.6   )  87  . 
Factors that can potentially exacerbate AD should be identifi ed and, if 
possible, avoided (see  Table 12.1 ). 

  Educational interventions 
 Education of patients and families is an important aspect of atopic 
dermatitis management. Increased knowledge of the disease mecha-
nisms and course, potential triggers, appropriate use of therapies, and 
the goals of management has been shown to increase treatment adher-
ence and reduce fear and misconceptions  88–91  . Parents often seek an 
eradicable cause for their child ’ s AD and have diffi culty accepting 
“control” rather than a “cure” for the condition. Addressing their spe-
cifi c concerns and acknowledging the stresses associated with this 
chronic disease, as well as noting the improvement in pruritus and 
sleep disturbances likely to result from treatment, can improve care. 
Online educational resources are available through organizations such 
as the National Eczema Association ( nationaleczema.org ). Psychologi-
cal interventions to aid in coping with AD may have benefi t, with 
reported approaches including biofeedback, cognitive-behavioral 
therapy, and stress management  92  .  

  Bathing 
 Bathing can hydrate the skin and remove scale, crust, irritants, and 
allergens. Although there is a paucity of objective data on optimal 
bathing practices for AD, it is generally recommended that patients 
bathe or shower once daily for 5–10 minutes in warm (not hot) water, 
with use of a fragrance-free non-soap cleanser with a neutral to low pH 
as needed (e.g. syndets; see  Ch. 153 )  87,93,94  . Application of a moisturizer 
shortly after bathing is essential to maintain skin hydration  95  . If treat-
ment with a topical corticosteroid or other anti-infl ammatory agent is 
needed, it should be applied immediately after bathing, prior to the 
moisturizer; this has been referred to as the “soak and smear” tech-
nique  93  . With the exception of bleach (see below), there are no random-
ized controlled studies to support the use of bath oils, other bath 
additives, acidic spring water, or water-softening devices for AD  87,96  .  

  Moisturizers 
 Daily use of moisturizers to counteract dry skin and reduce transepi-
dermal water loss is a cornerstone of AD management  97  . Moisturizer 
application can reduce xerosis, pruritus, erythema, fi ssuring, and 
lichenifi cation  87  , thereby decreasing the amount of anti-infl ammatory 
medication required for disease control  98  . Standard moisturizers contain 
varying amounts of emollient agents that lubricate the skin, occlusive 
agents that prevent water loss, and humectants that attract water  87  . 

 In infants, AD is often preceded and/or accompanied by seborrheic 
dermatitis, which commonly presents during the fi rst month of life as 
yellowish-white, adherent scale-crusts on the scalp. In contrast to the 
typical distribution of infantile AD on the extensor surfaces of the 
extremities and cheeks as well as the scalp, infantile seborrheic derma-
titis has a predilection for the skin folds, where lesions may be oozing 
and lack scale, and the forehead. Scabies in infants often has general-
ized involvement and can mimic AD; in addition to the presence of 
burrows or identifi cation of the mite or eggs via dermoscopy or skin 
scrapings, scabies can usually be distinguished by the predominance of 
discrete small crusted papules, involvement of the axillae and diaper 
area, and the presence of acral vesiculopustules. Other less common 
conditions that occasionally represent a diagnostic consideration in 
infants, such as primary immunodefi ciencies, are listed in  Table 12.4 . 

 Adolescents and adults without a personal or family history of atopy 
who present with an eczematous eruption should have a thorough 
history and consideration of patch testing to assess for allergic contact 
dermatitis. This diagnosis should also be considered in children and 
adults with established AD who fail to respond as expected to treatment 
or who develop lesions in an atypical distribution pattern. Components 
of emollients or topical corticosteroid preparations represent potential 
allergens in these individuals. Protein contact dermatitis has a predilec-
tion for atopic individuals and can also present as a chronic eczematous 
dermatitis. Causes include a variety of foods and animal products ( Table 
12.5   ; see  Ch. 16 ), and it is diagnosed by prick testing or observation of 

  Fig. 12.20      Histologic features of acute and subacute atopic dermatitis.      A  
Acute lesion showing prominent spongiosis, epidermal hyperplasia, and a mild 
infl ammatory infi ltrate in the upper dermis.  B  Subacute lesion with 
parakeratosis and less spongiosis.      A, Courtesy, Lorenzo Cerroni, MD.   

A

B
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 Table 12.4      Diff erential diagnosis of atopic dermatitis.     A, adults; B, both; C, children/infants.  

 DIFFERENTIAL DIAGNOSIS OF ATOPIC DERMATITIS 

 Chronic dermatoses 

 C  >  A Seborrheic dermatitis Common

 B Contact dermatitis – allergic *  or irritant Common

 B Psoriasis Common

 A  >  C Nummular dermatitis Uncommon (although nummular lesions can be seen in 
AD, nummular eczema outside this setting is uncommon)

 A Asteatotic eczema Common

 A  >  C Lichen simplex chronicus (secondary to pruritus of variable etiology) Common

  Infections and infestations  

 B Scabies Common

 B Dermatophytosis * Common

 B HIV-associated dermatoses Variable

 C HTLV-1-associated “infective dermatitis” Variable

 C Chronic mucocutaneous candidiasis Rare

 C Neonatal mucocutaneous candidiasis Variable

 B Impetigo Variable (nummular lesions of AD can mimic impetigo)

 C Congenital syphilis Variable

  Primary immunodefi ciencies  

 C Wiskott–Aldrich syndrome Rare

 C Hyperimmunoglobulin E syndromes Rare

 C IPEX ( i mmune dysregulation,  p olyendocrinopathy,  e nteropathy,  X -linked) syndrome 
and IPEX-like conditions

Rare

 C Omenn syndrome Rare

 C DiGeorge syndrome (congenital thymic aplasia) Rare

 C Immunoglobulin defi ciencies: X-linked hypogammaglobulinemia, common variable 
immunodefi ciency, IgA defi ciency

Variable

 C Ataxia telangiectasia Rare

  Malignancies  

 A  >  C Mycosis fungoides and Sézary syndrome Uncommon

 C Langerhans cell histiocytosis Rare

  Metabolic and genetic disorders  

 C Netherton syndrome, generalized infl ammatory peeling skin syndrome Rare

 C Ectodermal dysplasias Rare

 C  S evere dermatitis– a llergies– me tabolic wasting (SAM) syndrome Rare

 B Keratosis pilaris Common

 C Hartnup disease Rare

 C Phenylketonuria Rare

 C Prolidase defi ciency Rare

 B Acrodermatitis enteropathica, glucagonoma syndrome, pellagra, ribofl avin defi ciency Rare

 C  >  A Other causes of “nutritional dermatitis”, e.g. biotin defi ciency, essential fatty acid 
defi ciency, organic acidurias, cystic fi brosis

Rare

  Autoimmune disorders  

 A  >  C Dermatitis herpetiformis Uncommon

 A  >  C Pemphigus foliaceus Uncommon

 B Dermatomyositis Uncommon (but often misdiagnosed as AD in children)

 A  >  C Lupus erythematosus Uncommon

  Other  

 B Drug eruptions Uncommon (although drug eruptions are common, those 
resembling atopic dermatitis are uncommon)

 A  >  C Photoallergic contact dermatitis Uncommon

 A Chronic actinic dermatitis Uncommon

 B Graft-versus-host disease Uncommon

  *  More common causes of disseminated eczema (“id reaction”), which is especially frequent in the setting of stasis dermatitis  +  allergic contact dermatitis.  
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 There are limited data on the optimal amount and frequency of 
moisturizer application or comparing the effectiveness of different 
moisturizing products, and no particular preparation has been shown 
to be superior  98,100  . Weekly use of 150–200 g of moisturizer in young 
children and 250–500 g in older children/adults has been recommended, 
with liberal and frequent application  94  . Prescription emollient devices 
(PEDs) that aim to improve the defective skin barrier of AD include 
preparations that contain specifi c ratios of lipids (e.g. cholesterol, fatty 
acids, ceramides), palmitoylethanolamide, glycyrrhetinic acid, and 
other hydrolipids  87  . There is currently no evidence that these agents 
are superior to over-the-counter preparations.   

  Topical Anti-Infl ammatory Therapy 
  Topical corticosteroids 
 Topical corticosteroids represent fi rst-line pharmacologic therapy for 
AD. These agents have anti-infl ammatory, antiproliferative, immuno-
suppressive, and vasoconstrictive actions, with effects on cutaneous T 
cells, macrophages, and dendritic cells (see  Ch. 125 )  87,97  . The effi cacy 
of topical corticosteroids in AD has been verifi ed in  > 100 randomized 
controlled trials  101  , and they have been shown to decrease the acute 
and chronic infl ammation of AD as well as associated pruritus  87  . 
Topical corticosteroids are used to treat acute fl ares of AD and as main-
tenance therapy to prevent relapse. 

 Factors in selecting the potency and vehicle of the topical corticoste-
roid include the location, type (e.g. acute versus chronic), thickness, 
and extent of the AD lesions; patient age and preference as well as 
the cost and availability of different preparations represent additional 
considerations. The corticosteroid should have an appropriate potency 

  Fig. 12.21      Management plan for atopic dermatitis.      A  The 
therapeutic regimen should include both treatment of active 
eczema and maintenance that includes the low-level in all 
and the high-level in some patients.  B  Intermittent courses of 
a systemic corticosteroid result in rebound fl ares and 
worsening of disease over time. In contrast, a proactive 
regimen utilizing topical corticosteroid leads to longer clear 
periods and milder disease over time. TCI, topical calcineurin 
inhibitor.       

Treatment of active eczema
Daily use of topical corticosteroid of appropriate
strength until completely clear*
± Antihistamine (for sedative/antipruritic effects)
± Antibiotic course (if superinfection)

High-level maintenance to usual “hot spots”
Intermittent use of mid-potency topical corticosteroid 
(e.g. 2 days/week) and/or topical calcineurin inhibitor
(TCI) (e.g. 3–5 days/week)

Low-level maintenance (all patients)
Daily use of emollient† to all skin
Avoidance of triggers

*Consider wet wraps following corticosteroid application for acute flares; if
longstanding/severe AD, consider taper to every other day for a week before switching
to high-level maintenance.
†Emollient should be a cream or ointment

MANAGEMENT PLAN FOR ATOPIC DERMATITIS (AD)

A

Clearing
Clear
Flaring

Clear

Clear

D
is
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se
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ct
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ity

B

CS CS CS

P = Prednisone
CS = Topical corticosteroid of appropriate strength daily
M = Maintenance: mid-potency CS 0–2 days/week, 
  milder CS or TCI 0–5 days/week, emollient daily

P
P

P

M M M

 Table 12.5      Causes of protein contact dermatitis.  

  CAUSES OF PROTEIN CONTACT DERMATITIS  

   •     Fruits (banana, fi g, kiwi, lemon, pineapple)  
  •     Grains (barley, rye and wheat fl ours)  
  •     Latex  
  •     “Meats” (fi sh, seafood, beef, pork, poultry)  
  •     Mites and insects (rice fl our beetle, dust mite, storage mite)  
  •     Nuts (almond, hazelnut, peanut)  
  •     Spices (caraway, curry, dill, garlic, paprika, parsley)  
  •     Vegetables (carrot, caulifl ower, celery, cucumber, lettuce, mushroom, 

onion, parsnip, potato)  
  •     Animal dander, hair, saliva or urine (cow, deer, goat, dog, cat, rodents, 

hedgehog, rabbit, giraffe)   

Preparations should be free of dyes, fragrances, food-derived allergens 
such as peanut protein, and other potentially sensitizing ingredients  99  . 
Factors in selecting the formulation of the moisturizer include the 
degree of xerosis, the sites of application, acceptance by the patient, 
and the season. Ointments (e.g. petrolatum) contain higher concentra-
tions of lipids, have occlusive properties, and are typically preservative-
free; although they tend to cause less stinging when applied to infl amed 
skin, the greasiness of ointments is bothersome to some patients  87,97  . 
Creams may be a more acceptable option for such individuals, whereas 
lotions contain a higher water content and are not ideal for the xerosis 
of AD. Products with higher concentrations of urea or  α -/ β -hydroxy 
acids, which can decrease scaling, may also sting when used in children 
and on acutely infl amed or excoriated skin. 
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use of a potent agent (e.g. mometasone furoate ointment) may be 
required to clear thick, exuberant lesions on the cheeks of infants. 
Potent corticosteroids (e.g. class 1–2) are often needed for lichenifi ed 
plaques, nummular or prurigo-like lesions, and involvement of the 
palms and soles. Corticosteroid ointments (which minimize stinging) 
and creams are generally preferred considering the dryness of the skin 
in AD patients and the moisturizing effects of these vehicles. Applica-
tion immediately after bathing improves cutaneous penetration and 
also decreases stinging. Corticosteroid solutions, foams, and oils rep-
resent options for AD on the scalp. 

 Systematic reviews have concluded that topical corticosteroids have 
a favorable safety profi le with short-term (up to several weeks) daily use 
and long-term intermittent use (see  Ch. 125 )  105  . However, “steroid 
phobia” is very common among AD patients and their parents, and it 
often leads to delayed and inadequate treatment  106–108  . It is essential 
that these fears and incorrect beliefs regarding topical corticosteroids 
are addressed to ensure adherence to the treatment plan. 

 When AD does not respond as expected to topical corticosteroid 
therapy, adherence should be assessed, including the amount (grams/
tubes) and duration (consecutive days) of use. If possible, in-patient 
therapy for patients with severe AD can allow direct observation and 
intensive education. Potential complicating factors should be inves-
tigated, such as disease exacerbation by superinfection, irritants, or 
allergens. The latter can include immediate hypersensitivity reac-
tions to foods and aeroallergens as well as delayed hypersensitivity to 
contact allergens, including components of moisturizers and topical 
mediations  97  .  

  Topical calcineurin inhibitors 
 Two topical calcineurin inhibitors (TCIs) have been FDA-approved for 
the treatment of AD: (1) tacrolimus 0.03% and 0.1% ointment for 
moderate to severe disease; and (2) pimecrolimus 1% cream for mild 
to moderate disease (see  Ch. 129 ). These agents suppress T-cell activa-
tion and modulate the secretion of cytokines and other proinfl amma-
tory mediators; they also decrease mast cell and dendritic cell 
activity  99,109  . The effi cacy of TCIs in the treatment of AD has been 
proven in large clinical trials in adults and children  ≥ 2 years of age and, 
for pimecrolimus, infants ages 3–23 months, although it is not cur-
rently approved for the latter group  110  . 

 TCIs are particularly useful for AD affecting the face and inter-
triginous areas, sites where corticosteroid-induced skin atrophy is of 
increased concern and TCI therapy is especially effective  97  . TCIs are 
also benefi cial in patients with frequently fl aring or persistent AD that 
would otherwise require almost continual use of topical corticoster-
oids. Randomized controlled studies have shown that the proactive 
application of tacrolimus ointment 2–3 times weekly as maintenance 
can prevent fl ares of AD without increasing the overall amount of 
medication used  111  . 

 The most common adverse effects with TCIs are local stinging and 
burning. These symptoms lessen after several applications, or if TCI 
use is preceded by a short topical corticosteroid course. For both topical 
tacrolimus and pimecrolimus, there has been no short-term or 
intermediate-term ( > 15 years) evidence of systemic immunosuppres-
sion or an increased risk for malignancy in either clinical studies or 
post-marketing surveillance, and long-term data collection is ongoing  112  . 
However, in 2006 the FDA introduced black box warnings for both 
drugs concerning a theoretical cancer risk; this was based on the occur-
rence of lymphomas in mice exposed to systemic levels 30–50-fold 
greater than the highest recorded blood levels in human patients. Phar-
macokinetic studies in children and adults with AD have demonstrated 
minimal systemic absorption of TCIs, with transient detectable but low 
blood levels occasionally observed in patients with severe AD involving 
a large portion of the body surface area.  

  Crisaborole 
 Crisaborole 2% ointment is a phosphodiesterase-4 (PDE-4) inhibitor 
that is FDA-approved for the treatment of mild to moderate AD in 
patients  ≥ 2 years of age. In large randomized controlled trials, ~30% 
of such individuals achieved clear/almost clear skin with a  ≥ 2-grade 
improvement after 4 weeks of twice daily treatment  113  . PDE-4 degrades 
cAMP, which leads to increased production of cytokines including IL-10 
and IL-4 (see  Fig. 130.3 ). The most common side effect is stinging or 
burning in the area of application.  

to quickly gain control of the fl are, and continuation of daily therapy 
until the active dermatitis is completely clear can minimize the like-
lihood of a rebound. Long-term daily use of an inadequately potent 
topical corticosteroid can result in a greater risk of side effects as 
well as less control of the eczema than relatively brief use of a more 
potent agent. Randomized controlled trials in children and adults with 
AD have demonstrated that the risk of relapse can be signifi cantly 
reduced by proactive maintenance with twice-weekly application of a 
mid-potency topical corticosteroid to the usual areas of involvement 
when clear, with no evidence of cutaneous atrophy after up to 40 weeks 
of treatment  87,102–104  . 

 For the face and body folds, high potency corticosteroids (especially 
long-term use) should be avoided if possible due to risk of cutaneous 
atrophy and (for the face) acneiform eruptions. However, short-term 

 Table 12.6      Therapeutic ladder for atopic dermatitis (AD).              Additional agents 
under investigation with potential benefi t for AD include interleukin (IL)-13 
inhibitors (e.g. lebrikizumab, tralokinumab), the thymic stromal lymphopoietin 
inhibitor tezepelumab, and the prostaglandin D 2  receptor 2 inhibitor 
fevipiprant. Key to evidence-based support: (1) prospective controlled trial; (2) 
retrospective trial or large case series; (3) small series or individual case reports.  

 THERAPEUTIC LADDER FOR ATOPIC DERMATITIS 

 Evidence 

Moisturizers 1

Topical corticosteroids 1

Topical calcineurin inhibitors 1

Topical crisaborole 1

Topical tofacitinib (not currently FDA-approved) 1

Narrowband UVB, UVA–UVB, UVA1 1

Dupilumab 1

Cyclosporine (short/intermediate term) 1

Azathioprine 1

Mycophenolate mofetil/enteric-coated mycophenolate 
sodium

1 * /2

Methotrexate 1 * /2

Systemic corticosteroids (short term for severe acute fl ares; 
“rebound” exacerbations often occur upon discontinuation)

2

Omalizumab 2  †  
Nemolizumab (anti-IL-31 receptor A; not currently FDA 
approved)

1  ¶  

Tofacitinib 2

Rituximab 2

Interferon- γ  ** 

IVIg 2  †  
Other – crude coal tar, hydroxychloroquine, extracorporeal 
photochemotherapy

2–3

  Adjunctive therapies  

Wet wraps, open wet dressings, or soaks combined with topical 
corticosteroids for acute fl ares 

 Dilute sodium hypochlorite (bleach) baths 
 Treatment of associated bacterial, viral, or fungal infections 
 Oral antihistamines for antipruritic  ‡   and sedative effects 
 Leukotriene antagonists  ‡   
 Sodium cromoglycate (topical or oral)  ‡   
 Probiotics  ‡   (may have effi cacy in primary prevention) 
 Vitamin D supplementation  ‡  
  *  In randomized controlled trials in adults with severe AD, enteric-coated mycophenolate 
sodium was found to have similar effi cacy to cyclosporine as maintenance therapy, and 
methotrexate was found to have similar effi cacy to azathioprine (see text).  

  **  Although found to be effective in one randomized controlled trial, results of other studies 
have been inconsistent (see  Ch. 128 ).  

   †   No signifi cant benefi t was found in a small controlled trial.  
   ‡   Inconsistent demonstration of effi cacy in controlled trials.  
   ¶   Benefi t for pruritus in patients with moderate to severe AD.  
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severe AD in children and adults, with modest benefi t documented in 
randomized controlled trials  120–122  . Individuals with genetically deter-
mined low activity of the enzyme thiopurine methyltransferase (TPMT) 
have increased susceptibility to azathioprine-induced myelotoxicity. 
The risk of this complication can be decreased by determining TPMT 
activity and/or genotyping for  TPMT  polymorphisms prior to initiating 
therapy and adjusting the dose accordingly – 2–3.5 mg/kg/day if normal, 
0.5–1 mg/kg/day if low. Azathioprine has a slow onset of action, with 
clinical improvement after 1–2 months and full benefi t requiring 2–3 
months of treatment  97  .  

  Methotrexate 
 Methotrexate has anti-infl ammatory effects and reduces allergen-
specifi c T-cell activity  123  . It can have effi cacy for refractory AD in adults 
and children with weekly administration of 7.5–25 mg or 0.3–0.5 mg/
kg, respectively, together with folic acid supplementation  124  . This 
regimen is well tolerated, with maximum clinical effect typically seen 
after 2–3 months of therapy  125  .  

  Mycophenolate mofetil 
 Mycophenolate mofetil (MMF) inhibits the  de novo  pathway of purine 
synthesis, resulting in suppression of lymphocyte function. It may be 
of benefi t for recalcitrant AD in adults and children, with 2–3 months 
of treatment typically required for maximum effect  126  . Dosing generally 
ranges from 1 to 3 g/day in adults and 30–50 mg/kg/day in children  115  .   

  Systemic Corticosteroids 
 Continuous or chronic intermittent use of systemic corticosteroids for 
AD is not recommended due to a propensity for signifi cant rebound 
fl ares upon their discontinuation and the unacceptable side effects of 
long-term administration (see  Fig. 12.21  and  Ch. 125 )  127  . However, a 
short course of systemic corticosteroids may occasionally be considered 
for a severe, debilitating acute fl are of AD while phototherapy or immu-
nomodulatory treatment is being initiated.  

  Adjunctive Therapy 
  Antimicrobials and antiseptics 
 Although skin colonization and infection with  S. aureus  can play a role 
in triggering AD fl ares, there is no evidence to support the use of topical 
antibiotics or antiseptic agents to treat AD, with the exception of 
“bleach baths”. In a randomized controlled study, bathing in 0.005% 
sodium hypochlorite (0.5 cup of household bleach [6% sodium hypo-
chlorite] in a full 40-gallon bathtub) twice weekly together with a 
monthly 5-day course of intranasal topical mupirocin for 3 months led 
to greater improvement of moderate to severe, superinfected AD than 
placebo; both groups initially received a 2-week course of oral cepha-
lexin and continued their topical anti-infl ammatory regimen  128  . Sub-
sequent small controlled studies evaluating “bleach baths” in AD 
patients without a recent superinfection have had inconsistent results 
regarding effi cacy for eczema; no decreases in  S. aureus  colonization or 
effects on skin barrier function have been observed. 

 Likewise, the routine use of systemic antibiotics for AD is not recom-
mended. However, systemic antibiotics can be utilized when AD 
patients display clinical evidence of bacterial infection, such as pus-
tules, a purulent exudate, or furuncles. Similarly, systemic antiviral 
agents should be used to treat eczema herpeticum.  

  Antihistamines 
 The role of histamine in the itch of AD is unclear  94  . Topical antihista-
mines are not effective for AD and are associated with risks of allergic 
contact dermatitis and systemic side effects  87  . Routine use of oral anti-
histamines to treat AD is not recommended  97,129  . Non-sedating anti-
histamines are not useful in the absence of additional conditions such 
as urticaria, dermographism, or allergic conjunctivitis  115  . Short-term 
use of sedating antihistamines may be employed during an acute AD 
fl are associated with signifi cant sleep disturbance.  

  Omalizumab 
 The anti-IgE monoclonal antibody omalizumab is FDA-approved for 
chronic idiopathic urticaria in patients  ≥ 12 years of age and for asthma 
in patients  ≥ 6 years of age (see  Ch. 128 ). It is administered every 2–4 

  Wet wrap therapy 
 Wet wrap therapy may be helpful in severe recalcitrant AD or during 
an acute fl are. These moist, occlusive dressings increase skin hydration, 
act as a barrier to scratching, and enhance the penetration of topical 
corticosteroids. However, because of the latter effect, care should be 
exercised when using moderate and potent topical corticosteroids with 
wet wraps, and a possible increased risk of bacterial skin infections has 
been noted  114  . The wraps consist of application of a topical corticoste-
roid (sometimes diluted), followed by an inner wet layer and outer dry 
layer of cotton gauze or garments; they are left in place 8–24 hours per 
day, and the treatment duration should not exceed 2 weeks.   

  Phototherapy 
  Narrowband UVB, UVA1,  and  UVA combined with UVB  have each 
been shown to improve atopic dermatitis and associated pruritus  115–117  . 
The immunomodulatory effects of phototherapy occur via induction 
of T-cell apoptosis, reduction of dendritic cells, and decreased expres-
sion of Th2 cytokines such as IL-5, IL-13, and IL-31 (see  Ch. 134 ). 
In addition, treatment with UVB has been shown to reduce  S. aureus  
colonization of the skin in AD patients. Narrowband UVB and UVA1 
can both be helpful for chronic AD lesions, and UVA1 may also be 
useful in the treatment of acute fl ares. Phototherapy can be combined 
with topical corticosteroids, especially in the initial phase of treat-
ment. The side effect profi le of phototherapy is favorable compared to 
systemic immunosuppressive agents, with potential “sunburn” and, 
with long-term treatment, photoaging and possibly an increased risk 
of skin cancer. The time required to travel several times a week to a 
phototherapy center may disrupt school or work for some patients, and 
a home UV unit may be an option for those receiving chronic treat-
ment. In young children, phototherapy may be diffi cult for practical 
reasons, e.g. lack of cooperation.  

  Systemic Anti-Infl ammatory Therapy 
 Systemic anti-infl ammatory medications may be employed for children 
and adults with moderate to severe AD that has failed to respond 
adequately to optimized topical treatment  115  . The risk–benefi t profi le 
should be carefully considered before starting an immunosuppressive 
agent, and patients receiving these medications require close monitor-
ing for side effects (see  Ch. 130 ). Combination of systemic treatment 
with topical corticosteroid therapy is frequently required to maximize 
benefi t. 

  Dupilumab 
 Dupilumab is a human monoclonal antibody that targets the IL-4R α  
subunit of heterodimeric IL-4 and IL-13 receptors (see  Ch. 128  and  Fig. 
128.9C ). It blocks signaling by these cytokines and the resulting Th2-
mediated infl ammation. Dupilumab is FDA-approved for the treatment 
of adults with moderate to severe atopic dermatitis that is not ade-
quately controlled with topical therapy. Large randomized controlled 
trials demonstrated a signifi cant benefi t in this group, with ~50% of 
patients achieving a 75% improvement in their EASI score after 16 
weeks of dupilumab therapy  61,118  . Phase III studies in pediatric patients 
are in progress. Dupilumab is administered via subcutaneous injection 
of 600 mg initially and then 300 mg every other week, and it can be 
used with or without concurrent topical corticosteroid treatment. It has 
a favorable side effect profi le, with injection site reactions and conjunc-
tivitis each occurring in ~10% of patients.  

  Cyclosporine 
 Cyclosporine is a potent inhibitor of T-cell-dependent immune 
responses and IL-2 production. Administration of cyclosporine typi-
cally leads to rapid improvement of AD in adults and children, and 
its effi cacy has been established in randomized controlled trials  101,119  . 
However, because of potential side effects such as nephrotoxicity and 
hypertension, it is mainly used as a short-term treatment for AD, 
serving as a bridge between other therapies. Doses utilized for AD range 
from 3 to 6 mg/kg/day; treatment is often initiated at 5 mg/kg/day with 
subsequent tapering.  

  Azathioprine 
 Azathioprine (AZA) is an inhibitor of purine synthesis that reduces 
leukocyte proliferation. It can be an effective treatment for moderate to 
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should be considered when AD is more severe in exposed areas, and 
direct skin contact with aeroallergens may trigger the development of 
eczematous lesions in some patients. Evaluation includes assessment 
of specifi c IgE antibodies and skin prick testing  89  .  

  Allergic contact dermatitis 
 Patch testing to assess for contact sensitivity should be considered in 
AD patients with fi ndings suggestive of ACD, a distribution pattern 
atypical of AD, sudden worsening, or recalcitrance to treatment. 
Common contact allergens in AD patients include components of 
topical medications and skin care products, such as fragrance, preserva-
tives, lanolin, propylene glycol, cocamidopropyl betaine, bacitracin, 
neomycin, and sometimes corticosteroids  142–144  .   

  Complementary Therapies 
 Chinese herbal therapy for AD has been evaluated in controlled trials; 
although benefi t was reported in some studies, they had methodological 
issues and other investigators have not been able to replicate the 
results  138,145  . In one report, analysis of “herbal creams” noted by 
parents in the UK to improve their children ’ s AD revealed that 80% 
contained a corticosteroid, more than half of which represented clo-
betasol propionate  146  . Currently there is no evidence that homeopathic 
treatment is of benefi t for AD  147  .  

  Prevention 
 Although the therapeutic armamentarium available for AD can suc-
cessfully control the disease in most patients, primary prevention of 
AD represents a highly desirable goal. There is no evidence that mater-
nal food allergen avoidance during pregnancy or lactation protects 
against the development of AD in the child  148  . Recent studies have 
found that low maternal prenatal 25(OH) vitamin D levels may be 
associated with an increased risk of early-onset AD in the infant  149  . 
For infants with a family history of atopy, exclusive breastfeeding during 
the fi rst 3–4 months of life or feeding with a formula containing hydro-
lyzed milk products may potentially decrease the risk of AD develop-
ment compared to feeding with a formula containing intact cow ’ s milk 
protein  150,151  . However, exclusive breastfeeding for 6 months versus 
3–4 months does not confer additional protection against the develop-
ment of AD  152  . 

  Probiotics/prebiotics 
 In several randomized controlled studies, administration of probiotics 
(e.g.  Lactobacilli ) or prebiotics, which represent non-digestible oligosac-
charides that promote the growth of desirable bacteria, to pregnant 
mothers and infants was associated with signifi cantly decreased fre-
quencies of AD at 1 to 4 years of age  153  . However, multiple randomized 
controlled studies have failed to show benefi t from probiotics as therapy 
for existing AD  154  . Further investigation is required to determine what 
pro/prebiotic agent should be employed and the optimal time of admin-
istration for AD prevention.  

  Emollient therapy as prevention 
 Skin barrier impairment, measured by an increase in transepidermal 
water loss, occurs before the onset of clinical AD in children with  FLG  
mutations  155  . Two randomized controlled trials in neonates with a 
family history of AD showed that daily use of a moisturizing cream, 
oil, emulsion, or ointment beginning within the fi rst 3 weeks of life 
resulted in a 30–50% reduction in the likelihood of developing AD by 
6–8 months of age  156,157  .    

      For additional online fi gures visit    www.expertconsult.com                        

weeks via subcutaneous injection, and potential side effects include a 
risk of anaphylaxis. Although improvement of AD with omalizumab 
therapy has been described in uncontrolled series, a small randomized 
controlled trial in adults with AD did not demonstrate clinical improve-
ment, despite reduction in IgE levels  130  .  

  Systemic immunotherapy 
 Allergen-specifi c immunotherapy to abrogate allergic sensitizations has 
been employed to treat asthma and allergic rhinoconjunctivitis. The 
benefi t of sublingual or subcutaneous immunotherapy for AD with 
allergens such as dust mites has also been investigated, but hetero-
geneous studies with poor methodologies make the results diffi cult 
to interpret  131,132  . Systemic immunotherapy for AD is not currently 
recommended.  

  Dietary supplements 
 In atopic dermatitis, there is no evidence of a benefi t from dietary lipid 
supplements such as fi sh oils, evening primrose oil, and borage oil  133  . 
Vitamin D supplementation is recommended for AD patients with 
25(OH) vitamin D insuffi ciency or defi ciency  134  .   

  Management of Coexisting Allergic Disease 
  Food allergies 
 Food hypersensitivity affects up to 30% of infants and young children 
with AD, and ~90% of reactions in this population are caused by fi ve 
allergens: eggs (most often linked to AD exacerbations), milk, peanuts, 
soy, and wheat. Reactivity to peanuts as well as tree nuts, fi sh, and 
shellfi sh tends to persist, but children usually outgrow sensitivities to 
other foods. In infants with AD, introduction of age-appropriate peanut-
containing food as early as 4–6 months of age is recommended to reduce 
the risk of peanut allergy, with prior peanut-specifi c IgE and/or skin 
prick testing advised in those with severe AD  135  . Exposure to food aller-
gens may exacerbate eczema in ~10–30% of infants and young children 
with AD, especially those with severe, recalcitrant disease  136  . However, 
food allergens more often produce an immediate/IgE-mediated reaction 
with urticaria, fl ushing, or itch within 1–2 hours of exposure. 

 The National Institute of Allergy and Infectious Diseases (NIAID) 
recommends consideration of limited food allergy testing in children 
 < 5 years of age with moderate to severe AD if they also have: (1) per-
sistent AD activity despite optimized management; or (2) a reliable 
history of an immediate allergic reaction after ingestion of a specifi c 
food  137,138  . Allergen-specifi c IgE assays and skin prick tests have high 
negative predictive values ( > 95%) but low specifi cities and positive 
predictive values (40–60%)  139  . The clinical history and (in selected 
instances) provocation tests should be used to determine the  relevance  
of positive laboratory and skin prick tests, since these allergens may 
not necessarily be exacerbating the patient ’ s AD. When relevant food 
allergens are identifi ed and avoided, skin-directed AD therapy is still 
crucial. It is important that parents and/or patients understand that 
coexistent food allergies are not the “cause” of AD. Even in patients 
with a clinically relevant allergy, elimination diets can prevent immedi-
ate hypersensitivity but are less likely to affect the course of the AD  140  . 
The potential benefi ts must be balanced with the possible adverse 
sequelae from unnecessarily restrictive diets, and modifi ed diets should 
be supervised by a pediatric dietician to assure that they are nutrition-
ally adequate.  

  Aeroallergen reactivity 
 Aeroallergen reactivity increases with age and is more prevalent in those 
with moderate to severe AD  141  . Common aeroallergens include dust 
mites, pollens, animal dander, and fungi. Exacerbation by aeroallergens 

  REFERENCES 
   1.         Asher     MI  ,     Montefort     S  ,     Björkstén     B  ,    et al.       Worldwide 

time trends in the prevalence of symptoms of asthma, 
allergic rhinoconjunctivitis, and eczema in childhood: 
ISAAC Phases One and Three repeat multicountry 
cross-sectional surveys  .        Lancet      2006  ;  368  :  733  –  43  .     

  2.         Williams     HC  .      Clinical practice. Atopic dermatitis  .        N Engl 
J Med      2005  ;  352  :  2314  –  24  .     

  3.         Spergel     JM  ,     Paller     AS  .      Atopic dermatitis and the atopic 
march  .        J Allergy Clin Immunol      2003  ;  112  :  S118  –  27  .     

  4.         Bieber     T  .      Atopic dermatitis  .        N Engl J Med   
   2008  ;  358  :  1483  –  94  .     

  5.         Hanifi n     JM  ,     Rajka     G  .      Diagnostic features of atopic 
eczema  .        Acta Derm Venereol Suppl (Stockh)   
   1980  ;  92  :  44  –  7  .     

  6.         Williams     HC  ,     Burney     PG  ,     Hay     RJ  ,    et al.       The U.K. Working 
Party ’ s Diagnostic Criteria for Atopic Dermatitis. I. 
Derivation of a minimum set of discriminators for 
atopic dermatitis  .        Br J Dermatol      1994  ;  131  :  383  –  96  .     

  7.         Johansson     SG  ,     Bieber     T  ,     Dahl     R  ,    et al.       Revised 
nomenclature for allergy for global use: Report of the 
Nomenclature Review Committee of the World Allergy 



225

CHAPT E R

12

At
op

ic 
De

rm
at

iti
s

Organization, October 2003  .        J Allergy Clin Immunol   
   2004  ;  113  :  832  –  6  .     

  8.         Tanei     R  .      Atopic dermatitis in the elderly  .        Infl amm 
Allergy Drug Targets      2009  ;  8  :  398  –  404  .     

  9.         Bataille     V  ,     Lens     M  ,     Spector     TD  .      The use of the twin 
model to investigate the genetics and epigenetics of 
skin diseases with genomic, transcriptomic and 
methylation data  .        J Eur Acad Dermatol Venereol   
   2012  ;  26  :  1067  –  73  .     

  10.         Schultz Larsen     F  .      Atopic dermatitis: a genetic-
epidemiologic study in a population-based twin 
sample  .        J Am Acad Dermatol      1993  ;  28  :  719  –  23  .     

  11.         Barnes     KC  .      An update on the genetics of atopic 
dermatitis: scratching the surface in 2009  .        J Allergy 
Clin Immunol      2010  ;  125  :  16  –  29 e1–11  ,   quiz 30–1  .     

  12.         Jakasa     I  ,     Verberk     MM  ,     Esposito     M  ,    et al.       Altered 
penetration of polyethylene glycols into uninvolved 
skin of atopic dermatitis patients  .        J Invest Dermatol   
   2007  ;  127  :  129  –  34  .     

  13.         Kelleher     M  ,     Dunn-Galvin     A  ,     Hourihane     JO  ,    et al.       Skin 
barrier dysfunction measured by transepidermal water 
loss at 2 days and 2 months predates and predicts 
atopic dermatitis at 1 year  .        J Allergy Clin Immunol   
   2015  ;  135  :  930  –  5.e1  .       

  14.         Gupta     J  ,     Grube     E  ,     Ericksen     MB  ,    et al.       Intrinsically 
defective skin barrier function in children with atopic 
dermatitis correlates with disease severity  .        J Allergy 
Clin Immunol      2008  ;  121  :  725  –  30.e2  .     

  15.         Elias     PM  ,     Schmuth     M  .      Abnormal skin barrier in the 
etiopathogenesis of atopic dermatitis  .        Curr Allergy 
Asthma Rep      2009  ;  9  :  265  –  72  .     

  16.         Elias     PM  ,     Hatano     Y  ,     Williams     ML  .      Basis for the barrier 
abnormality in atopic dermatitis: outside-inside-
outside pathogenic mechanisms  .        J Allergy Clin 
Immunol      2008  ;  121  :  1337  –  43  .     

  17.         Boralevi     F  ,     Hubiche     T  ,     Léauté-Labrèze     C  ,    et al.   
    Epicutaneous aeroallergen sensitization in atopic 
dermatitis infants - determining the role of epidermal 
barrier impairment  .        Allergy      2008  ;  63  :  205  –  10  .     

  18.         Spergel     JM  ,     Mizoguchi     E  ,     Brewer     JP  ,    et al.       Epicutaneous 
sensitization with protein antigen induces localized 
allergic dermatitis and hyperresponsiveness to 
methacholine after single exposure to aerosolized 
antigen in mice  .        J Clin Invest      1998  ;  101  :  1614  –  22  .     

  19.         Smith     FJ  ,     Irvine     AD  ,     Terron-Kwiatkowski     A  ,    et al.   
    Loss-of-function mutations in the gene encoding 
fi laggrin cause ichthyosis vulgaris  .        Nat Genet   
   2006  ;  38  :  337  –  42  .     

  20.         Irvine     AD  ,     McLean     WHI  ,     Leung     DYM  .      Filaggrin 
mutations associated with skin and allergic diseases  .        N 
Engl J Med      2011  ;  365  :  1315  –  27  .     

  21.         Irvine     AD  ,     McLean     WH  .      Breaking the (un)sound barrier: 
fi laggrin is a major gene for atopic dermatitis  .        J Invest 
Dermatol      2006  ;  126  :  1200  –  2  .     

  22.         Brown     SJ  ,     Kroboth     K  ,     Sandilands     A  ,    et al.       Intragenic 
copy number variation within fi laggrin contributes to 
the risk of atopic dermatitis with a dose-dependent 
eff ect  .        J Invest Dermatol      2012  ;  132  :  98  –  104  .     

  23.         Irvine     AD  .      Fleshing out fi laggrin phenotypes  .        J Invest 
Dermatol      2007  ;  127  :  504  –  7  .     

  24.         Palmer     CN  ,     Irvine     AD  ,     Terron-Kwiatkowski     A  ,    et al.   
    Common loss-of-function variants of the epidermal 
barrier protein fi laggrin are a major predisposing 
factor for atopic dermatitis  .        Nat Genet      2006  ;  38  :  441  –  6  .     

  25.         Rodriguez     E  ,     Baurecht     H  ,     Herberich     E  ,    et al.       Meta-
analysis of fi laggrin polymorphisms in eczema and 
asthma: robust risk factors in atopic disease  .        J Allergy 
Clin Immunol      2009  ;  123  :  1361  –  70.e7  .     

  26.         Brown     SJ  ,     Irvine     AD  .      Atopic eczema and the fi laggrin 
story  .        Semin Cutan Med Surg      2008  ;  27  :  128  –  37  .     

  27.         Brown     SJ  ,     McLean     WH  .      One remarkable molecule: 
fi laggrin  .        J Invest Dermatol      2012  ;  132  :  751  –  62  .     

  28.         Palmer     CN  ,     Ismail     T  ,     Lee     SP  ,    et al.       Filaggrin null 
mutations are associated with increased asthma 
severity in children and young adults  .        J Allergy Clin 
Immunol      2007  ;  120  :  64  –  8  .     

  29.         De Benedetto     A  ,     Qualia     CM  ,     Baroody     FM  ,     Beck     LA  . 
     Filaggrin expression in oral, nasal, and esophageal 
mucosa  .        J Invest Dermatol      2008  ;  128  :  1594  –  7  .     

  30.         Guttman-Yassky     E  ,     Suárez-Fariñas     M  ,     Chiricozzi     A  ,    et al.   
    Broad defects in epidermal cornifi cation in atopic 
dermatitis identifi ed through genomic analysis  .        J 
Allergy Clin Immunol      2009  ;  124  :  1235  –  44.e58  .     

  31.         Kim     BE  ,     Leung     DY  ,     Boguniewicz     M  ,     Howell     MD  .      Loricrin 
and involucrin expression is down-regulated by Th2 
cytokines through STAT-6  .        Clin Immunol   
   2008  ;  126  :  332  –  7  .     

  32.         Suarez-Farinas     M  ,     Tintle     SJ  ,     Shemer     A  ,    et al.   
    Nonlesional atopic dermatitis skin is characterized by 
broad terminal diff erentiation defects and variable 

immune abnormalities  .        J Allergy Clin Immunol   
   2011  ;  127  :  954  –  64.e1–4  .     

  33.         Marenholz     I  ,     Rivera     VA  ,     Esparza-Gordillo     J  ,    et al.   
    Association screening in the Epidermal Diff erentiation 
Complex (EDC) identifi es an SPRR3 repeat number 
variant as a risk factor for eczema  .        J Invest Dermatol   
   2011  ;  131  :  1644  –  9  .     

  34.         De Benedetto     A  ,     Slifka     MK  ,     Rafaels     NM  ,    et al.   
    Reductions in claudin-1 may enhance susceptibility to 
herpes simplex virus 1 infections in atopic dermatitis  . 
       J Allergy Clin Immunol      2011  ;  128  :  242  –  6.e5  .     

  35.         Gruber     R  ,     Elias     PM  ,     Crumrine     D  ,    et al.       Filaggrin 
genotype in ichthyosis vulgaris predicts abnormalities 
in epidermal structure and function  .        Am J Pathol   
   2011  ;  178  :  2252  –  63  .     

  36.         Elias     PM  ,     Wakefi eld     JS  .      Mechanisms of abnormal 
lamellar body secretion and the dysfunctional skin 
barrier in patients with atopic dermatitis  .        J Allergy Clin 
Immunol      2014  ;  134  :  781  –  91.e1  .     

  37.         Scharschmidt     TC  ,     Man     MQ  ,     Hatano     Y  ,    et al.       Filaggrin 
defi ciency confers a paracellular barrier abnormality 
that reduces infl ammatory thresholds to irritants and 
haptens  .        J Allergy Clin Immunol      2009  ;  124  :  496  –  506  , 
  506.e1–6  .     

  38.         Chan     A  ,     Mauro     T  .      Acidifi cation in the epidermis and 
the role of secretory phospholipases  . 
       Dermatoendocrinol      2011  ;  3  :  84  –  90  .     

  39.         Hachem     JP  ,     Crumrine     D  ,     Fluhr     J  ,    et al.       pH directly 
regulates epidermal permeability barrier homeostasis, 
and stratum corneum integrity/cohesion  .        J Invest 
Dermatol      2003  ;  121  :  345  –  53  .     

  40.         Hatano     Y  ,     Terashi     H  ,     Arakawa     S  ,     Katagiri     K  . 
     Interleukin-4 suppresses the enhancement of 
ceramide synthesis and cutaneous permeability 
barrier functions induced by tumor necrosis 
factor-alpha and interferon-gamma in human 
epidermis  .        J Invest Dermatol      2005  ;  124  :  786  –  92  .     

  41.         Walley     AJ  ,     Chavanas     S  ,     Moff att     MF  ,    et al.       Gene 
polymorphism in Netherton and common atopic 
disease  .        Nat Genet      2001  ;  29  :  175  –  8  .     

  42.         Hachem     JP  ,     Houben     E  ,     Crumrine     D  ,    et al.       Serine 
protease signaling of epidermal permeability barrier 
homeostasis  .        J Invest Dermatol      2006  ;  126  :  2074  –  86  .     

  43.         Bonnart     C  ,     Deraison     C  ,     Lacroix     M  ,    et al.       Elastase 2 is 
expressed in human and mouse epidermis and 
impairs skin barrier function in Netherton syndrome 
through fi laggrin and lipid misprocessing  .        J Clin Invest   
   2010  ;  120  :  871  –  82  .     

  44.         Hirasawa     Y  ,     Takai     T  ,     Nakamura     T  ,    et al.       Staphylococcus 
aureus extracellular protease causes epidermal barrier 
dysfunction  .        J Invest Dermatol      2010  ;  130  :  614  –  17  .     

  45.         Lee     SE  ,     Jeong     SK  ,     Lee     SH  .      Protease and protease-
activated receptor-2 signaling in the pathogenesis of 
atopic dermatitis  .        Yonsei Med J      2010  ;  51  :  808  –  22  .     

  46.         Eyerich     K  ,     Novak     N  .      Immunology of atopic eczema: 
overcoming the Th1/Th2 paradigm  .        Allergy   
   2013  ;  68  :  974  –  82  .     

  47.         De Benedetto     A  ,     Kubo     A  ,     Beck     LA  .      Skin barrier 
disruption: a requirement for allergen sensitization?          J 
Invest Dermatol      2012  ;  132  :  949  –  63  .     

  48.         Kubo     A  ,     Nagao     K  ,     Amagai     M  .      Epidermal barrier 
dysfunction and cutaneous sensitization in atopic 
diseases  .        J Clin Invest      2012  ;  122  :  440  –  7  .     

  49.         Howell     MD  ,     Fairchild     HR  ,     Kim     BE  ,    et al.       Th2 cytokines 
act on S100/A11 to downregulate keratinocyte 
diff erentiation  .        J Invest Dermatol      2008  ;  128  :  2248  –  58  .     

  50.         Howell     MD  ,     Kim     BE  ,     Gao     P  ,    et al.       Cytokine modulation 
of atopic dermatitis fi laggrin skin expression  .        J Allergy 
Clin Immunol      2007  ;  120  :  150  –  5  .     

  51.         Sehra     S  ,     Yao     Y  ,     Howell     MD  ,    et al.       IL-4 regulates skin 
homeostasis and the predisposition toward allergic 
skin infl ammation  .        J Immunol      2010  ;  184  :  3186  –  90  .     

  52.         Yoo     J  ,     Omori     M  ,     Gyarmati     D  ,    et al.       Spontaneous atopic 
dermatitis in mice expressing an inducible thymic 
stromal lymphopoietin transgene specifi cally in the 
skin  .        J Exp Med      2005  ;  202  :  541  –  9  .     

  53.         Soumelis     V  ,     Reche     PA  ,     Kanzler     H  ,    et al.       Human 
epithelial cells trigger dendritic cell mediated allergic 
infl ammation by producing TSLP  .        Nat Immunol   
   2002  ;  3  :  673  –  80  .     

  54.         Liu     YJ  .      Thymic stromal lymphopoietin: master switch 
for allergic infl ammation  .        J Exp Med      2006  ;  203  :  269  –  73  .     

  55.         Oyoshi     MK  ,     Larson     RP  ,     Ziegler     SF  ,     Geha     RS  .      Mechanical 
injury polarizes skin dendritic cells to elicit a T(H)2 
response by inducing cutaneous thymic stromal 
lymphopoietin expression  .        J Allergy Clin Immunol   
   2010  ;  126  :  976  –  84  ,   984.e1–5  .     

  56.         Ziegler     SF  ,     Artis     D  .      Sensing the outside world: TSLP 
regulates barrier immunity  .        Nat Immunol   
   2010  ;  11  :  289  –  93  .     

  57.         Chen     L  ,     Lin     SX  ,     Overbergh     L  ,    et al.       The disease 
progression in the keratin 14 IL-4-transgenic mouse 
model of atopic dermatitis parallels the up-regulation 
of B cell activation molecules, proliferation and 
surface and serum IgE  .        Clin Exp Immunol   
   2005  ;  142  :  21  –  30  .     

  58.         Lee     GR  ,     Flavell     RA  .      Transgenic mice which 
overproduce Th2 cytokines develop spontaneous 
atopic dermatitis and asthma  .        Int Immunol   
   2004  ;  16  :  1155  –  60  .     

  59.         Chan     LS  ,     Robinson     N  ,     Xu     L  .      Expression of interleukin-4 
in the epidermis of transgenic mice results in a pruritic 
infl ammatory skin disease: an experimental animal 
model to study atopic dermatitis  .        J Invest Dermatol   
   2001  ;  117  :  977  –  83  .     

  60.         Shimoda     K  ,     van Deursen     J  ,     Sangster     MY  ,    et al.       Lack of 
IL-4-induced Th2 response and IgE class switching in 
mice with disrupted Stat6 gene  .        Nature   
   1996  ;  380  :  630  –  3  .     

  61.         Beck     LA  ,     Thaçi     D  ,     Hamilton     JD  ,    et al.       Dupilumab 
treatment in adults with moderate-to-severe atopic 
dermatitis  .        N Engl J Med      2014  ;  371  :  130  –  9  .     

  62.         Korn     T  ,     Bettelli     E  ,     Oukka     M  ,     Kuchroo     VK  .      IL-17 and Th17 
Cells  .        Annu Rev Immunol      2009  ;  27  :  485  –  517  .     

  63.         Di Cesare     A  ,     Di Meglio     P  ,     Nestle     F  .      A role for Th17 cells 
in the immunopathogenesis of atopic dermatitis?          J 
Invest Dermatol      2008  ;  128  :  2569  –  71  .     

  64.         Esaki     H  ,     Brunner     PM  ,     Renert-Yuval     Y  ,    et al.       Early-onset 
pediatric atopic dermatitis is Th2 but also Th17 
polarized in skin  .        J Allergy Clin Immunol   
   2016  ;  138  :  1639  –  51  .     

  65.         Sonkoly     E  ,     Muller     A  ,     Lauerma     AI  ,    et al.       IL-31: a new link 
between T cells and pruritus in atopic skin 
infl ammation  .        J Allergy Clin Immunol   
   2006  ;  117  :  411  –  17  .     

  66.         Neis     MM  ,     Peters     B  ,     Dreuw     A  ,    et al.       Enhanced 
expression levels of IL-31 correlate with IL-4 and IL-13 
in atopic and allergic contact dermatitis  .        J Allergy Clin 
Immunol      2006  ;  118  :  930  –  7  .     

  67.         Dillon     SR  ,     Sprecher     C  ,     Hammond     A  ,    et al.       Interleukin 
31, a cytokine produced by activated T cells, 
induces dermatitis in mice  .        Nat Immunol      2004  ;  5  :  
752  –  60  .     

  68.         Ruzicka     T  ,     Hanifi n     JM  ,     Furue     M  ,    et al.       XCIMA Study 
Group. Anti-interleukin-31 receptor a antibody 
for atopic dermatitis  .        N Engl J Med      2017  ;  376  : 
 826  –  35  .     

  69.         Du     HY  ,     Fu     HY  ,     Li     DN  ,    et al.       The expression and 
regulation of interleukin-33 in human epidermal 
keratinocytes: a new mediator of atopic dermatitis 
and its possible signaling pathway  .        J Interferon 
Cytokine Res      2016  ;  36  :  552  –  62  .     

  70.         Artis     D  ,     Spits     H  .      The biology of innate lymphoid cells  . 
       Nature      2015  ;  517  :  293  –  301  .     

  71.         Kim     BS  ,     Wang     K  ,     Siracusa     MC  ,    et al.       Basophils promote 
innate lymphoid cell responses in infl amed skin  .        J 
Immunol      2014  ;  193  :  3717  –  25  .     

  72.         Salimi     M  ,     Barlow     JL  ,     Saunders     SP  ,    et al.       A role for IL-25 
and IL-33–driven type-2 innate lymphoid cells in 
atopic dermatitis  .        J Exp Med      2013  ;  210  :  2939  –  50  .     

  73.         Heath     WR  ,     Carbone     FR  .      The skin-resident and 
migratory immune system in steady state and 
memory: innate lymphocytes, dendritic cells and T 
cells  .        Nat Immunol      2013  ;  14  :  978  –  85  .     

  74.         Cookson     W  .      The immunogenetics of asthma and 
eczema: a new focus on the epithelium  .        Nat Rev 
Immunol      2004  ;  4  :  978  –  88  .     

  75.         Kong     HH  ,     Oh     J  ,     Deming     C  ,    et al.       Temporal shifts in the 
skin microbiome associated with disease fl ares and 
treatment in children with atopic dermatitis  .        Genome 
Res      2012  ;  22  :  850  –  9  .     

  76.         Alomar     A  .      Can microbial superantigens infl uence 
atopic dermatitis fl ares?          Chem Immunol Allergy   
   2012  ;  96  :  73  –  6  .     

  77.         Nakamura     Y  ,     Oscherwitz     J  ,     Cease     KB  ,    et al.   
    Staphylococcus delta-toxin induces allergic skin 
disease by activating mast cells  .        Nature   
   2013  ;  503  :  397  –  401  .     

  78.         Brauweiler     AM  ,     Bin     L  ,     Kim     BE  ,    et al.       Filaggrin-
dependent secretion of sphingomyelinase protects 
against staphylococcal alpha-toxin-induced 
keratinocyte death  .        J Allergy Clin Immunol   
   2013  ;  131  :  421  –  7.e1–2  .     

  78a.         Nakatsuji     T  ,     Chen     TH  ,     Narala     S  ,    et al.       Antimicrobials 
from human skin commensal bacteria protect against 
 Staphlococcus aureus  and are defi cient in atopic 
dermatitis  .        Sci Transl Med      2017  ;  9  :  eaah4680  .     

  79.         Eller     E  ,     Kjaer     HF  ,     Høst     A  ,    et al.       Development of atopic 
dermatitis in the DARC birth cohort  .        Pediatr Allergy 
Immunol      2010  ;  21  :  307  –  14  .     



226

S EC T ION

3
PA

PU
LO

SQ
UA

M
OU

S 
AN

D 
EC

ZE
M

AT
OU

S 
DE

RM
AT

OS
ES

  80.         Beattie     PE  ,     Lewis-Jones     MS  .      A comparative study 
of impairment of quality of life in children with 
skin disease and children with other chronic 
childhood diseases  .        Br J Dermatol      2006  ;  155  : 
 145  –  51  .     

  81.         Bayrou     O  ,     Pecquet     C  ,     Flahault     A  ,    et al.       Head and neck 
atopic dermatitis and malassezia-furfur-specifi c IgE 
antibodies  .        Dermatology      2005  ;  211  :  107  –  13  .     

  82.         Carson     CG  ,     Rasmussen     MA  ,     Thyssen     JP  ,    et al.       Clinical 
presentation of atopic dermatitis by fi laggrin gene 
mutation status during the fi rst 7 years of life in a 
prospective cohort study  .        PLoS ONE      2012  ;  7  :  e48678  .     

  83.         Wollenberg     A  ,     Wetzel     S  ,     Burgdorf     WH  ,     Haas     J  .      Viral 
infections in atopic dermatitis: pathogenic aspects 
and clinical management  .        J Allergy Clin Immunol   
   2003  ;  112  :  667  –  74  .     

  84.         Bair     B  ,     Dodd     J  ,     Heidelberg     K  ,     Krach     K  .      Cataracts in 
atopic dermatitis: a case presentation and review of 
the literature  .        Arch Dermatol      2011  ;  147  :  585  –  8  .     

  85.         Diepgen     TL  ,     Sauerbrei     W  ,     Fartasch     M  .      Development 
and validation of diagnostic scores for atopic 
dermatitis incorporating criteria of data quality 
and practical usefulness  .        J Clin Epidemiol      1996  ;  49  : 
 1031  –  8  .     

  86.         Ricci     G  ,     Dondi     A  ,     Patrizi     A  .      Useful tools for the 
management of atopic dermatitis  .        Am J Clin Dermatol   
   2009  ;  10  :  287  –  300  .     

  87.         Eichenfi eld     LF  ,     Tom     WL  ,     Berger     TG  ,    et al.       Guidelines of 
care for the management of atopic dermatitis: section 
2. Management and treatment of atopic dermatitis 
with topical therapies  .        J Am Acad Dermatol   
   2014  ;  71  :  116  –  32  .     

  88.         Smith     SD  ,     Hong     E  ,     Fearns     S  ,    et al.       Corticosteroid 
phobia and other confounders in the treatment of 
childhood atopic dermatitis explored using parent 
focus groups  .        Australas J Dermatol      2010  ;  51  : 
 168  –  74  .     

  89.         Sidbury     R  ,     Tom     WL  ,     Bergman     JN  ,    et al.       Guidelines of 
care for the management of atopic dermatitis: Section 
4. Prevention of disease fl ares and use of adjunctive 
therapies and approaches  .        J Am Acad Dermatol   
   2014  ;  71  :  1218  –  33  .     

  90.         Armstrong     AW  ,     Kim     RH  ,     Idriss     NZ  ,    et al.       Online video 
improves clinical outcomes in adults with atopic 
dermatitis: a randomized controlled trial  .        J Am Acad 
Dermatol      2011  ;  64  :  502  –  7  .     

  91.         Ntuen     E  ,     Taylor     SL  ,     Kinney     M  ,    et al.       Physicians ’  
perceptions of an eczema action plan for atopic 
dermatitis  .        J Dermatolog Treat      2010  ;  21  :  28  –  33  .     

  92.         Chida     Y  ,     Steptoe     A  ,     Hirakawa     N  ,    et al.       The eff ects of 
psychological intervention on atopic dermatitis. A 
systematic review and meta-analysis  .        Int Arch Allergy 
Immunol      2007  ;  144  :  1  –  9  .     

  93.         Gutman     AB  ,     Kligman     AM  ,     Sciacca     J  ,     James     WD  .      Soak 
and smear: a standard technique revisited  .        Arch 
Dermatol      2005  ;  141  :  1556  –  9  .     

  94.         Darsow     U  ,     Wollenberg     A  ,     Simon     D  ,    et al.       ETFAD/EADV 
eczema task force 2009 position paper on diagnosis 
and treatment of atopic dermatitis  .        J Eur Acad 
Dermatol Venereol      2010  ;  24  :  317  –  28  .     

  95.         Chiang     C  ,     Eichenfi eld     LF  .      Quantitative assessment of 
combination bathing and moisturizing regimens on 
skin hydration in atopic dermatitis  .        Pediatr Dermatol   
   2009  ;  26  :  273  –  8  .     

  96.         Shams     K  ,     Grindlay     DJ  ,     Williams     HC  .      What ’ s new in 
atopic eczema? An analysis of systematic reviews 
published in 2009-2010  .        Clin Exp Dermatol   
   2011  ;  36  :  573  –  7  ,   quiz 577–8  .     

  97.         McAleer     MA  ,     Flohr     C  ,     Irvine     AD  .      Management of 
diffi  cult and severe eczema in childhood  .        BMJ   
   2012  ;  345  :  e4770  .     

  98.         van Zuuren     E  ,     Fedorowicz     Z  ,     Christensen     R  ,    et al.   
    Emollients and moisturisers for eczema  .        Cochrane 
Database Syst Rev      2017  ;(  2  ):  CD012119  .     

  99.         Krakowski     AC  ,     Eichenfi eld     LF  ,     Dohil     MA  .      Management 
of atopic dermatitis in the pediatric population  . 
       Pediatrics      2008  ;  122  :  812  –  24  .     

  100.         Miller     DW  ,     Koch     SB  ,     Yentzer     BA  ,    et al.       An over-the-
counter moisturizer is as clinically eff ective as, and 
more cost-eff ective than, prescription barrier creams 
in the treatment of children with mild-to-moderate 
atopic dermatitis: a randomized, controlled trial  .        J 
Drugs Dermatol      2011  ;  10  :  531  –  7  .     

  101.         Hoare     C  ,     Li Wan Po     A  ,     Williams     H  .      Systematic review of 
treatments for atopic eczema  .        Health Technol Assess   
   2000  ;  4  :  1  –  191  .     

  102.         Schmitt     J  ,     von Kobyletzki     L  ,     Svensson     A  ,     Apfelbacher   
  C  .      Effi  cacy and tolerability of proactive treatment with 
topical corticosteroids and calcineurin inhibitors for 
atopic eczema: systematic review and meta-analysis of 

randomized controlled trials  .        Br J Dermatol   
   2011  ;  164  :  415  –  28  .     

  103.         Hanifi n     J  ,     Gupta     AK  ,     Rajagopalan     R  .      Intermittent 
dosing of fl uticasone propionate cream for reducing 
the risk of relapse in atopic dermatitis patients  .        Br J 
Dermatol      2002  ;  147  :  528  –  37  .     

  104.         Glazenburg     EJ  ,     Wolkerstorfer     A  ,     Gerretsen     AL  ,    et al.   
    Effi  cacy and safety of fl uticasone propionate 0.005% 
ointment in the long-term maintenance treatment of 
children with atopic dermatitis: diff erences between 
boys and girls?          Pediatr Allergy Immunol   
   2009  ;  20  :  59  –  66  .     

  105.         Callen     J  ,     Chamlin     S  ,     Eichenfi eld     LF  ,    et al.       A systematic 
review of the safety of topical therapies for atopic 
dermatitis  .        Br J Dermatol      2007  ;  156  :  203  –  21  .     

  106.         Charman     CR  ,     Morris     AD  ,     Williams     HC  .      Topical 
corticosteroid phobia in patients with atopic eczema  . 
       Br J Dermatol      2000  ;  142  :  931  –  6  .     

  107.         Beattie     PE  ,     Lewis-Jones     MS  .      Parental knowledge of 
topical therapies in the treatment of childhood atopic 
dermatitis  .        Clin Exp Dermatol      2003  ;  28  :  549  –  53  .     

  108.         Cork     MJ  ,     Britton     J  ,     Butler     L  ,    et al.       Comparison of parent 
knowledge, therapy utilization and severity of atopic 
eczema before and after explanation and 
demonstration of topical therapies by a specialist 
dermatology nurse  .        Br J Dermatol      2003  ;  149  :  582  –  9  .     

  109.         Breuer     K  ,     Werfel     T  ,     Kapp     A  .      Safety and effi  cacy of 
topical calcineurin inhibitors in the treatment of 
childhood atopic dermatitis  .        Am J Clin Dermatol   
   2005  ;  6  :  65  –  77  .     

  110.         Luger     T  ,     Boguniewicz     M  ,     Carr     W  ,    et al.       Pimecrolimus in 
atopic dermatitis: consensus on safety and the need 
to allow use in infants  .        Pediatr Allergy Immunol   
   2015  ;  26  :  306  –  15  .     

  111.         Paller     AS  ,     Eichenfi eld     LF  ,     Kirsner     RS  ,    et al.       Three times 
weekly tacrolimus ointment reduces relapse in 
stabilized atopic dermatitis: a new paradigm for use  . 
       Pediatrics      2008  ;  122  :  e1210  –  18  .     

  112.         Tennis     P  ,     Gelfand     JM  ,     Rothman     KJ  .      Evaluation of 
cancer risk related to atopic dermatitis and use of 
topical calcineurin inhibitors  .        Br J Dermatol   
   2011  ;  165  :  465  –  73  .     

  113.         Paller     AS  ,     Tom     WL  ,     Lebwohl     MG  ,    et al.       Effi  cacy and 
safety of crisaborole ointment, a novel, nonsteroidal 
phosphodiesterase 4 (PDE4) inhibitor for the topical 
treatment of atopic dermatitis (AD) in children and 
adults  .        J Am Acad Dermatol      2016  ;  75  :  494  –  503.e4  .     

  114.         González-López     G  ,     Ceballos-Rodríguez     RM  ,     González-
López     JJ  ,    et al.       Effi  cacy and safety of wet wrap therapy 
for patients with atopic dermatitis: a systematic review 
and meta-analysis  .        Br J Dermatol      2016     Nov 8  .   doi: 
10.1111/bjd.15165  .   [Epub ahead of print]       

  115.         Sidbury     R  ,     Davis     DM  ,     Cohen     DE  ,    et al.       Guidelines of 
care for the management of atopic dermatitis: section 
3. Management and treatment with phototherapy and 
systemic agents  .        J Am Acad Dermatol      2014  ;  71  :  327  –  49  .     

  116.         Garritsen     FM  ,     Brouwer     MW  ,     Limpens     J  ,     Spuls     PI  . 
     Photo(chemo)therapy in the management of atopic 
dermatitis: an updated systematic review with 
implications for practice and research  .        Br J Dermatol   
   2014  ;  170  :  501  –  13  .     

  117.         Tzaneva     S  ,     Seeber     A  ,     Schwaiger     M  ,    et al.       High-dose 
versus medium-dose UVA1 phototherapy for patients 
with severe, generalized atopic dermatitis  .        J Am Acad 
Dermatol      2001  ;  45  :  503  –  7  .     

  118.         Simpson     EL  ,     Bieber     T  ,     Guttman-Yassky     E  ,    et al.       Two 
phase 3 trials of dupilumab versus placebo in atopic 
dermatitis  .        N Engl J Med      2016  ;  375  :  2335  –  48  .     

  119.         Schmitt     J  ,     Schäkel     K  ,     Schmitt     N  ,     Meurer     M  .      Systemic 
treatment of severe atopic eczema: a systematic 
review  .        Acta Derm Venereol      2007  ;  87  :  100  –  11  .     

  120.         Meggitt     SJ  ,     Gray     JC  ,     Reynolds     NJ  .      Azathioprine dosed 
by thiopurine methyltransferase activity for 
moderate-to-severe atopic eczema: a double-blind, 
randomised controlled trial  .        Lancet      2006  ;  367  :
  839  –  46  .     

  121.         Berth-Jones     J  ,     Takwale     A  ,     Tan     E  ,    et al.       Azathioprine in 
severe adult atopic dermatitis: a double-blind, 
placebo-controlled, crossover trial  .        Br J Dermatol   
   2002  ;  147  :  324  –  30  .     

  122.         Waxweiler     WT  ,     Agans     R  ,     Morrell     DS  .      Systemic 
treatment of pediatric atopic dermatitis with 
azathioprine and mycophenolate mofetil  .        Pediatr 
Dermatol      2011  ;  28  :  689  –  94  .     

  123.         Bateman     EA  ,     Ardern-Jones     M  ,     Ogg     GS  .      Dose-related 
reduction in allergen-specifi c T cells associates with 
clinical response of atopic dermatitis to methotrexate  . 
       Br J Dermatol      2007  ;  156  :  1376  –  7  .     

  124.         Weatherhead     SC  ,     Wahie     S  ,     Reynolds     NJ  ,     Meggitt     SJ  .      An 
open-label, dose-ranging study of methotrexate for 

moderate-to-severe adult atopic eczema  .        Br J 
Dermatol      2007  ;  156  :  346  –  51  .     

  125.         Lyakhovitsky     A  ,     Barzilai     A  ,     Heyman     R  ,    et al.       Low-dose 
methotrexate treatment for moderate-to-severe 
atopic dermatitis in adults  .        J Eur Acad Dermatol 
Venereol      2010  ;  24  :  43  –  9  .     

  126.         Haeck     IM  ,     Knol     MJ  ,     Ten Berge     O  ,    et al.       Enteric-coated 
mycophenolate sodium versus cyclosporin A as 
long-term treatment in adult patients with severe 
atopic dermatitis: a randomized controlled trial  .        J Am 
Acad Dermatol      2011  ;  64  :  1074  –  84  .     

  127.         Schmitt     J  ,     Schäkel     K  ,     Fölster-Holst     R  ,    et al.   
    Prednisolone vs. ciclosporin for severe adult eczema. 
An investigator-initiated double-blind placebo-
controlled multicentre trial  .        Br J Dermatol   
   2010  ;  162  :  661  –  8  .     

  128.         Huang     JT  ,     Abrams     M  ,     Tlougan     B  ,    et al.       Treatment of 
Staphylococcus aureus colonization in atopic 
dermatitis decreases disease severity  .        Pediatrics   
   2009  ;  123  :  e808  –  14  .     

  129.         Diepgen     TL  ,    Early Treatment of the Atopic Child Study 
Group  .     Long-term treatment with cetirizine of infants 
with atopic dermatitis: a multi-country, double-blind, 
randomized, placebo-controlled trial (the ETAC trial) 
over 18 months  .        Pediatr Allergy Immunol   
   2002  ;  13  :  278  –  86  .     

  130.         Heil     PM  ,     Maurer     D  ,     Klein     B  ,    et al.       Omalizumab therapy 
in atopic dermatitis: depletion of IgE does not 
improve the clinical course – a randomized, 
placebo-controlled and double blind pilot study  .        J 
Dtsch Dermatol Ges      2010  ;  8  :  990  –  8  .     

  131.         Compalati     E  ,     Rogkakou     A  ,     Passalacqua     G  ,     Canonica   
  GW  .      Evidences of effi  cacy of allergen immunotherapy 
in atopic dermatitis: an updated review  .        Curr Opin 
Allergy Clin Immunol      2012  ;  12  :  427  –  33  .     

  132.         Bae     JM  ,     Choi     YY  ,     Park     CO  ,    et al.       Effi  cacy of allergen-
specifi c immunotherapy for atopic dermatitis: a 
systematic review and meta-analysis of randomized 
controlled trials  .        J Allergy Clin Immunol   
   2013  ;  132  :  110  –  17  .     

  133.         Williams     HC  .      Evening primrose oil for atopic 
dermatitis  .        BMJ      2003  ;  327  :  1358  –  9  .     

  134.         van der Schaft     J  ,     Ariens     LF  ,     Bruijnzeel-Koomen     CA  ,     de 
Bruin-Weller     MS  .      Serum vitamin D status in adult 
patients with atopic dermatitis: Recommendations for 
daily practice  .        J Am Acad Dermatol      2016  ;  75  :  1257  –  9  .     

  135.         Togias     A  ,     Cooper     SF  ,     Acebal     ML  ,    et al.       Addendum 
guidelines for the prevention of peanut allergy in the 
United States: Report of the National Institute of 
Allergy and Infectious Diseases-sponsored expert 
panel  .        J Allergy Clin Immunol      2017  ;  139  :  29  –  44  .     

  136.         Eigenmann     PA  ,     Sicherer     SH  ,     Borkowski     TA  ,    et al.   
    Prevalence of IgE-mediated food allergy among 
children with atopic dermatitis  .        Pediatrics      1998  ;  101  :
  E8  .     

  137.         Boyce     JA  ,     Assa ’ ad     A  ,     Burks     AW  ,    et al.       Guidelines for the 
Diagnosis and Management of Food Allergy in the 
United States: Summary of the NIAID-Sponsored 
Expert Panel Report  .        J Allergy Clin Immunol   
   2010  ;  126  :  1105  –  18  .     

  138.         Tan     HY  ,     Zhang     AL  ,     Chen     D  ,    et al.       Chinese herbal 
medicine for atopic dermatitis: a systematic review  .        J 
Am Acad Dermatol      2013  ;  69  :  295  –  304  .     

  139.         Sampson     HA  ,     Albergo     R  .      Comparison of results of skin 
tests, RAST, and double-blind, placebo-controlled food 
challenges in children with atopic dermatitis  .        J Allergy 
Clin Immunol      1984  ;  74  :  26  –  33  .     

  140.         Bath-Hextall     F  ,     Delamere     FM  ,     Williams     HC  .      Dietary 
exclusions for established atopic eczema  .        Cochrane 
Database Syst Rev      2008  ;(  1  ):  CD005203  .     

  141.         Schäfer     T  ,     Heinrich     J  ,     Wjst     M  ,    et al.       Association 
between severity of atopic eczema and degree of 
sensitization to aeroallergens in schoolchildren  .        J 
Allergy Clin Immunol      1999  ;  104  :  1280  –  4  .     

  142.         Fonacier     LS  ,     Aquino     MR  .      The role of contact allergy in 
atopic dermatitis  .        Immunol Allergy Clin North Am   
   2010  ;  30  :  337  –  50  .     

  143.         Giordano-Labadie     F  ,     Rancé     F  ,     Pellegrin     F  ,    et al.   
    Frequency of contact allergy in children with atopic 
dermatitis: results of a prospective study of 137 cases  . 
       Contact Dermatitis      1999  ;  40  :  192  –  5  .     

  144.         Jacob     SE  ,     McGowan     M  ,     Silverberg     NB  ,    et al.       Pediatric 
contact dermatitis registry data on contact allergy in 
children with atopic dermatitis  .        JAMA Dermatol   
   2017  ;  153  :  765  –  70  .       

  145.         Gu     S  ,     Yang     AW  ,     Xue     CC  ,    et al.       Chinese herbal medicine 
for atopic eczema  .        Cochrane Database Syst Rev   
   2013  ;(  9  ):  CD008642  .     

  146.         Ramsay     HM  ,     Goddard     W  ,     Gill     S  ,     Moss     C  .      Herbal creams 
used for atopic eczema in Birmingham, UK illegally 



227

CHAPT E R

12

At
op

ic 
De

rm
at

iti
s

contain potent corticosteroids  .        Arch Dis Child   
   2003  ;  88  :  1056  –  7  .     

  147.         Ernst     E  .      Homeopathy for eczema: a systematic review 
of controlled clinical trials  .        Br J Dermatol   
   2012  ;  166  :  1170  –  2  .     

  148.         Kramer     MS  ,     Kakuma     R  .      Maternal dietary antigen 
avoidance during pregnancy or lactation, or both, for 
preventing or treating atopic disease in the child  . 
       Cochrane Database Syst Rev      2012  ;(  9  ):  CD000133  .     

  149.         Blomberg     M  ,     Rifas-Shiman     SL  ,     Camargo     CA     Jr  ,    et al.   
    Low maternal prenatal 25-hydroxy vitamin D blood 
levels are associated with childhood atopic dermatitis  . 
       J Invest Dermatol      2017  ;  137  :  1380  –  4  .       

  150.         Greer     FR  ,     Sicherer     SH  ,     Burks     AW  ,    et al.       American 
Academy of Pediatrics Committee on Nutrition, 
American Academy of Pediatrics Section on Allergy 
and Immunology. Eff ects of early nutritional 

interventions on the development of atopic disease in 
infants and children: the role of maternal dietary 
restriction, breastfeeding, timing of introduction of 
complementary foods, and hydrolyzed formulas  . 
       Pediatrics      2008  ;  121  :  183  –  91  .      

   151.         von Berg     A  ,     Koletzko     S  ,     Grubl     A  ,    et al.       The eff ect of 
hydrolyzed cow ’ s milk formula for allergy prevention 
in the fi rst year of life: the German Infant Nutritional 
Intervention Study, a randomized double-blind trial  .        J 
Allergy Clin Immunol      2003  ;  111  :  533  –  40  .     

  152.         Kramer     MS  ,     Kakuma     R  .      Optimal duration of exclusive 
breastfeeding  .        Cochrane Database Syst Rev   
   2012  ;(  8  ):  CD003517  .     

  153.         Osborn     DA  ,     Sinn     JK  .      Probiotics in infants for 
prevention of allergic disease and food 
hypersensitivity  .        Cochrane Database Syst Rev   
   2007  ;(  4  ):  CD006475  .     

  154.         Boyle     RJ  ,     Bath-Hextall     FJ  ,     Leonardi-Bee     J  ,    et al.   
    Probiotics for the treatment of eczema: a systematic 
review  .        Clin Exp Allergy      2009  ;  39  :  1117  –  27  .     

  155.         Flohr     C  ,     England     K  ,     Radulovic     S  ,    et al.       Filaggrin 
loss-of-function mutations are associated with 
early-onset eczema, eczema severity and 
transepidermal water loss at 3 months of age  .        Br J 
Dermatol      2010  ;  163  :  1333  –  6  .     

  156.         Horimukai     K  ,     Morita     K  ,     Narita     M  ,    et al.       Application of 
moisturizer to neonates prevents development of 
atopic dermatitis  .        J Allergy Clin Immunol   
   2014  ;  134  :  824  –  30  ,   e6  .     

  157.         Simpson     EL  ,     Chalmers     JR  ,     Hanifi n     JM  ,    et al.       Emollient 
enhancement of the skin barrier from birth off ers 
eff ective atopic dermatitis prevention  .        J Allergy Clin 
Immunol      2014  ;  134  :  818  –  23  .       



BMJ | 28 JULY 2012 | VOLUME 345 35

CLINICAL REVIEW

developing countries, especially in urban areas, where 
populations have adopted a Western lifestyle.w1 w5

What causes eczema?
Eczema is a complex disease. Loss of function mutations in 
the gene that encodes filaggrin (FLG), which has a pivotal 
role in skin barrier function, are strongly linked to the risk 
of eczema.w6 Because most cases present in early life and 
heritability is more strongly linked to the maternal side, 
environmental influences that operate in utero or in early 
infancy are probably involved.w7 For instance, studies have 
suggested a positive association with water hardness and 
frequency of washing, as well as exposure to antibiotics 
in early life.w7 These influences may be partially due to 
an effect on the skin microflora, and further research is 
needed to understand how environmental and genetic fac‑
tors interact in the development of eczema.w7 Patients also 
have well characterised systemic and cutaneous immune 
abnormalities, including increased total and allergen spe‑
cific serum IgE; raised cutaneous cytokines, T cells, Lang‑
erhans cells, and inflammatory dendritic epidermal cells; 
and decreased expression of antimicrobial peptides.w8

How is eczema diagnosed?
Eczema is diagnosed clinically, usually in primary care. It 
is characterised by itch, skin inflammation, a skin barrier 
abnormality, and susceptibility to skin infection.

The disease can be difficult to define because the clinical 
features vary and presentation depends on age and ethnic‑
ity (box 1).4 It is unclear whether eczema is one disease or 
whether distinct subphenotypes have different genetic and 
immunological profiles.

A systematic review concluded that the UK refinement of 
the Hanifin and Rajka diagnostic criteria is the most exten‑
sively validated in hospital based and population based 
settings as well as a wide range of ethnic groups (box 2).5 
w9 Many healthcare professionals will not need diagnostic 
criteria in routine clinical practice, however, although such 
criteria may help diagnose borderline cases.6

Childhood eczema is the most common inflammatory skin 
disease and affects around 20% of children in the United 
Kingdom.w1 The condition is also referred to as atopic der‑
matitis and atopic eczema. The correct nomenclature is 
debated by experts. The World Allergy Organisation recom‑
mends the term eczema, and this is widely used in the UK 
literature. Atopic dermatitis is perhaps the more accepted 
term historically and internationally. In this review we will 
use the term eczema.

Eczema is associated with several comorbidities, includ‑
ing food and respiratory allergies. It has a serious effect 
on children’s and families’ quality of life—for example, 
through sleep disturbance and a negative impact on 
schooling.1‑3 The resulting impairment in health related 
quality of life is comparable to that of other chronic dis‑
eases of childhood, including diabetes and asthma.1

Although mild eczema can often be managed in pri‑
mary care, around 2% of patients have severe disease that 
does not respond to topical anti‑inflammatory drugs or 
ultraviolet light treatment alone. These recalcitrant cases 
require intensive expert management and an individual‑
ised approach, especially when systemic immunomodu‑
latory drugs are used. Although these drugs are often life 
transforming, their side effects require close monitoring. 
Currently, there is a distinct lack of evidence to help guide 
the clinician caring for children with severe eczema. This 
review summarises the management of difficult eczema in 
primary care, when to refer to secondary care, and treat‑
ment options for severe eczema.

How common is childhood eczema?
Eczema is the most common chronic inflammatory disease 
of early childhood and is often the initial step in the “atopic 
march,” with the subsequent development of food and res‑
piratory allergies (asthma and hay fever).4

Eczema affects about 10% of children in the United 
States and around 20% in the UK.w2‑w4 About two thirds of 
children with eczema have spontaneous remission before 
adolescence.4 The prevalence of eczema has increased in 
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SUMMARY POINTS
Eczema is associated with serious morbidity for the patient and family
Patient education is essential for the treatment of this complex chronic disorder
Topical anti-inflammatory drugs together with regular use of emollients is effective in most 
children with eczema
Patients with eczema are susceptible to molluscum contagiosum and infection with 
Staphylococcus aureus and herpes simplex virus; infections can cause disease flares and 
treatment resistance
Patients with severe eczema may need systemic immunomodulatory drugs, which require 
close monitoring by a doctor experienced in their use

�Follow the link from the 
online version of this article 
to obtain certi�ed continuing 
medical education credits

SOURCES AND SELECTION CRITERIA

We searched Medline, the Cochrane Collaboration, and 
the GREAT database (www.greatdatabase.co.uk) using 
the search terms “eczema”, “atopic eczema”, “atopic 
dermatitis”, “management”, and “treatment”. When 
possible, evidence from randomised controlled trials and 
systemic reviews was used. Case series were used in the 
absence of higher level evidence. We also referenced 
expert review articles and included expert opinion based 
on clinical experience.

bmj.com Previous 
articles in this series

 Ж Management of 
chronic epilepsy  
(BMJ 2012;345:e4576)

 Ж The diagnosis and 
management of tinea 
(BMJ 2012;345:e4380)

 Ж Perioperative 
management of patients 
taking treatment for 
chronic pain  
(BMJ 2012;345:e4148)

 Ж Manifestation, 
diagnosis, and 
management of 
foodborne trematodiasis 
(BMJ 2012;345:e4093)

 Ж Communicating risk 
(BMJ 2012;345:e3996)

 Ж Visit BMJ Group’s diabetes portal http://www.bmj.com/specialties/diabetes



36 BMJ | 28 JULY 2012 | VOLUME 345

CLINICAL REVIEW

Approach to management
Severe eczema is a physically and psychologically 
demanding disease and requires a comprehensive, holis‑
tic, medium term or long term strategy (fig 1). Treatment 
aims to reduce the symptoms, improve quality of life, and 
decrease the degree and frequency of flares. Furthermore, 
treatment may modify the overall disease course and pos‑
sibly reduce atopic comorbidities,7 although more evidence 
is needed to determine if this is a robust effect. A personal‑
ised management plan is essential to ensure adherence to 
treatment recommendations and treatment success. The 
management of severe eczema in children often requires 
a multidisciplinary team approach.

Managing eczema in primary care
Mild eczema can be managed in primary care with patient 
education, regular use of emollients, and topical corticos‑
teroids of mild or moderate potency. The National Institute 
for Health and Clinical Excellence (NICE) has published 
guidelines on the treatment of eczema in children.8

Patient education
Patient education is an essential and important primary 
intervention. It has been shown to reduce disease severity 
and improve quality of life at least over a one year peri‑
od.9  10 A randomised controlled trial (RCT) concluded that 
nurses may be better placed to offer educational support, 
but intervention studies are needed to confirm this.w10

Bathing and emollients
Daily use of emollients to counteract dry skin is one of 
the cornerstones of management. Bathing hydrates and 
cleanses the skin and emollient based soap substitutes 
moisturise the skin and avoid skin irritation associated 
with standard soaps. Bathing is usually recommended 
once a day and emollients once to twice a day, or even 
more often, depending on the clinical setting.11 Oint‑
ments contain higher concentrations of lipids and are 
generally more effective moisturisers than creams. Topi‑
cal preparations should be free of dyes, fragrances, and 
food derived allergens such as peanut protein.7 Despite 
the universal recommendation of the use of emollients 
and bath additives, no robust evidence from RCTs sup‑
ports this.12  13 Of note, the 2007 NICE guidelines recom‑
mended that aqueous cream should not be used because 
it can cause irritant reactions.8 More recently, aqueous 
cream was shown to increase transepidermal water loss 
in healthy subjects and those with a history of eczema.w11 

w12 Despite this, aqueous cream is still the most commonly 
prescribed emollient in England.w12

Topical corticosteroids
Topical corticosteroids are widely used as first and second 
line agents in the management of eczema. These drugs 
have anti‑inflammatory, antiproliferative, immunosuppres‑
sive, and vasoconstrictive actions. Topical corticosteroids 
are grouped by potency (box 3), and prescribers should 
tailor them to the severity of the eczema. A proactive rather 
than reactive approach to treatment is favoured—long term 
moisturising treatment to maintain remission with short 
term “step‑up” treatment for flares.11 Corticosteroids of 

Fig 1 |  This child had severe eczema despite maximal topical 
treatment and inpatient management

Box 1 | Clinical features of eczema
Clinical manifestations vary with age:
• Typically starts in early infancy with eczematous, 

erythematous papules and vesicles on the cheeks and 
scalp; scratching causes crusted erosions (often non-
flexural areas)

• After infancy it is often limited to the flexures but may also 
affect the nape of the neck and extensor surfaces of the 
limbs; moderate to severe eczema can be much more 
extensive

• Infections with Staphylococcus aureus are common and 
cause typical honey yellow crusts

Eczema presents differently in Asian, African, and  
Afro-Carribean children:
• Skin can appear darkened rather than erythematous
• Extensive lichenification and prurigo lesions can occur
• Follicular and discoid patterns of atopic eczema are more 

common in children with darker skin 

Box 2 | UK refinement of the Hanifin and Rajka diagnostic 
criteria5

To qualify as having atopic dermatitis/eczema, the child 
must have had an itchy skin condition in the past 12 
months plus three or more of the following criteria:
• Onset below age 2 years*

• History of flexural involvement
• History of a generally dry skin
• Personal history of other atopic disease**

• Visible flexural dermatitis
*Not used in children under 4 years.

**In children under 4 years, a history of atopic disease in a first degree relative may 
be included.
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Early diagnosis and prompt treatment are essential, and 
parents should be educated about the clinical signs and the 
need to seek medical advice. Chickenpox and viral warts 
can be more severe in children with eczema. Molluscum 
contagiosum is common in children with eczema and can 
flare the disease when infected.

Colonisation with the yeast Malassezia furfur can also 
complicate eczema, particularly in the head and neck 
areas. Clues are a sharp cut‑off line between affected and 
unaffected skin and only partial response to topical anti‑
inflammatory drugs. In such cases, the addition of a topi‑
cal antifungal agent can result in great improvement.w13

Antihistamines
Systemic antihistamines are widely prescribed in eczema 
in the belief that they will reduce itch. The role of histamine 
in the itch of eczema is unclear, and it may play only a 
small part.11 There is no good quality evidence for the use‑
fulness of antihistamines in the management of eczema, 
and they are not routinely recommended. In an acute flare 
of eczema with serious sleep disturbance, children over 
6 months of age can be offered a trial of an appropriate 
sedating antihistamine.8

When should a child with eczema be referred for 
specialist care?
Comprehensive referral advice is detailed in the recent 
NICE guidelines.8 Referral to secondary care is recom‑
mended for several clinical scenarios, including if the 
diagnosis is uncertain, if the disease is not controlled 
satisfactorily with appropriate first line treatments, if 
there are severe or recurrent skin infections, if facial 
eczema is uncontrolled, if there are serious psychologi‑
cal problems, if the carers need specialist advice on treat‑
ment application, or if the child or parent(s) has serious 
disease associated social or psychological problems. In 
addition, children with moderate or severe food allergy 
or growth delay should be referred.8

What is severe eczema?
No universally agreed definition of severe eczema exists, 
but from a clinical point of view, severe disease is eczema 
that is resistant to first line topical treatments and has a 
considerable impact on quality of life. The European Task‑
force on Atopic Dermatitis defined severe atopic dermatitis 

mild to moderate potency are used for maintenance treat‑
ment in mild to moderate eczema. Flares are managed 
with short courses (7‑14 days) of such preparations. Do 
not use long term potent corticosteroids in children with‑
out specialist advice. Itch is a key symptom for evaluating 
response to treatment.11 

Local adverse effects, such as skin atrophy, striae, and tel‑
angiectasia, can occur with inappropriate use of topical cor‑
ticosteroids, especially on sensitive areas such as the face, 
neck, or groin. Systemic adverse effects are rare.7 A system‑
atic review of 10 RCTs found no evidence that application of 
topical corticosteroids twice daily is more efficacious than 
once daily application. Furthermore, once daily application 
may increase adherence to treatment and reduce side effects 
and costs.13  14 When eczema is not controlled despite potent 
topical corticosteroids and full adherence to the prescribed 
emollient and bathing regimen, or when unsafe amounts of 
potent topical corticosteroids are needed, additional thera‑
peutic approaches are required.

Antimicrobial treatments
Eczema flares are often attributable to infection, most com‑
monly with Staphylococcus aureus. These infections can 
be clinically subtle.4 Signs of bacterial infection include 
weeping, crusts, pustules, failure to respond to treatment, 
and rapidly worsening eczema. However, although skin 
infection undoubtedly plays a role in eczema flares, two 
Cochrane reviews of anti‑staphylococcal measures (pro‑
phylactic and treatment) in routine eczema care found no 
clear evidence of additional clinical benefit.15  16 Neverthe‑
less, it is still accepted clinical practice to use antimicrobial 
measures in patients with frequent skin infections. Com‑
bined corticosteroid and antimicrobial ointments can be 
used for short periods in infected eczema, but a course 
of oral antibiotics may be equally effective and bacterial 
resistance may be less likely to develop. An investigator 
blinded RCT of 31 patients (aged 6 months to 17 years) 
with moderate to severe clinically infected eczema reported 
that bleach baths (0.005% sodium hypochlorite), used 
together with intermittent nasal mupirocin, decreased 
the severity of eczema over three months.17 However, the 
results could be explained by regression to the mean, and 
more evidence is needed to determine the exact role of such 
antiseptic measures in routine clinical practice.

Children with severe eczema are also at increased risk 
of eczema herpeticum (fig 2), which can be recurrent.18 

Fig 2 |  This baby had eczema herpeticum. After an incubation 
period of 5-12 days, eczema herpeticum presents as multiple, 
disseminated, vesiculopustular lesions and painful punched 
out erosions

Box 3 | Topical corticosteroid potency classes
Mild: 1% hydrocortisone
Moderate: Betamethasone valerate 0.025% 
(Betnovate-RD) and clobetasone butyrate 0.05% 
(Eumovate)
Potent: Betamethasone valerate 0.1% (Betnovate), 
hydrocortisone butyrate 0.1% (Locoid), mometasone 
furoate 0.1% (Elocon)
Suprapotent: Clobetasol propionate 0.05% (Dermovate)
Combined antimicrobials and corticosteroid: Hydrocortisone 
acetate 1% (mild) + fusidic acid 2% (Fucidin H); clobetasone 
butyrate 0.05% (moderate) + oxytetracycline 3% + nystatin 
(Trimovate); betamethosone valerate 0.1% (potent) + 
fusidic acid 2% (Fucibet); hydrocortisone butyrate 0.1% 
(potent) + chlorquinadol 3% (Locoid C)
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Box 4 | Approach to non-response to first line treatment
Assess adherence to treatment recommendations and 
technique—look at how much of the topical agent is being 
applied and directly observe application
Look for the presence of Staphylococcus aureus and herpes 
simplex infection
Consider whether allergens might be exacerbating 
the disease—immediate-type allergy to foods and 
aeroallergens as well as delayed-type hypersensitivity to a 
contact allergen, including topically applied drugs

Box 5 | Potential triggers for eczema
Irritants: Hard soaps, detergents, fragrances
Infections: Molluscum contagiosum or infection with 
Staphyloccocus aureus, herpes simplex 
Overheating
Psychological stress
Aeroallergens: Pollens, grasses, animal dander, house 
dust mites
Food allergens: In particular, egg, peanut, and cow’s milk

Box 6 | Pretreatment screening and other considerations 
for systemic immunosuppressant treatment in eczema 
Pretreatment screening for infections includes testing 
for viral hepatitis, tuberculosis, and HIV, in addition to 
varicella zoster virus antibody (immune status), depending 
on the population being treated
Pregnancy prevention should be considered when 
appropriate. Food and Drug Administration pregnancy 
categories are: ciclosporin: C, azathioprine: D, 
mycophenolate mofetil: D, and methotrexate: X
Live vaccines (such as measles, mumps, and rubella; 
yellow fever; typhoid) are contraindicated while taking 
ciclosporin, methotrexate, and azathioprine
Killed vaccines (such as influenza, hepatitis A, 
polio, rabies) are less likely to induce immunity in 
immunosuppressed patients
Immunosuppressed patients may have more severe 
forms of infections such as influenza, and vaccination 
is therefore advised in patients taking systemic 
immunosuppressants; annual pneumococcal and 
influenza vaccination is recommended
Patients and parents should be told about avoiding 
direct sun while on immunosuppressants because of the 
increased risk of skin cancer
Check vitamin D values before and during treatment and 
supplement as needed (Sun avoidance is recommended 
in immunosuppressed patients, and this will increase the 
likelihood of vitamin D deficiency, which is common in 
northern regions.)
Each treatment has individual screening protocols 
for renal, hepatic, and bone marrow impairment, and 
prescribers need to be familiar with these
A full and frank discussion with children and parents about 
the risk-benefit balance is needed before treatment is started

as having an eczema severity score (SCORAD) greater than 40 
or “persistent” disease, whereas the NICE eczema guidelines 
refer to “widespread areas of dry skin, incessant itching, and 
skin redness,” but there is no universal consensus on what 
constitutes a severe case or persistent disease.11

The use of validated and reliable severity scores in eczema 
is important in documenting the treatment response to sys‑
temic treatments. It is particularly important to balance 
safety concerns with efficacious treatment in children, and 
objective outcome scores can facilitate this. Of 20 severity 
scales, only three—the scoring atopic dermatitis index (SCO‑
RAD), the eczema area and severity index (EASI), and the 
patient oriented eczema measure (POEM) scores—have been 
adequately tested.3  6 The infant’s dermatitis quality of life 
index (IDQOL) and children’s dermatology life quality index 
(CDLQI) are useful and validated quality of life metrics in 
children with skin disease.1 

How common is severe childhood eczema?
Most cases of childhood eczema are mild, but severe eczema 
is a challenge to manage. A UK study of 1760 children with 
eczema found that 84% had mild disease, 14% were clas‑
sified as moderate, and 2% had severe disease.w14 A Norwe‑
gian population survey reported similar findings.w15

How is severe eczema managed?
Topical calcineurin inhibitors
Topical calcineurin inhibitors (tacrolimus ointment 0.03% 
or 0.1% and pimecrolimus ointment 1%) block the produc‑
tion and release of proinflammatory cytokines.7 They are 
approved by the Food and Drug Administration and European 
Medicines Agency as second line agents for the short term and 
pulsed long term treatment of moderate to severe eczema in 
immunocompetent patients aged over 2 years. NICE guide‑
lines for childhood eczema recommend their use when first 
line treatment of moderate to severe eczema with potent topi‑
cal corticosteroids is contraindicated or has failed in children 
aged 2 years or more. They are also beneficial in areas of deli‑
cate skin, such as around the eyes, the face, the neck, and the 
nappy area, where the use of potent corticosteroids can cause 

skin atrophy. NICE recommends that calcineurin inhibitors 
are used only by physicians (including general practitioners) 
with a special interest and experience in dermatology.

A systematic review and meta‑analysis showed that twice 
weekly application of either 0.1% tacrolimus ointment or a 
potent topical corticosteroid (weekend therapy) in patients 
with stable eczema, compared with vehicle (excipient) 
alone, significantly increased the time between disease 
exacerbations and increased the total number of disease‑
free days.19 The safety profiles of calcineurin inhibitors are 
overall reassuring to date, and no causal link with cancer 
has been shown.12  20 However, early but unconfirmed epi‑
demiological evidence has emerged of an increased risk of 
cutaneous lymphoma, but longer term data are needed.w16

Occlusive treatments (wet wraps)
Occlusion of the skin is widely used in severe eczema. 
Occlusive dressings increase skin hydration, act as a bar‑
rier to scratching, and promote restful sleep. The occlusion 
also promotes penetration of topical corticosteroids. How‑
ever, wet wraps can exacerbate infections and increase 
dryness if not used appropriately, and patients and par‑
ents need to be educated in their use.7 The wraps consist 
of a bottom (wet) and top (dry) layer. They are generally 
left in place overnight and applied for five to seven days in 
a row. In a critical review of 11 studies, only two of which 
were RCTs, wet wraps were reported as a useful short term 
treatment to induce disease remission.20
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Ultraviolet light treatment
A systematic review of nine RCTs of ultraviolet light treatment 
found it to be effective compared with placebo.21 It can help 
to delay or prevent the need for systemic  immunomodulatory 
drugs, especially in children with dark (type V and VI) skin. 
The inability to comply with safe treatment may, however, 
preclude its use in younger children, and the practical 
aspect of treatment three times a week for several months 
may be difficult for some families. In addition, the long term 
risk of skin cancer is unknown and of particular concern in 
white children. When considering such treatment for severe 
eczema, the doctor should also be aware of the possible need 
for systemic immunomodulatory drugs later on because such 
treatment would further increase the risk of skin cancer.

Systemic immunomodulatory treatments
Children with severe eczema may require systemic immuno‑
suppression to achieve disease control. Before considering 
such therapies, explore the possible reasons for the failure 
of first and second line treatments (boxes 4 and 5). Topical 
treatments require some expertise and can be labour inten‑
sive for families. Patients with disease refractory to stand‑
ard treatments can be admitted to hospital or day care for 
observation of treatment application and response, before 
treatment is deemed a failure.

Systemic immunomodulatory drugs in severe eczema are 
not licensed for use in children and adolescents, apart from 
ciclosporin A, which is licensed in Germany for the manage‑
ment of eczema in patients over 16 years of age. The evidence 
base for usage and safety of these drugs in childhood eczema 
is not well established; practice has to be guided by experi‑
ence in adult patients and the use of these drugs in other 
severe childhood inflammatory disorders, neither of which is 

ideal. Differences in prescribing across geographical regions 
are largely the result of established custom and practice and 
the familiarity of individual prescribers with the different 
agents, rather than being based on best evidence, and this 
is an area that urgently requires more intervention studies. 
All immunomodulatory drugs need pretreatment screening 
investigations, as well as close monitoring for side effects 
throughout the duration of treatment (box 6). 

Ciclosporin A
Ciclosporin is a potent inhibitor of T cell dependent immune 
responses and interleukin 2 production. It is fast acting, 
allowing prompt induction of remission in severe eczema. 
The most notable side effects of nephrotoxicity and hyper‑
tension limit long term treatment. Ciclosporin A is therefore 
used as a short term treatment or as a bridge between treat‑
ments.

A systematic review of 10 RCTs investigating ciclosporin 
found that it is more effective in eczema than placebo but 
that relapse is rapid once treatment is stopped, with clini‑
cal scores often returning to baseline values within eight 
weeks.13 A systematic review of 11 prospective clinical stud‑
ies of ciclosporin A found that all showed decreased disease 
activity.22 The effectiveness of ciclosporin A was similar in 
children and adults,22 with younger patients showing greater 
tolerance.23

Azathioprine
Azathioprine is an inhibitor of purine synthesis that 
reduces the proliferation of leucocytes. The target cells 
and mechanism of action in eczema are not fully eluci‑
dated.24 Azathioprine has a complex metabolism with sev‑
eral immunosupressant metabolites. The balance between 

ADDITIONAL EDUCATIONAL RESOURCES 
Resources for healthcare professionals
Centre of Evidence Based Dermatology (www.nottingham.
ac.uk/scs/divisions/evidencebaseddermatology/index.
aspx)—Evidence based dermatology website including 
information from the Cochrane Skin Group, the UK Clinical 
Trials Dermatology Network, and the NHS Evidence website
Cochrane Skin Group (http://skin.cochrane.org)—Evidence 
based dermatology website with systematic reviews
Hoare C, Li Wan Po A, Williams H. Systematic review of 
treatments for atopic dermatitis. Health Technol Assess 
2000;4:37. www.hta.ac.uk/fullmono/mon437.pdf
National Institute for Health and Clinical Excellence. Atopic 
eczema in children. CG57. 2007. http://guidance.nice.org.
uk/CG57 

Information resources for patients
National Eczema Association (www.eczema.org)—UK 
website with information for parents on eczema and 
general management principles
National Eczema Association (www.nationaleczema.
org)—US website on eczema for patients and parents, 
which includes information for schools and teachers
Under My Skin (www.undermyskin.com)—Online books for 
children with eczema
DermNet NZ (www.dermnetnz.org/dermatitis/treatment.
html)—Information for patients and parents on treatments 
for eczema

A PATIENT’S PERSPECTIVE (A, AGED 8 YEARS)
When I had eczema it was hard for me not to scratch. I hated 
getting blood on my clothes. I felt sad not being able to do stuff 
like everybody else—not being able to swim and not being 
able to walk properly. I hated people saying things about my 
skin and getting in trouble for scratching. When I thought 
about my skin, scary questions came into my head. Would 
the eczema go away? Would I ever look normal? Would people 
laugh at me?

After treatment I feel so much happier. I can do stuff like 
everybody else. Life is so much easier now. Now my skin is 
better I don’t have to worry about people laughing at me. I 
don’t have to wear gloves at night to stop me scratching. Now I 
feel just like everybody else.
The mother’s story
One of the hardest things was the sleep deprivation. One 
night seemed to roll into another. As parents we felt out of 
our depth. Our other children felt neglected as all of our time 
was consumed by A’s skin and creams, baths, and bandages, 
as well as washing clothes and sheets because they were 
soiled with blood. It was stressful watching her scratch herself 
to pieces and nothing we did or said could stop her. The 
condition can get out of control, not only medically but in the 
way it affects your mind. It was the worst thing we have been 
through as a family. I feel blessed to have come out the other 
side. It may not be a terminal illness but it was very hard to 
cope with. We now feel we have control of her condition with 
the help of her medications. We have learnt so much along the 
way and now just look ahead to good times.
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QUESTIONS AND AREAS FOR FUTURE RESEARCH

Does the regular use of emollients directly after birth in 
high risk children reduce the risk of developing eczema?

How effective are nurse led educational interventions?

Does treating eczema early prevent severe disease?

Does early intervention prevent respiratory allergies in 
later life?

Do robust eczema endophenotypes exist? If so, could 
personalised treatment be developed?

Which are the safest and most effective systemic 
immunosuppressive strategies for severe disease?

A recent priority setting exercise by the James Lind Alliance 
involving patients and professionals identified 14 priority 
areasw23

thiopurine metabolites is governed by thiopurine methyl‑
transferase (TPMT) activity.24 The pre‑treatment determi‑
nation of TPMT genotype or activity level allows informed 
drug dosing to minimise myelotoxicity. Other side effects 
include headache and gastrointestinal upset, hepatotox‑
icity, and drug hypersensitivity. Azathioprine has a slow 
onset of action, with a notable clinical improvement at two 
to eight weeks into treatment.w17 A double blind placebo 
controlled crossover RCT of eczema in adults reported 
that azathioprine significantly improved quality of life 
measures. There was a mean reduction in disease activ‑
ity of 27% after 12 weeks of treatment.25 In a series of 28 
children with severe eczema treated with azathioprine, 17 
reported significant improvement, six some improvement, 
and five no improvement. Laboratory abnormalities were 
seen in seven patients and the dose had to be adjusted.26 
Personal experience is that patients treated with azathio‑
prine take longer to respond and do not rebound as often 
or as rapidly as those treated with ciclosporin when treat‑
ment is stopped.

Methotrexate
Methotrexate is commonly used for other chronic inflam‑
matory diseases including adult psoriasis and childhood 
arthritis. Its mode of action is not fully understood, but 
it has anti‑inflammatory effects and reduces allergen 
specific T cell activity.w18 It is thought to augment con‑
centrations of adenosine, which acts as an endogenous 
anti‑inflammatory agent by mediating cytokine release 
and adhesion molecule expression, as well as by bind‑
ing to adenosine cell surface receptors.27 Gastrointestinal 
disturbance, liver function abnormalities, and bone mar‑
row suppression are potential side effects, although the 
drug is generally well tolerated.27 Evidence for the use of 
methotrexate in eczema is limited, with a single RCT of 
methotrexate use in adults.28 This was a single blind paral‑
lel group RCT in 42 patients with severe eczema. Patients 
were randomly assigned to receive methotrexate or aza‑
thioprine for 12 weeks. This study suggests that meth‑
otrexate and azathioprine are equally effective in treating 
eczema in the short term, but larger adequately powered 
studies with longer follow‑up are needed.w19 A case series 
of 25 children with refractory discoid eczema treated with 
methotrexate reported that eczema had cleared in 16 and 

almost cleared in three. The drug was well tolerated and 
no adverse events were seen.29

Mycophenolate mofetil
Mycophenolate mofetil selectively and reversibly inhib‑
its inosine monophosphate dehydrogenase, which 
suppresses the de novo pathway of purine synthesis, 
resulting in selective suppression of lymphocyte function. 
Unwanted effects on other cell types are minimised. The 
most common side effect is gastrointestinal disturbance. 
Mild increases in serum concentrations of liver enzymes 
are also reported. Severe bone marrow suppression is 
uncommon.30 This drug is used in recalcitrant eczema, 
although no controlled studies have investigated its effi‑
cacy. A retrospective case series of 14 children with severe 
eczema treated with mycophenolate mofetil reported that 
eczema cleared completely in four and that four children 
had an excellent response, five a good response, and one 
an inadequate response. The drug was well tolerated in all 
patients.30 In a case series of 12 children who moved from 
azathioprine to mycophenolate for management of their 
eczema, eight were reported to have significant improve‑
ment and four no improvement.26

Are there any new treatment targets for severe eczema?
It is hoped that new insights into the complex pathophysi‑
ology of eczema will allow more targeted treatments aimed 
at dysregulated structural or immune functions, and that 
a better understanding of eczema endophenotypes will 
facilitate a more individualised approach to treatment. Fur‑
thermore, insights into filaggrin synthesis and function will 
facilitate strategies aimed at increasing its expression.w20 
Agents that induce antimicrobial peptides might reduce 
the risk of skin infection,w20 and biological agents that 
influence the early development of specific B cell and T 
cell clones may help reduce the inflammatory cascade.w21 
All this requires more basic research and, eventually, well 
designed RCTs with clearly defined diagnostic criteria and 
outcome domains related to disease severity, long term 
control of flares, and patients’ quality of life.w22

Thanks to Rosemarie Watson for providing figure 2.
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TIPS FOR NON-SPECIALISTS
Explore the effect of the condition on the child’s sleep, 
schooling, sports, social activities, and family life. 
Acknowledging and, if possible, dealing with these stressors 
can improve management
Ensure that topical treatments, including emollients and 
topical corticosteroids, are being applied correctly. Education 
of patients and parents is vital. Directly observed treatment is 
useful in determining the adherence of patients and parents to 
treatment
Phobia about using topical corticosteroids is a common cause 
of non-adherence and needs to be dealt with
Consider skin infection, which can be clinically subtle, in 
patients who do not respond to first line treatment
Patients on systemic drugs need frequent expert assessments 
for treatment response, changes in disease status, and 
potential side effects
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CASE	REPORT	A human bite
1  The most immediate concern is the presence of a life threatening injury or fracture sustained 

through the head trauma. Human (and animal) bite wounds are also particularly susceptible 
to infection because of the multiple organisms found in saliva.

2  A seven day course of co-amoxiclav.
3  Consider tetanus prophylaxis in all patients who present with human or animal bites.
4  The patient is also at risk of HIV and hepatitis B, and the appropriate post-exposure 

prophylaxis should be discussed with an infectious diseases specialist.
5  Once any life threatening injuries have been excluded, a comprehensive history—including 

tetanus status and a thorough examination of the wound and surrounding structures—
should be undertaken, noting the presence of any infection.

5  Encourage the wound to bleed and irrigate with warm running water or normal saline. 
Analgesia (paracetamol or ibuprofen) should be given if needed, in addition to prophylactic 
antibiotics and tetanus prophylaxis.

5  The exposed ear cartilage should be dressed and the patient referred to the plastic surgery 
unit for further debridement and appropriate reconstructive surgery.

STATISTICAL	QUESTION
Confidence intervals and statistical 
significance: rules of thumb
Statements a and c can be concluded, 
whereas b cannot.

ANATOMY	QUIZ
Coronal section of brain
A: Sagittal sinus
B: Interhemispheric fissure
C: Left lateral horn
D: Left temporal lobe
E: Lateral sulcus or sylvian fissure
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Abbreviations used

AD: Atopic dermatitis

ADFLG: AD with FLG-null mutations

ADNON-FLG: AD without FLG mutations

CNV: Copy number variation

FLG: Human filaggrin gene

Flg: Murine filaggrin gene

FLG1/1: Homozygote wild-type (ie, 0 null alleles)

FLG1/2: Heterozygote null allele/wild-type (ie, 1 null allele)

FLG2/2: Patient homozygous for null alleles (ie, 2 null alleles)

IsdA: Iron-regulated surface determinant A

NLR: Nucleotide-binding oligomerization domain–like

receptor

NLRP3: Nucleotide-binding oligomerization leucine-rich repeat

and pyrin domain containing 3

NMF: Natural moisturizing factor

OR: Odds ratio

OVA: Ovalbumin

PCA: Pyrroliodone-5-carboxylic acid

SEB: Staphylococcal enterotoxin B

SC: Stratum corneum

SpA: Staphylococcal protein A

TEWL: Transepidermal water loss

TLR: Toll-like receptor

TSLP: Thymic stromal lymphopoietin

UCA: Urocanic acid
Filaggrin is a major structural protein in the stratum corneum
of the epidermis. Mutations in the filaggrin gene are the most
significant known genetic risk factor for the development of
atopic dermatitis. Mutations in the human filaggrin gene (FLG)
also confer risk for the associated allergic diseases of food
allergy, asthma, and allergic rhinitis. These discoveries have
highlighted the importance of skin barrier function in the
pathogenesis of atopic diseases and have motivated a surge in
research characterizing the filaggrin-deficient skin barrier and
its consequences. In this review we discuss the mechanisms
through which mutations in this protein contribute to the
pathogenesis of atopic dermatitis and associated atopic
conditions. We focus on recent human and murine discoveries
characterizing the filaggrin-deficient epidermis with respect to
biophysical, immunologic, and microbiome abnormalities.
(J Allergy Clin Immunol 2013;131:280-91.)

Key words: Filaggrin, atopy, dermatitis, eczema, IL-1b, skin barrier,
transepidermal water loss

Atopic dermatitis (AD) affects approximately 11% of children
in the United States1 and up to 25% in the United Kingdom.2,3 It is
the most common chronic inflammatory disease of early child-
hood4 and is associated with significant morbidity for patients
and their families.5 AD is characterized by an epidermal barrier
abnormality, cutaneous inflammation, immune dysregulation
with a systemic ‘‘allergic’’ TH2 cell response, and frequent Staph-
ylococcus aureus colonization.4 It is often the initial step in the
so-called atopic march, with the subsequent development of aller-
gies, asthma, and hay fever.6 The critical importance of the epithe-
lium in the development of AD and allergic sensitization has
become apparent. Mutations in the human filaggrin gene (FLG),
which codes for the skin barrier protein filaggrin, have been
shown to be the most significant risk factor, to date, for AD.4
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The specific dynamic interactions between an impaired skin bar-
rier and the immune system remain to be fully elucidated. Here
we review recent insights into the role of filaggrin in the pathome-
chanisms of AD and its associated diseases.
EPIDERMAL STRUCTURE AND FUNCTION: ROLE
OF FILAGGRIN

The epidermis, particularly the outermost stratum corneum
(SC) layer, is the first line of defense between the host organism
and its environment. Other important innate defense mechanisms
of the epidermis are reviewed in detail by Dr Lisa Beck and
colleagues in another review in this series. The SC alsominimizes
water loss from the body and protects against both everyday and
extreme environmental insults.7 The SC is the end product of a
highly organized differentiation process in which keratinocytes
in the basal layer of the epidermis progress to form the spinous
and granular layers, ultimately forming a tough multilayer of cor-
neocytes rich in intracellular lipids.7 The SC matrix is an exten-
sively cross-linked lipid protein matrix organized into neutral,
lipid-enriched, extracellular lamellar bilayers.8 This hydrophobic
extracellular matrix, together with corneodesmosomes and tight
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junctions, specialized cohesive intercellular junctions in the SC
and stratum granulosum, forms a very effective barrier.9,10

Filaggrin is a major structural protein in the SC.4 The role of
filaggrin in epidermal structure and function has been reviewed
in detail recently.4,7,11 Filaggrin is produced as the precursor
proprotein profilaggrin. Profilaggrin is expressed in terminally
differentiating keratinocytes in the outmost layers of the human
epidermis and is the major constituent of keratohyalin granules
in the stratum granulosum.7 Profilaggrin consists of multiple fil-
aggrin repeats flanked by an S100-type calcium-binding domain,
A and B domains at the N-terminus, and a unique tail sequence at
the C-terminus (Fig 1, A).4

During terminal differentiation at the granular to cornified layer
transition, profilaggrin is rapidly dephosphorylated and cleaved by
several endoproteases to generate 10, 11, or 12 functional filaggrin
monomers.12 Extracellular proteases, such as matriptase, can also
influence the expression of filaggrin monomers.13 Filaggrin mono-
mers aggregate and align keratin bundles in vitro and are thus
postulated to contribute to the mechanical strength and integrity
of the SC in vivo (Fig 1, A).14 Ultrastructural studies have shown
that filaggrin deficiency results in disorganized keratin filaments,
impaired lamellar body loading, and abnormal architecture of the
lamellar bilayer (Fig 1, B).10 It has been proposed that the filaggrin
N-terminusprovides a feedbackmechanism that controls epidermal
homeostasis.15 The exact function of the C-terminal domain is un-
clear, but it is necessary for profilaggrin-to-filaggrin processing.
Truncated profilaggrin, lacking a C-terminus, results in an almost
complete absence of filaggrin.12

In the upper layers of the SC, filaggrin monomers are
deiminated and degraded by proteases to release their component
hygroscopic amino acids and their derivatives.16 Filaggrin is a
histadine-rich protein, and its major metabolites are the organic
acids trans-urocanic acid (trans-UCA) and pyrroliodone-5-
carboxylic acid (PCA).11 Filaggrin breakdown products, together
with chloride and sodium ions, lactate, and urea, form natural
moisturizing factor (NMF), which contributes to epidermal hy-
dration and barrier function (Fig 1,A).11 In addition, these organic
GLOSSARY

ANTIMICROBIAL PEPTIDES: Components of the innate immune system

that are capable of inserting into bacterial phospholipids to slow

microbial growth.

CORNEOCYTES: Terminally differentiated anucleated cells on the sur-

face of the skin. Because they are rich in intracellular lipids, they are able

to bind 3 times their weight in water.

EPIDERMAL DIFFERENTIATION COMPLEX: A cluster of approximately

60 genes located on chromosome 1q21 involved in epithelial

differentiation.

HAPLOINSUFFICIENCY: The situation in which a subject who is heter-

ozygous for a certain genemutation or hemizygous at a particular locus,

often because of a deletion of the corresponding allele, is clinically

affected because a single copy of the normal gene is incapable of

providing sufficient protein production to assure normal function.

KERATINOCYTES: A structurally important and immunologically active

epidermal cell that undergoes a tightly regulated terminal differentiation

program from stem cells in the basal cell layer through the spinous and

granular layers to eventual desquamation of the stratum corneum.

OVALBUMIN: The most abundant egg white protein (Gal d 2 allergen

nomenclature). Although ovalbumin comprises the majority of egg
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acid breakdown products help maintain the pH gradient of the ep-
idermis. The acidic pH is key for many functions of the SC: it has
an antimicrobial effect, is important for the functional activity of
enzymes involved in ceramide metabolism, andmodulates the ac-
tivity of the serine protease cascade required for coordinated
epidermal differentiation and cornified cell envelope formation
(Fig 1, B).11

FLG is located in the epidermal differentiation complex on
chromosome 1q21.4 Exon 3 of FLG is one of the largest exons
in the genome and encodes almost the entire profilaggrin protein.
Loss-of-function mutations within exon 3 all have a similar bio-
logical end point; they result in a truncated profilaggrin molecule
lacking the C-terminus and hence an absence of filaggrin.12 There
are common size-variant FLG alleles in the general population,
with 10, 11, or 12 repeats.17 Therefore the number of filaggrin
units in human subjects varies from 20 to 24, excluding null mu-
tations. The frequencies of copy number variation (CNV) alleles
have been studied in the Irish population; 33.9% had 10 filaggrin
repeats, 51.1% had 11 repeats, and 14.6% had 12 repeats.17
FILAGGRIN: DISEASE ASSOCIATIONS
In 2006, FLG mutations were shown to be strongly associated

with AD in an Irish population and with AD plus asthma in a
Scottish population.18 This highly significant association has been
replicated in more than 30 independent studies.11 Meta-analyses
of these data have estimated the odds ratio (OR) of having AD in
association with an FLG-null genotype to be 4.7819 and 3.12.20

FLG-null mutations are seen in less than a third of the total pop-
ulation with AD.18,21 Among patients with moderate-to-severe
AD, up to 45.7% to 56.6% carry 1 or more FLG-null mutations,
and the population attributable risk fraction has been estimated
at between 4.2% and 15.1%.22 Therefore on a population level,
approximately 50% ofmoderate-to-severeAD cases can be attrib-
uted, at least in part, to FLG-null mutations, whereas up to 15% of
mild-to-moderate AD cases can be explained by FLG.22 Among a
group of patients with AD attending a tertiary referral clinic,
white protein, ovomucoid (Gal d 1) is responsible for the majority of

allergy in patients with egg allergy.

PATHOGEN RECOGNITION RECEPTORS: Also known as pattern recog-

nition receptors. They are germline encoded and expressed constitutively

by both immune and nonimmune cells. They recognize conservedmicro-

bial components known as pathogen-associatedmolecular patterns.

STRATUM GRANULOSUM: An outer layer of the epidermis immedi-

ately proximal to the stratum corneum. Keratinocytes in this layer are

flattened, and their cytoplasm appears granular.

SUPERANTIGEN: A class of T-cell receptor ligands that have the ability

to activate large fractions of the T-cell population. They do not require

processing to bind toMHC class II molecules. They bind to polymorphic

residues on the periphery of the class II molecule and interact with the

T-cell receptor through their Vb domain.

TIGHT JUNCTION: A dynamic network of proteins that help seal the

apical space between epithelial cells and regulate epithelial permeabil-

ity. Proteins that are found in the tight junction can include junctional

adhesion molecule 1, occludin, and claudins. The cysteine and serine

protease components of the house dust mite allergen (Der p 1) can

cleave junctional proteins.

glossary.



FIG 1. 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.7 Profilaggrin is the major con-

stituent of keratohyalin granules in the stratum granulosum and is expressed in terminally differentiating

keratinocytes in the outmost layers of the human epidermis. Profilaggrin consists of multiple copies of fil-

aggrin flanked by an S100-type calcium-binding domain, A and B domains at the N-terminus, and a unique

tail sequence at the C-terminus. Terminal epidermal differentiation is calcium dependent, and calcium

might be involved in the control of profilaggrin processing. Inactivation of lymphoepithelial Kazal type–re-

lated inhibitor (LETKI) is necessary to allow processing to be initiated. During terminal differentiation at the

granular to cornified cell transition, profilaggrin is dephosphorylated and cleaved by several proteases,

including caspase-14, matripase, prostatin, kallikrein 5, and elastase-2, to functional filaggrin monomers.

Skin-specific retroviral-like aspartic protease (SASPase) is required for cleaving individual filaggrin mono-

mers. 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 SC. The free N-terminal domain of profilaggrin has been shown to translocate into the nu-

cleus, where it might have a signaling function. The function of the C-terminus is unknown, but its absence

because of 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-UCA and PCA. Filaggrin breakdown products form

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 UV protection.

TGMs, Transglutaminases. B, The filaggrin-deficient skin barrier has reduced proprotein in F-type kerato-

hyalin granules. The consequences of this are as yet unknown. Ultrastructurally, FLG loss-of-function mu-

tations 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 junc-

tion expression. These factors might contribute to the dysfunctional skin barrier and enhanced allergen

exposure. FLG-null mutations also result in decreased levels of NMF, reduced SC hydration, and increased

TEWL and clinically dry skin. The acidic pH of the SC is key for many functions; it has an antimicrobial ef-

fect, is important for the functional activity of enzymes involved in ceramide metabolism, and modulates

the activity of the serine protease cascade required for coordinated epidermal differentiation and cornified

cell envelope formation. The reduction in filaggrin breakdown amino acids causes an increase in SC pH.

This more alkaline pH enhances protease activity and might contribute to the proinflammatory SC in the

setting of AD, as well as facilitating adhesion and proliferation of staphylococci.
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3% were homozygous for the FLG-null genotype, whereas 20%
were heterozygous.23 A study of an unselected population cohort
of children demonstrated that the penetrance of FLG-null muta-
tions with respect to flexural AD was 55.6% for homozygous
and compound heterozygous subjects compared with 16.3% for
heterozygous subjects.24 Patients who were FLG-null homozy-
gous had statistically significantly higher severity scores than
heterozygous and wild-type patients.24
The profile of AD most strongly associated with FLG-null
mutations (ADFLG) is that of early-onset, severe, and persistent
disease25,26 with increased total IgE levels and allergic sensitiza-
tion.27 Furthermore, patients with ADFLG have a higher incidence
of skin infectionswith herpesvirus (eczema herpeticum),28 aswell
as a greater risk of multiple allergies19 and asthma,29 than patients
with ADwithoutFLGmutations (ADNON-FLG). AUS longitudinal
cohort study suggested that there might be mutation-specific



FIG 2. Comparison of the clinical and biophysical features of patients with

ADFLG and patients with ADNON-FLG. Patients with ADFLG have a particular

AD endophenotype or profile of associated disease and biophysical fea-

tures. Patients with ADFLG have palmar hyperlinearity, which is also ob-

served in patients with ichthyosis vulgaris, the Mendelian disease caused

by FLGmutations. Patients with ADFLG havemore severe persistent eczema

and a higher incidence of infection with herpesvirus, as well as a greater

risk of allergic sensitization and asthma than patients with ADNON-FLG.

The biophysical profile of ADFLG shows an increased SC pH and production

of IL-1b in patients with ADFLG compared with that seen in patients with

ADNON-FLG.
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variability in the response to treatment in children with ADFLG.
26

Taken together, these studies suggest that patients with ADFLG

might have a distinct AD endophenotype and profile of associated
disease compared with patients with ADNON-FLG (Fig 2).4

It has been demonstrated that AD risk in an Irish population is
related to filaggrin CNV in a dose-dependent fashion.17 The low-
est CNV genotype (10, 10 filaggrin repeats) carried by 11.5% of
the Irish population had an eczema risk of 1.67 independently of
FLG loss-of-functions mutations. The addition of each additional
filaggrin repeat decreased the OR for AD by 0.88.17 Furthermore,
the concentration of filaggrin breakdown products was signifi-
cantly correlated with filaggrin total CNV.17 Thus a modest in-
crease in epidermal filaggrin expression might be protective
against eczema, and upregulation of cutaneous filaggrin expres-
sion in at-risk subjects might be a potential therapeutic approach
(Fig 3).11 Recent work suggests that the methylation status of
FLG might further influence AD risk.30

The strong association of FLGmutations with AD is one of the
most robust genotype-phenotype linkages observed in complex
human genetic disorders.19 However, pathomechanisms other
than FLG mutations or FLG-modifying factors are involved in
AD. A significant number of patients with AD do not have any
of the known FLG mutations, and conversely, approximately
40% of subjects with FLG-null alleles do not have AD.31 In addi-
tion, many patients with ADFLG eventually recover from the dis-
ease.29 More work is needed to establish influences other than
FLG on epidermal barrier defects in patients with AD.
The ‘‘atopic march’’ describes the tendency for AD to precede

the stepwise development of food allergies, asthma, and allergic
rhinitis. Approximately 70% of patients with severe ADwill have
asthma or allergic rhinitis in later life.6 FLG mutations are a ge-
netic risk factor for each of these diseases.4 Filaggrin haploinsuf-
ficiency confers an overall risk of 1.48 to 1.79 for asthma, but this
risk is limited to those who have AD or a history of the
disease.29,32 Patients with ADFLG have a much greater risk of
asthma than patients with ADNON-FLG.

29 Asthmatic patients
with FLG mutations have a more difficult disease course and
more frequent exacerbations.33 Therefore AD is a causal risk fac-
tor for asthma in the context ofFLGmutation, although the mech-
anism is not fully elucidated.4

FLG mutations confer an overall OR of 5.3 for peanut allergy,
with a residual OR of 3.8 when corrected for AD.34 These data
suggest a barrier defect that facilitates enhanced exposure of pea-
nut allergen to antigen-presenting cells, even in the absence of
AD. An Australian cohort study found that FLG mutations were
significantly associated with food sensitization but did not addi-
tionally increase the risk of food allergy in 1-year-old infants.35

These results suggest that the skin barrier dysfunction increases
the risk of food sensitization, but other factors might be important
in the conversion from food sensitization to allergy.35 An associ-
ation with FLG and allergic rhinitis has been reported in popula-
tion studies.19,32

Filaggrin immunostaining is restricted to the cornified epithe-
lium of the skin, oral mucosa, and nasal vestibule. There is no
detectable staining in the epithelium from bronchial biopsy
specimens.32,36,37 Therefore FLG mutations are unlikely to di-
rectly affect barrier function and allergen sensitization in the or-
gans in which these allergic diseases manifest. It is possible that
FLG mutations drive allergic disease at distant mucosal sites as
a systemic response to enhanced penetration by antigens through
a defective skin barrier.38
FILAGGRIN: ENVIRONMENTAL INTERACTIONS
The prevalence of AD has more than doubled in industrialized

countries, with no clear cause.1,39 Environmental factors are
thought to contribute to this increasing prevalence. It has been
postulated that the impaired skin barrier seen with FLGmight po-
tentiate the effects of environmental allergens.40 Some studies
have investigated putative environmental risk factors for atopic
disease genotype with regard to FLG status.
Two cohort studies, one fromDenmark and theUnitedKingdom

and the other fromTheNetherlands, have shown that cat ownership
in early life increases the risk of AD as an additional interactive
effect to the risk associatedwith theFLG-null genotype.40,41 How-
ever, the Danish–United Kingdom study did not demonstrate any
correlation between AD severity and specific IgE to cat dander
or FLG-null mutations and cat dander IgE levels,40 making the
mechanism of this association likely to be a host-defense interac-
tion between the microbiome and a defective skin barrier.
Another potentially important environmental effect in early life

is contact with other children because this can increase exposure
to pathogens and allergens. TwoGerman birth cohort studies have
shown that children with FLG-null mutations have a significantly
higher risk of eczema if they have an older sibling and that atten-
dance at a day care center lessened this risk, reducing the OR from
2.34 to 1.7.42 Epidemiologic data can be difficult to interpret in a
complex disease such as AD. Different causal pathways between
genes and the environment might be important in patients with
ADwho carrymutations, as opposed to thosewho do not. It would
be important, where possible, to stratify for FLG in future epide-
miologic studies of AD.11

The significant discovery that FLG mutations are a strong risk
factor for AD and atopic diseases have confirmed the key role of
the skin barrier in these conditions. The result has been a research
emphasis on functionally characterizing the skin barrier, aswell as



FIG 3. Known genetic and immunologic influences on filaggrin expression. A, The major determinant of fil-

aggrin expression is FLG genotype, with 3 distinct but overlapping populations according to the number of

FLG loss-of-function mutations. The observed interindividual variation in NMF within the mutation groups

approximates to a normal distribution curve, which reflects additional genetic and environmental modifiers

of filaggrin expression. B, There are common size-variant FLG alleles in the population with 10, 11, or 12

repeats. Excluding null mutations, the number of filaggrin units in human subjects, termed the filaggrin

CNV, varies from 20 to 24. AD risk is related to filaggrin CNV. In keeping with this, the concentration of

filaggrin breakdown products (NMF), as quantified by means of HPLC of tape-stripped SC, is statistically

significantly correlated to filaggrin CNV. Furthermore, disease severity drives down filaggrin expression

independently of FLG mutation status. C, Filaggrin expression in vitro is downregulated in the presence

of inflammatory cytokines. Keratinocyte cultures differentiated in the presence of IL-4 and IL-13 exhibit

significantly reduced filaggrin gene expression. Exposure to IL-22 cytokine downregulates profilaggrin/

filaggrin expression in keratinocytes at both mRNA and protein level. Keratinocytes cultured with IL-17A

also resulted in a significant decrease in profilaggrin mRNA levels and filaggrin protein expression.

IL-17A appears to downregulate filaggrin expression at themRNA level both directly and indirectly. Patients

with ADFLG and ADNON-FLG have an acquired defect in filaggrin secondary to the presence of inflammatory

cytokines. In the setting of ADFLG, the combination of genetically determined and acquired filaggrin insuf-

ficiency can lead to a greater and more prolonged filaggrin downregulation.
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identifying pathways connecting epidermal barrier disruption, an-
tigen uptake, and the antigen-specific adaptive immune responses.
CHARACTERIZATION OF THE FILAGGRIN-
DEFICIENT SKIN BARRIER

The barrier integrity phenotype associated with FLGmutations
is becoming better understood, with human and murine studies
supporting the theory that FLGmutations lead to a functional ep-
idermal barrier defect and subsequent allergic sensitization.
FLG genotype has been shown to be the major determinant of

SC NMF in human studies. The SC levels of the filaggrin break-
down products PCA, UCA, and histadine, which are major com-
ponents of NMF, in epidermal tape strips, strongly correlate with
FLG genotype.43 O’Regan et al44 demonstrated that in vivo
Raman microspectroscopic NMF signatures could be used as ac-
curate proxymarkers of FLG genotype in patients with moderate-
to-severe AD, allowing rapid and highly accurate stratification of
ADFLG (Fig 3). However, AD severity itself is associated with a
reduction in NMF, and the relative importance of epidermal de-
fects and immune dysregulation as key initiating and perpetuating
factors in AD pathogenesis require further studies.11

Transepidermal water loss (TEWL) at nonlesional sites in
patients with AD correlates with disease severity and serum IgE
levels.45-47 Several studies suggest that nonlesional TEWL in pa-
tients with AD is a common end point that is not influenced by
FLG status.44,48,49 However, FLG mutations were associated
with higher TEWL in clinically normal forearms in a small co-
hort of 3-month-old infants in a high-risk cohort; this increase
was not dependent on AD status.50 Further studies are needed
to clarify the temporal and causal relationship between TEWL,
barrier integrity, FLG status, and subsequent allergen
sensitization.38
MECHANISTIC INSIGHTS FROM MURINE MODELS
Mouse models of filaggrin deficiency have demonstrated

barrier impairment with enhanced percutaneous allergen
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sensitization.51-54 The spontaneous flaky tail (ft) mouse arose
on the background of an existing recessive hair phenotype,
matted (ma). Flaky tail mice carry a 1-bp deletional mutation
in the murine filaggrin gene (Flg). The relative contribution
of Flg and ma to the compound phenotype has yet to be fully
defined. Flaky tail mice have spontaneous dermatitis with in-
creased IgE levels.54 Fallon et al51 demonstrated that the topi-
cal application of the clinically relevant allergen ovalbumin
(OVA) to flaky tail (ft/ft) mice resulted in cutaneous inflamma-
tion and enhanced cutaneous allergen priming with develop-
ment of allergen-specific antibody responses. The mice had a
systemic immune response generating OVA-specific IgG and
IgE, as well as OVA-specific TH2 (IL-4, IL-5, and IL-13),
TH1 (INF-g), regulatory (IL-10), and TH17 (IL-17) cytokines,
indicating a generalized allergen-specific cytokine response
that was not solely TH2 skewed. After sensitization, a further
skin barrier defect, as measured by increased TEWL, was
observed, suggesting that the initial heritable barrier defect is
exacerbated by allergic sensitization. These data provide ex-
perimental evidence that antigen transfer through a defective
epidermal barrier is a key mechanism underlying increased
IgE sensitization and initiation of cutaneous inflammation.
This suggests that sensitization might also be an early event
in filaggrin-deficient human subjects.51 Whether early inter-
vention in patients with AD, especially filaggrin-deficient
AD, would diminish systemic allergy in later life is an interest-
ing research question.
Kawasaki et al52 generated filaggrin-null mice (Flg2/2).52

These mice have dry scaly skin between 3 and 6 days of life.
They have loss of the normal interlaced keratin pattern in the
epidermis with increased susceptibility to mechanical stress.
In vivo confocal microscopy showed reduced NMF levels in
the Flg2/2 mice,52 which is in keeping with human studies
on patients with FLG mutations.44 The loss of NMF as a result
of filaggrin deficiency did not lead to decreased SC water con-
tent in the Flg2/2 mice. This is in contrast to the ft/ma mice,
which have increased TEWL with loss of SC hydration, which
is consistent with findings with human AD (with and without
FLG mutations).49 Flg2/2 murine SC, after hapten application,
allowed penetration of protein antigens, which was followed by
exaggerated systemic immune responses.52 It is notable that the
SC lipid composition in the Flg2/2 mice was aberrant, and this
might have additional direct or indirect effects on SC barrier
function.52

These murine studies support the hypothesis that filaggrin
deficiency results in enhanced percutaneous cellular and humoral
immune responses, which are important steps in the early phase
of AD pathogenesis. This important work characterizing a
dysfunctional skin barrier and downstream systemic effects has
provided an opportunity to focus on the importance of barrier
improvement as a key therapeutic approach in this disease.
Tailored emollients, such as ceramide lipid,55 or filaggrin re-
placement or upregulation are exciting possibilities.11 In addi-
tion, these studies support the notion that a proactive rather
than reactive approach to eczema management could have a pos-
itive effect on systemic sensitization and the atopic march. Per-
haps a prophylactic approach might be possible, with regular
use of emollients or other topical therapies, immediately after
birth in high-risk babies, reducing the risk of AD. Large, well-
designed, randomized controlled trials will be needed to answer
these intriguing questions.
FILAGGRIN STATUS AND IMMUNE
DYSREGULATION: A COMPLEX INTERACTION

Both innate and adaptive immunity contribute to the immuno-
pathology of AD. Innate responses occur rapidly, are efficient at
killing pathogens, and are involved in regulating the magnitude
and specific outcomes of the adaptive immune response.56 The
cutaneous innate immune system consists of 3major components:
the physical barrier, which includes the SC and intracellular junc-
tions; the cellular component (antigen-presenting cells, keratino-
cytes, mast cells, and neutrophils); and secretory elements
(antimicrobial peptides, cytokines, and chemokines), as reviewed
in detail by De Benedetto et al.56 In patients with AD, the initial
exposure to allergens (sensitization phase) induces a systemic
‘‘allergic’’ TH2 cell response that is magnified with each subse-
quent exposure (effector phase). Critical features of the TH2 im-
mune response include local production of TH2 cytokines (IL-4,
IL-5, and IL-13), bone marrow production, prolonged survival
and activation of eosinophils and mast cells, and production of
allergen-specific IgE.38 Acute AD lesions exhibit TH2-dominant
inflammation characterized by dermal infiltration of CD41T cells
and eosinophils with deposition of eosinophil-derived products
and increased skin expression of IL-4, IL-5, and IL-13.57

A pathogenic role for IL-4 in the setting of AD is supported by
the observation that keratinocyte-specific overexpression of IL-
4 in transgenic mice results in AD-like lesions.58 Subjects with
FLG-null mutations have been associated with significantly
higher frequencies of allergen-specific CD41 TH2 cell
responses.59

Filaggrin expression is downregulated in patients with AD,
regardless of FLG genotype, likely because of the effect of
increased levels of the TH2 cytokines IL-4 and IL-13 (Fig 3).

60Ke-
ratinocytes differentiated in the presence of IL-4 and IL-13, aswell
as already differentiated keratinocytes exposed to these cytokines,
have significantly downregulated filaggrin expression.60 These
findings support the theory that filaggrin deficiency in many
patients with AD is acquired due to the TH2 cytokine milieu.60

The specific pathways linking epidermal barrier disruption and
allergen sensitization are becoming clearer. One accepted hy-
pothesis is that epidermal disruption facilitates skin-resident
antigen-presenting cells (Langerhans and dendritic cells) in
capturing environmental allergens because of either more direct
exposure through a defective SC or direct effects on Langerhans
cell activation. Furthermore, barrier-disrupted keratinocytes re-
lease immune adjuvants that activate and cause maturation of
antigen-presenting cells and affect their ability to direct native TH

polarization, thereby influencing the character of the TH response.
The resulting adaptive immune response further disrupts barrier
function.38

The cytokine profile in the epidermis in patients with ADFLG is
now becoming clearer. However, the majority of studies to date
are in vitro or in murine models. One study has investigated SC
cytokines from patients with AD stratified by FLG status.61

Herewe review recent data examining the interaction between fil-
aggrin status and the immune response.
IL-1
IL-1 mediators influence innate immune responses and bridge

the innate and adaptive immune systems. Keratinocytes consti-
tutively produce high amounts of IL-1a.62,63 In inflammatory
states human keratinocytes also produce IL-1b.64 The release of
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IL-1 cytokines leads to cutaneous inflammation through the in-
duction of secondary cytokines and the upregulation of endothe-
lial adhesion molecules.62,65 The multiple proteases necessary for
epidermal homeostasis and cleavage of IL-1 cytokines have opti-
mal activity at pH values that are more alkaline than the SC
surface.66

Murine studies have indicated the importance of IL-1b and IL-
18 for the development ofAD. Skin-specific caspase-1–transgenic
mice, which overexpress human CASP1 in their keratinocytes,
spontaneously had chronic dermatitis accompanied by abnor-
mally increased skin and serum IL-18 and IL-1b levels when
maintained under pathogen-free conditions.67 An IL-18 trans-
genic mouse that exhibited oversecretion of IL-18 from epidermal
cells had AD-like skin eruptions. This phenotype was rescued by
knockout of IL-18.68 Furthermore, anADmousemodel generated
through the daily application of protein A (Staphylococcus aureus
surface model and virulence factor) resulted in complete amelio-
ration of the AD-like skin eruptions through either administration
of a neutralizing anti–IL-18 antibody or IL-18 gene knockout.69

SC IL-1a, IL-1b, IL-18, and IL-1 receptor antagonist levels
were recently shown to be increased in the uninvolved skin of
patients with moderate-to-severe ADFLG compared with that seen
in patients with ADNON-FLG.

61 IL-1 cytokine levels were corre-
lated inversely with SC NMF levels. An association was demon-
strated between increased pH and decreased NMF levels.
Although AD severity influences SC NMF, this was shown to
be a minor effect compared with FLG status, which was the major
determinant of NMF (Fig 1, B).61 These findings were also ob-
served in a complementary murine study. Filaggrin-deficient
mice (ft/ft) had upregulated expression of IL-1b and IL-1 receptor
antagonist in the SC.61

Thus it is possible that a reduction in filaggrin and its acidic
breakdown products increases pH and serine protease activity,
contributing to the generation of the active cytokines IL-1a and
IL-1b from their inactive proproteins, representing the first stage
of the cytokine cascade that contributes to AD inflammation.61

These cytokines have a further inhibitory effect on FLG expres-
sion. This work suggests that there might be a pre-existing or en-
hanced proinflammatory status in the skin of patients with ADFLG

(Fig 1, B).61

The inflammasome
The work on IL-1 in the setting of ADFLG is consistent with

prior studies on the inflammasome in atopy. The innate immune
system senses invading pathogens through evolutionarily con-
served pathogen recognition receptors, such as Toll-like
receptors (TLRs) and nucleotide-binding oligomerization do-
main–like receptors (NLRs). NLR members form an intracellular
multiprotein complex, the inflammasome.70 Inflammasomes en-
able autocatalytic activation of inflammatory caspases, which
drive the host immune response by releasing cytokines and
alarmins into the circulation and by inducing pyroptosis, a proin-
flammatory cell death mode.71 The inflammasome activates
caspase-1 and ultimately leads to the processing and release of
the proinflammatory cytokines IL-1b, IL-18, and IL-33.70 There
is strong evidence that inflammasomes play an important role in
skin inflammation.72

Research has focused on the nucleotide-binding oligomeriza-
tion leucine-rich repeat and pyrin domain containing 3 (NLRP3)
inflammasome, which is made up of NLPR3, an apoptosis-
associated speck-like protein containing a caspase recruitment
domain, and caspase-1.70 An association has been reported
between the NLRP3 inflammasome and susceptibility to food-
induced anaphylaxis and aspirin-induced asthma.73 Hemolysins
and bacterial lipoproteins from S aureus can activate the
NLRP3 inflammasome.74,75 It has been recently shown that house
dust mite allergens trigger assembly of the NLRP3 inflamma-
some, activate caspase-1, and thus stimulate the processing and
release of IL-1b and IL-18 from keratinocytes in vitro.76

The release of these cytokines might trigger or exacerbate
AD-associated inflammation and be important in the pathogene-
sis of the disease.76
Thymic stromal lymphopoietin
Thymic stromal lymphopoietin (TSLP) is an IL-7–like cyto-

kine that has a key role in TH2 cell differentiation and in the path-
ogenesis of allergic inflammation.77 TSLP is highly expressed in
the epidermis of patients with AD, and TSLP-activated dendritic
cells produced TH2-attracting chemokines and primed naive
T cells to differentiate into TH2 cells.78 An increased serum
TSLP level is an indicator of an epidermal barrier defect in mouse
models.79 Proteases, through proteinase-activated receptor 2, can
induce TSLP expression from keratinocytes or airway epithelial
cells.80,81 A number of allergens that are clinically relevant in
AD, including house dust mite, cockroach, fungi, and several pol-
lens, contain proteases that can trigger epithelial production of
TSLP in vitro.82 Epithelial TSLP is also induced through a
TLR2-, TLR3-, and TLR5-mediated mechanism in response to
microbial products.38 TSLP expression in a reconstituted human
epidermal layer was increased under filaggrin knockdown condi-
tions.83 This work suggests that filaggrin deficiency induces
TSLP expression and a resultant TH2 immune reaction.83 TSLP
might be more important in the elicitation phase rather than the
sensitization phase of AD.38,84
IL-33
IL-33 is a novel member of the IL-1 family and is expressed by

the cells of barrier tissues. It is recognized as an alarmin or
damage-associated molecular pattern molecule because it is
released during epithelial cell death, is associated with infection
or tissue injury, and is induced by microbial ligands through a
TLR-mediated pathway.85 IL-33 activates naive and TH2 lympho-
cytes, mast cells, and eosinophils to produce TH2-type cytokines.
Furthermore, mast cells produce IL-33 in response to IgE-
dependant activation, and IL-33 amplifies the inflammation re-
sulting from mast cell and basophil activation.86,87

IL-33 levels are markedly increased in the serum of patients
with asthma and in the skin of patients with AD.88 Increased
levels of IL-33 and its specific receptor, ST2, have been demon-
strated in AD skin after allergen or staphylococcal enterotoxin
B (SEB) exposure, as well as in the skin of filaggrin-deficient
mice.89 The expression of IL-33 and ST2 were spontaneously up-
regulated in the skin of 22-week-old ft/ftmice, and a 10-fold and a
15-fold increase in ST2 and IL33 expression was found, respec-
tively, in 38-week-old ft/ft mice compared with 4-week-old
ft/ft mice. The expression of IL-33 caused by irritant, allergen,
or SEB challenge was suppressed in flaky tail (ft/ft) mouse skin
by topical tacrolimus treatment.89 This work suggests that kerat-
inocytes of ft/ftmice respond to environmental factors and start to
produce cytokines related to innate immunity.89
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IL-25
IL-25 (or IL-17E) is a member of the IL-17 cytokine family

that, when overexpressed in murine models, results in the
production of TH2 cytokines, eosinophilia, and increased serum
IgE levels.90 IL-25 is expressed by mouse epithelial cells after al-
lergen stimulation91 and in the human skin of patients with AD.92

It has been shown that IL-25 inhibits filaggrin synthesis by kerat-
inocytes, and therefore IL-25 might contribute to barrier dysfunc-
tion in patients with AD.93
IL-22
IL-22 is another cytokine that could play a critical role in AD.

TH22 cells are a skin-homing phenotype and are a potent source of
IL-22.94 Numbers of TH22, TC22, and TH17 cells, which secrete
IL-22, are increased in the peripheral blood of patients with AD
and are observed in inflamed skin.95-98 In addition, cutaneous
dendritic cells have been shown to induce a TH22 phenotype in
T cells.99 IL-22 secretion by PBMCs and CD41 T cells is en-
hanced by S aureus exotoxins in patients with AD.100 Exposure
to IL-22 downregulated profilaggrin/filaggrin expression in kerat-
inocytes in vitro at both the mRNA and protein levels. An altera-
tion in the expression of genes encoding enzymes involved in
profilaggrin/filaggrin processing was also observed, suggesting
that IL-22 could also affect pathways generating functional filag-
grin monomers.101
IL-17
IL-17 is another important cytokine in the setting of AD. Serum

and skin levels of IL-17 are increased in patients with AD
compared with healthy control subjects, and TH17 cells were
found to accumulate at early stages of skin inflammation in pa-
tients with AD.98,102 Furthermore, IL-17 is chronically present
during skin inflammation, especially when exposed to S aureus
or allergens.102,103 The filaggrin-deficient flaky tail mouse ex-
hibits TH17-dominated skin inflammation from an early age,
even before increased IL-4 expression.54

Recent work has shown that stimulation of keratinocyte
cultures with IL-17A results in a significant decrease in
profilaggrin mRNA levels and filaggrin protein expression
(Fig 2).104 Several genes encoding proteins were affected by
IL-17, suggesting that IL-17A downregulates filaggrin expres-
sion at the mRNA level both directly and indirectly by affecting
profilaggrin mRNA expression, production of functional filag-
grin monomers, and their degradation.104 IL-17A appears not
only to influence filaggrin expression but also to affect the ex-
pression of other important components of the epidermal
barrier.104

Evidence is mounting that filaggrin deficiency plays an
important role in the cytokine profile of patients with AD.
Cytokines have a further inhibitory effect on filaggrin expres-
sion, and thus a feedback loop probably exists in this setting.
The cytokines involved in the pathogenesis of AD, similar to
other inflammatory skin diseases, are multiple and complex, and
much work will be needed to clarify these pathways. As yet,
there is no effective and specific biologic treatment for AD.
A greater understanding of such functional mechanisms in-
volved in the disease is needed to identify potential therapeutic
targets.
FILAGGRIN DEFICIENCY AND THE MICROBIOME
The skin microbiome, which consists of both commensal and

pathogenic bacteria, affects the skin barrier and epithelial innate
immune responses. Skin microbes are thought to have a critical
role in the development of AD. Patients with AD experience
frequent bacterial and viral cutaneous infections. More than 90%
of patients with atopic eczema are colonized with S aureus in
comparison with 5% of healthy subjects.105 The severity of der-
matitis correlates with both colony counts of S aureus colonized
from AD skin106 and the presence of superantigen-producing
S aureus.107,108

Bacteria have to overcome acidic conditions, antimicrobial
peptides, and fatty acids to survive on skin.109 S aureus coloniza-
tion in patients with AD is promoted by host and microbial mech-
anisms, including the dysfunctional skin barrier and bacterial
surface-associated proteins that can bind to host adhesive
molecules.109 S aureus surface-associated proteins and virulence
factors also contribute to inflammation.109 Furthermore, high
levels of TH2 cytokines inhibit cutaneous antimicrobial peptides,
further promoting bacterial proliferation.110 The surface protein
staphylococcal protein A (SpA) stimulates cytokine release and
subsequent inflammation on airway epithelial cells.111 In combi-
nation with subclinical levels of detergent, SpA has been demon-
strated to induce skin inflammation in animal models.69

Miajlovic et al109 investigated S aureus in the presence of UCA
and PCA. These filaggrin breakdown products, at physiologic
concentrations, demonstrated an inhibitory effect on the growth
of S aureus.109 Therefore the increase in SC pH in patients with
AD might lead to enhanced S aureus adhesion and multiplica-
tion.109 Furthermore, there was a decreased expression of iron-
regulated surface determinant A (IsdA) in the presence of these
filaggrin breakdown products that was independent of pH. There-
fore UCA and PCA appear to have a specific antistaphylococcal
effect by directly inhibiting this surface protein. IsdA promotes
bacterial adhesion to squames and plays a role in S aureus survival
on the skin.109 Thus a reduction in filaggrin breakdown products
in patients with AD, either from FLG-null alleles or from TH2 in-
flammation, might increase expression of staphylococcal IsdA
and promote survival of S aureus (Fig 4).109 Therapies that
reduced the SC pH could positively affect disease severity by
minimizing S aureus colonization and improving epidermal
function.109 Application of low-pH creams and acidic electrolytic
water on epithelial surfaces has been shown to reduce S aureus
colonization in AD.112,113

Approximately 50% of S aureus isolates from patients with AD
produce superantigens, including SEB.114 The ability of superan-
tigens to cause stimulation of T cells and macrophages, Langer-
hans cells, and activated keratinocytes accounts for the majority
of their pathological effect.115 Superantigen production by S
aureus strains is positively correlated with T-cell activation and
increased severity of disease in patients with AD.116 In addition,
staphylococcal superantigens induce the production of
superantigen-specific IgE in patients with AD.117 Sensitization
to superantigen-specific IgE has been correlated with AD
severity.118

SEB is shown to enhance house dust mite–induced patch test
reactions in patients with AD.119 Topical SEB superantigen expo-
sure in the skin induces amixed TH1/TH2-type dermatitis and pro-
duction of IgE antibodies in a murine model of AD in wild-type
mice.120 Epicutaneous exposure of superantigen SEB in mice



FIG 4. Filaggrin deficiency and susceptibility to S aureus. A, S aureus has a variety of bacterial surface–

associated proteins that can bind to host adhesivemolecules and promote colonization in the dysfunctional

skin barrier of patients with AD. These surface-associated proteins also contribute to inflammation. B, Acid-

ification of growth media by using a physiologic concentration of the filaggrin breakdown products UCA

and PCA found in healthy skin in subjects with wild-type FLG resulted in reduced expression of secreted

and cell wall–associated proteins, including proteins involved in colonization (clumping factor B and

fibronectin-binding protein A) and immune evasion (protein A). C, Correction of pH after the addition of

physiologic concentrations of filaggrin breakdown products resulted in restoration of all the surface protein

expressions, except for IsdA, the expression of which was not restored. IsdA promotes adhesion to squa-

mous cells and enhances survival on human skin. The expression of IsdA appears to be directly affected

by the presence of UCA and PCA independently of pH. These in vitro studies suggest pathomechanisms,

other than pH, through which reduced filaggrin expression can result in enhanced susceptibility to S aureus

colonization.
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stimulated a systemic TH17/IL-17 immune environment and
enhanced epicutaneous OVA-induced systemic TH2 immune
responses.121 These changes lead to an eosinophil-rich and
neutrophil-predominant lung inflammation and airway hyperres-
ponsiveness. This effect was significantly diminished when the
IL17A gene was knocked out.121 These data suggest that SEB
plays an important role in OVA-induced lung inflammation and
airway hyperresponsiveness through an IL-17A–dependent path-
way.121 Therefore superantigen SEB secreting S aureus could be
important for the development of asthma in patients with AD,
whose skin is often colonized with bacteria.
Recent work has demonstrated that filaggrin expression, as a

result of keratinocyte differentiation, significantly inhibits S au-
reus a-toxin–mediated pathogenicity. Furthermore, a-toxin was
particularly lethal to filaggrin-deficient epidermal cells in ft/ft
mice. The protective effect of filaggrin against a-toxin was medi-
ated through secretion of sphingomyelinase, an enzyme that re-
duces the number of a-toxin binding sites on the cell surface.
The impaired host defense against S aureus a-toxin, resulting in
enhanced cytotoxicity of a-toxin, potentially further exacerbates
the compromised barrier in ADFLG.

122 These studies suggest that
filaggrin-deficient SC might be particularly susceptible to S au-
reus. Whether targeting bacterial colonization early in the disease
course of AD could halt the development of asthma in patients
with AD remains to be investigated.
CONCLUSION
With the discovery of the role of FLG mutations and CNV, in-

herited SC epithelial barrier integrity is now recognized as a crit-
ical factor in the development of AD and subsequent allergic
sensitization. This has directed the development of skin barrier–
focused therapies. However, the pathomechanisms of AD are
complex and include interplay between these and other epidermal
structural abnormalities, immunologic dysregulation, and the mi-
crobiome. The relative roles of these major players in disease in-
itiation, persistence and flare, and the development of atopic
comorbidities are key areas for further investigation in our field.
Genetic and environmental influences on filaggrin expression,
as well as the dynamic, bidirectional cross-talk between the
skin barrier and immune system are clearly complex and will re-
quire further clinical, genetic, and immunologic work to better
understand these interactions and their relative influences on the
many different clinical aspects of AD that affect our patients.
New insights into the complex pathophysiology of this common
and complex disease should allow more targeted treatments and
a more individualized approach to treatment, as well as a preven-
tative approach in at-risk subjects.
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Abstract 

Background 

Filaggrin is central to the pathogenesis of atopic dermatitis (AD). The cheeks are a 

common initiation site of infantile AD. Regional and temporal expression of levels of 

filaggrin degradation products (natural moisturising factors, NMF), activities of filaggrin 

processing enzymes (bleomycin hydrolase; BH and calpain-1; C-1) and plasmin, and 

corneocyte envelope (CE) maturity in early life are largely unknown. 

 

Objectives 

 

We did a cross-sectional, observational study investigating regional and age dependent 

variations in NMF levels, activity of proteases and CE maturity in stratum corneum (SC) 

from infants to determine if these could explain the observed predilection sites for AD 

in early life. 

 

Methods 

We measured NMF, using a tape stripping method, at 7 sites in the SC of 129 children 

(<12 to 72 months) and in 3 sites in 56 neonates and infants (<48 hrs to 3 months). In 
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37 of these neonates and infants corneocyte size, maturity, BH, C-1 and plasmin 

activities were determined. 

 

Results 

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. 

 

Conclusions 

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.  

 

What’s already known about this topic?  

x Atopic dermatitis (AD) frequently starts in early infancy and the first eczematous 

lesions emerge on the cheeks.  

x Filaggrin is a major structural protein in the stratum corneum (SC).  

x Filaggrin deficiency is associated with the development of AD and, in the context 

of AD, food allergies and asthma. 

x Filaggrin is metabolised into natural moisturising factors (NMFs) that can be 

measured in the SC. 
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What does this study add? 

x Regional differences in NMF levels, CE immaturity and protease activities may 

help explain why infantile AD most often initially affects the cheeks.  

x Cheek skin may be highly relevant for allergen priming.  

x Emollient therapy at the vulnerable cheek site might help prevent AD and/or 

food sensitization. 

What is the translational message? 
 

x Filaggrin processing, corneocyte maturity, and protease activities show regional 

and temporal differences in infant skin.   

x These findings may explain disease patterns in early life AD  

 

Key Words 

Stratum corneum, atopic dermatitis, epidermal barrier, allergen sensitization, cheeks, 

transepidermal water loss, natural moisturising factor, proteases, corneocyte maturity 

 

Abbreviations 

AA: Total amino acids without their derivatives 

AD: Atopic dermatitis 

BH: Bleomycin hydrolase 

C-1: Calpain-1 

CE: Corneocyte envelope 

FAA: Total free amino acids with their derivatives, PCA, UCA, citrulline and ornithine 

FLG: Human filaggrin gene 
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His: Histidine 

HPLC: High-performance liquid chromatography 

NMF: Natural moisturising factor 

PCA: Pyrrolidone carboxylic acid 

SC: Stratum corneum 

SG: Stratum granulosum 

TEWL: Transepidermal water loss  

totNMF: His + PCA + UCA 

UCA: Urocanic acid 

UV: Ultraviolet 

 

Introduction 

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

in the developed world.[1] Clinical manifestations of AD vary with age. In infancy, the 

first lesions most commonly emerge on the cheeks and the scalp.[2] 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. [3] While infantile 

AD typically involves the facial skin, the nasal tip is lesion-free: the ‘Yamamoto sign’.[4]  

These well-recognised predilection sites for AD suggest distinct regional differences in 

skin structure and function.  

Structural differences between infant and adult skin have been reported. [7, 8] Infant 

corneocytes have a smaller size compared with adults, correlating with a higher 

epidermal cell turnover rate compared to adults. [9] In contrast to adults, newborn 

babies do not show variation in corneocyte size between non-acral skin regions. Their 
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corneocytes are uniformly small, similar in size to those of adult forehead.[10] This 

suggests consistently high epidermal turnover over the entire skin surface in neonates. 

Adaptive changes, both in SC water handling properties and skin surface pH occur in 

early life. In full-term neonates, transepidermal water loss (TEWL) data suggest a 

competent epidermal barrier function shortly after birth.[7, 11]  

 

A defective skin barrier is a key feature of AD. [12] Filaggrin is a major structural 

protein in the SC and its constituent amino acids play a critical role in SC acidification 

and hydration. Filaggrin deficiency is associated with impaired barrier function and the 

development of AD[13] Filaggrin deficiency in children seems to define a specific 

endotype of AD, characterised by a predilection to exposed areas of the body, in 

particular the cheeks and hands.[14] Profilaggrin, the phosphorylated precursor to 

filaggrin, is expressed in the upper stratum granulosum (SG), where processing is 

initiated. A complex cascade of dephosphorylation and proteolysis liberates functionally 

active filaggrin monomers that, within the SC, are further cleaved into short peptides 

and finally degraded fully to form a cytoplasmic pool of hygroscopic amino acids and 

their derivatives, known as natural moisturising factor (NMF). Following deimination of 

arginine residues, the cysteine/aspartic 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. [15, 16] C-1 is also involved in the 

processing of profilaggrin to filaggrin, as well as in corneocyte maturation. [17, 18]  

Natural moisturising factor modulates the pH of the SC surface; retention of water 

within the corneocytes and may exert antimicrobial activity. [1] Important amino acid 

derivatives include trans-urocanic acid (t-UCA) and pyrrolidone carboxylic acid (PCA). 
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[1] The enzyme histidase converts histidine to t-UCA.[19] Glutamic acid is converted to 

PCA, by non-enzymatic degradation (cyclization) as well as enzymatic processes and 

overall, constitutes 12% of NMF.[20-22] In addition, non-filaggrin derived compounds 

such as lactate, urea, sugars and ions contribute to NMF.  The amino acids and their 

derivatives that constitute NMF can be measured and closely correlate with filaggrin 

content. [23] The epidermis expresses several proteases that are involved in a range of 

key epidermal responses, including proliferation, differentiation, lipid barrier 

homeostasis and tissue remodeling. [24] Plasmin plays an important, but still not yet 

completely defined, role in the corneocyte maturation process and is a marker for SC 

stress and inflammation, even in areas lacking clinically observable inflammation. [25]  

Why AD has a predilection for certain body sites and why the affected regions vary with 

age in childhood remain unknown. Age-related and regional differences in skin 

structure and function are likely important. Here, we investigated the regional and 

temporal expression of filaggrin-derived NMF together with filaggrin processing 

enzyme activities (BH & C-1), corneocyte phenotypes and plasmin activities in a large 

cohort of healthy neonates, infants and children in locations relevant for AD.  

 

Subjects and Methods  

Study population 

In phase I of the study, healthy infants and children were recruited from March to 

September 2013. These infants and children were booked for elective surgical 

procedures in Our Lady’s Children’s Hospital, Dublin. Children were recruited if they did 

not have history suggestive of AD, or any other inflammatory skin disease. An 

experienced paediatric dermatologist (MAMcA) examined all infants. Other exclusion 
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criteria from the study included subjects who had pyrexial illness in the preceding 2 

weeks, those who had received immunosuppressive systemic therapy, such as oral 

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

exclusively Irish (4/4 grandparents). Non-Irish children were excluded to allow for 

accurate FLG mutation stratification. Seven body sites were tape stripped in phase 1: 

cheek, nasal tip, nape of neck, volar forearm at the elbow flexure, dorsal proximal mid 

upper limb, dorsal hand, and the buttock.  

 

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

Dublin (July -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.  As this 

was an exploratory study, a definitive sample size that would allow statistically 

significant findings was difficult to predict. After Phase I yielded significant results, we 

calculated that the smaller sample size would be informative in phase II. The power 

analysis was based on the difference in NMF values obtained between skin sites C, T and 

E. The highest sample size of n=38 (power 80%, p=0.05, paired t-test) was obtained for 

the difference between C and E (mean 0.21 and SD 0.47). We included more children 

(n=59) as we expected that tape stripping might fail in neonates and infants.  
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The study was conducted in accordance with the Helsinki Declarations and was 

approved by the Research Ethics Committee of Our Lady’s Children’s Hospital, Dublin, 

Ireland. Full written informed consent was obtained from all subject’s parents.  

 

Sampling of the stratum corneum by tape stripping 

All sampled sites were emollient free for 24 hours before tape stripping. The SC was 

sampled using the previously described method. [23] Circular adhesive tape strips 

(3.8 cm2, D-Squame, Monaderm, Monaco, France) were attached to the skin and, in all 

regions apart from the nasal tip, pressed for 10 seconds with a constant pressure 

(225 g/cm2) using a D-Squame pressure instrument D500 (CuDerm, Dallas, TX, USA). 

On the nasal tip, the circular adhesive tape strip was cut in half, placed on the skin, and 

pressure was applied manually for 10 seconds.[26] Eight consecutive tape strips were 

sampled, all from the same site. Tape strips were stored at -80°C until analysis. 

 

FLG genotyping 

All patients were screened for the 9 most common filaggrin (FLG) mutations found in 

the Irish population (R501X, Y2092X, 2282del4, R2447X, S3247X, R3419X, 3702X, 

S1040X, and G1139X) from DNA extracted from a blood sample or buccal swab. The 

methods used have been previously described.[27] All subjects that were heterozygous 

or homozygous for loss-of-function mutations in the FLG gene were excluded from the 

analysis. 

 

Determination of filaggrin breakdown products in the SC 

NMF component analysis (His, PCA, trans-UCA and cis-UCA) and total SC protein were 

performed on the 4th consecutive tape stripping according to the method described in 
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details elsewhere.[23] These four components were combined to give a ‘total NMF’ 

value. NMF components in the SC from each tape stripping were extracted with 500 μL 

25% (w/w) ammonia solution. After evaporation of the ammonia extract, the residue 

was reconstituted in 250 µL pure water and analyzed by HPLC-UV analysis. Due to 

incomplete extraction recovery of SC proteins by ammonia, the second extraction of 

proteins from the tape stripping was performed with 0.1 M KOH solution during 24 hrs. 

The proteins were determined in both extracts by using Pierce Micro BCA protein assay 

kit (Thermo Fischer Scientific, Rockford, IL, USA). The levels of NMF components in the 

SC were normalized for proteins and expressed as mmol NMF/g protein. 

 

NMF depth profiling 

To ensure that NMF measurement in different age groups and sites were not affected by 

varying SC thickness, NMF profiling was done on consecutive tape strips in 13 subjects. 

NMF 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. 

 

Stratum corneum maturation assays 

The first tape stripping from 37 subjects at 2 skin sites, the cheek and elbow were 

investigated for CE maturity. This was done using differential Nile red and 

immunostaining for the late epidermal differentiation marker involucrin, using a 

modification of the previously described method.[28]  
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Measurement of stratum corneum protease activities: calpain-1 and bleomycin 

hydrolase and plasmin 

The same 37 subjects were assessed for plasmin, C-1 and BH activities. Protease 

activities were determined on the 5th tape stripping using previously reported methods. 

[25, 28-31].  

 

Statistical analysis 

All calculations were performed by using Prism 6 software (GraphPad, San Diego, CA, 

USA). The distribution of data was tested by Shapiro-Wilk normality test. The applied 

statistical test is indicated within the figure or in-figure captions.  

 

Results 

Demographic data of subjects 

One hundred and eighty-eight infants and children were recruited, 112 male and 76 

female (Table 1). The average age, age range, and age groups are outlined in Tables 1 

and 2. The demographics of the 37 subjects that had corneocyte maturity assays as well 

as C-1, BH and plasmin measured are outlined in supplemental table S1. FLG mutation 

status was determined in all subjects in phase I. In phase II we were unable to 

definitively establish the FLG status in 12 subjects because of poor DNA quality obtained 

from this subset of buccal swabs (supplemental table S2). We excluded these from 

analysis. 
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Total NMF is low after birth, increases rapidly in post-natal life and is regionally 

determined, with the cheek skin being slow to mature. 

In 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. 

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 levels off, with no further increase (Figure 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 (see 

Figure S1), and there was a significant (r2=0.28; P<0.0001) linear response of NMF vs. 

age from 1 up to 72 months (Supplemental Figure S1). Of note, there was no variation in 

NMF levels with SC depth after 48h of age (Supplemental Figure S2). NMF 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. (Supplemental 

Figure S3). 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 

(Supplemental Figure S4).  
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The histidine/UCA ratio and the trans-UCA/cis-UCA ratio change rapidly 

postnatally and transition to a steady state more quickly in exposed skin sites 

compared to non-exposed sites. 

The His to UCA ratio rapidly increases in the first 3 months of life in exposed sites, and 

reaches 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 remains low for the first 3 months 

of life (Figure 2).  The cis-UCA/totUCA ratio increases 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 reaches the levels 30%- 50% around 1st year of life while the 

ratio between cis-UCA/tot UCA in the elbow flexure SC remains low (Figure3). 

 

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 are similar in the 

cheek and elbow skin after birth. After 1 month of age the levels increase significantly in 

the exposed cheek skin and after 1 month of age, but not at the elbow (Figures 4 & S5). 

 

Plasmin activity increases at one month of age in the cheek and correlates with 

trans-UCA/cis-UCA ratio in cheek skin 

Plasmin activities are higher in the cheek compared with the elbow at birth (Figure 4). 

At one month, the plasmin activity generally increases in the exposed cheek skin. 

Plasmin activities correlate with trans-UCA/cis-UCA ratios at the cheek (Figure 5). 
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Cheek corneocytes have a more immature phenotype, in contrast with elbow 

corneocytes. 

The cheek corneocytes have an immature phenotype from birth, which does not change 

with age. This contrasts with the elbow corneocytes, which have a mature phenotype 

from birth (Figure 4). 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 6). 

 

Discussion 

Our 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. Our findings are in keeping with 

a previous study that measured free amino acids in the chest or back skin of 30 

neonates and infants. [32] 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.[33] 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.[34]  

We found that the cheek skin was 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 7). 

Furthermore, in the first year of life the cheek NMF levels were significantly lower than 
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the corresponding levels in the elbow SC.  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. [35] Furthermore, as compared to exposed skin sites, elbow flexure skin had 

consistently lower ratio of cis-UCA to total UCA. Cis-UCA has previously been suggested 

as an immuno-suppressant. [36]  

We also report 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 2), 

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 [37].The pH of the skin 

surface in the first two weeks after birth is the highest (pH=6.0) and gradually 

decreases with age.[38]  

To further define the generation of NMF in the SC in early post-natal life, as well as SC 

stress, we measured the activities of SC proteases BH and C-1 and plasmin in a selection 

of subjects at the cheek and elbow sites. The active forms of BH and C-1 are critical in 

the final stages of filaggrin degradation.[16-18, 39-41] We demonstrated increased 

activity of BH in the exposed cheek skin after one month of life. In contrast, levels at the 

elbow remain unchanged with increasing age.  Plasmin activities, which indicate SC 
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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. [31] Our data support this hypothesis, as well as 

demonstrating that it is relevant in infant skin during early postnatal life.  

CE maturity is critical for skin barrier function. We show 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.[5, 31, 42] In adults, facial TEWL is much 

higher than the forearm and upper arm. [43]  It is notable that the facial skin, unlike 

most other body sites, is continually exposed to environmental stress. The nasal tip is a 

site of interest in this study; while this site matures rapidly to steady state NMF levels, 

these levels settle at relatively low levels suggesting that at this site, factors other 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 low NMF.  

Furthermore, low NMF and low maturity of the CE in the infant cheek SC may be 

important for allergen sensitization at this site, and subsequent food allergy. There is 

clear evidence that epicutaneous exposure to peanut through an impaired skin barrier 

increases the risk of peanut sensitization and confirmed peanut allergy.[44-46] Early 

life exposure to peanut antigen in household dust is a risk factor for peanut 

sensitization and allergy in children deficiency [47] and murine models support the 

concept of an impaired skin barrier as a route for sensitization.[44-46, 48] The 
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demonstration of low NMF levels, a more inflammatory plasmin profile and decreased 

corneocyte maturity in the exposed 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. We propose that this combination of factors 

facilitates the initiation of AD inflammation and allergic sensitisation. Our results 

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.[49, 50]  Use of 

moisturisers may compensate for NMF decrease. Even small increases in filaggrin copy 

number that drive NMF have been shown to be protective against developing AD. [51]  

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. 

 

Legends to Table & Figures  

Table 1. Age groups and sex of all recruited subjects. 

Table 2. Sex distribution, means age and age range of all subjects in Phase I and Phase II 

of study. 
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Fig 1. 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. 

Fig 2. 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).  

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).  

Fig 4. 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 
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Wilcoxon matched-pairs signed rank test (corneocyte surface area, BH, C-1 and 

plasmin). ****P < 0.0001, **P < 0.01. 

Fig 5. 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. 

Fig 6. Cornified envelope (CE) maturity, SC cohesion and cornecyte surface area 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 months (n = 16), across two body regions. 

Differences between age groups were determined by one-way ANOVA followed by 

Tukey’s multiple comparison test (for CE maturity and cornecyte surface area on cheek 

region Kruskal-Wallis test followed by Dunn’s multiple comparisons test was used). *P < 

0.05. 

Fig 7. 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. 

 

Legends to supplemental tables and figures 

Supplemental Table S1: Demographics of subjects included in SC protease and CE 

maturity study.  

Supplemental Table S2: Filaggrin status of all recruited subjects. 
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Supplemental Figure S1. 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).  

Supplemental Figure S2. 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). 

Supplemental Figure S3. 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 region One-way ANOVA followed by Tukey’s multiple comparison test 

was used). **P < 0.01 and *P < 0.05. 

Supplemental Figure S4 

NMF values between C and E during the 1st year of life and for all ages >1 year. T. 

(Wilcoxon paired 2-sided t-test) 
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Supplemental Figure S5. 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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 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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Atopic dermatitis and skin disease

Filaggrin breakdown products determine corneocyte
conformation in patients with atopic dermatitis

Christoph Riethmuller, PhD,a* Maeve A. McAleer, MRCP,b,c* Sjors A. Koppes, MD,d Rawad Abdayem, MSc,e

Jonas Franz,a Marek Haftek, MD, PhD,e Linda E. Campbell, MSc,f Stephanie F. MacCallum, BSc,f W. H. IrwinMcLean, PhD,

DSc, FRS, FRSE, FMedSci,f Alan D. Irvine, MD,b,c,f,g� and Sanja Kezic, PhDd� Munster, Germany, Dublin, Ireland,

Amsterdam, The Netherlands, Lyon, France, and Dundee, United Kingdom
Background: Loss-of-function (LOF) mutations in the filaggrin
gene (FLG) are a well-replicated risk factor for atopic dermatitis
(AD) and are known to cause an epidermal barrier defect. The
nature of this barrier defect is not fully understood. Patients with
AD with FLG LOF mutations are known to have more persistent
disease,more severe disease, and greater risk of food allergies and
eczema herpeticum. Abnormalities in corneocyte morphology
have been observed in patients with AD, including prominent
villus-like projections (VP); however, these ultrastructural
features have not been systematically studied in patients with AD
in relation to FLG genotype and acute and convalescent status.
Objective: We sought to quantitatively explore the relationship
between FLG genotype, filaggrin breakdown products (natural
moisturizing factor [NMF]), and corneocyte morphology in
patients with AD.
Methods: We studied 15 children at first presentation of AD and
after 6 weeks of standard therapy. We applied atomic force
microscopy to study corneocyte conformation in patients with AD
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stratifiedbyFLG status andNMFlevel.Byusinganewquantitative
methodology, the number of VPs per investigated corneocyte area
was assessed and expressed as the Dermal Texture Index score.
Corneocytes were also labeled with an anti-corneodesmosin
antibody and visualized with scanning electron microscopy.
Results: We found a strong correlation between NMF levels and
Dermal Texture Index scores in both acute and convalescent
states (respective r 5 20.80 and 20.75, P < .001 and P 5 .002).
Most, but not all, VPs showed the presence of corneodesmosin
abundantly all over the cell surface in homozygous/compound
heterozygous FLG patients and, to a lesser extent, in
heterozygous and wild-type patients.
Conclusions: NMF levels are highly correlated with corneocyte
morphology in patients with AD. These corneocyte
conformational changes shed further insight into the filaggrin-
deficient phenotype and help explain the barrier defect in
patients with AD with FLG LOF mutations. (J Allergy Clin
Immunol 2015;136:1573-80.)

Key words: Skin barrier, transepidermal water loss, atopic derma-
titis, filaggrin, corneocyte

A recent study using scanning electron microscopy (SEM)
showed abnormal surface structures of corneocytes from patients
with atopic dermatitis (AD) that the authors named as villus-like
projections (VPs).1 Similar structures were described as protru-
sions2 and rough corneocytes.3 Bead- or nipple-like elevations
have also been observed in abdominal,4 cheek, and plantar cor-
neocytes,5 as well as in 2,4,6-trinitro-1-chlorobenzene–sensitized
hairless mice.6 They seem to be absent in forearm healthy skin2 or
exclusively present in the periphery of corneocytes from the inner
upper arm.5 A villous appearance with an irregular fine nodular
surface pattern has also been shown in patients with ichthyosis
vulgaris and in squamous cells from patients with psoriasis.7 In
most of these studies, VPs were observed qualitatively, and
only in one study were the VPs determined semiquantitatively,5

suggesting a correlation between VP numbers and skin barrier
function, as assessed based on transepidermal water loss
(TEWL). The nature and cause of VPs on the stratum corneum
(SC) surface is not well understood. Several mechanistic
suggestions have been proposed for the occurrence of VPs,
including disturbed organization of the cytoskeleton on
desmosome disruption, immature and fragile cornified envelopes
(CEs), and attachment sites of desmosomes.1,2,6,8 Rankl et al4

showed that staining for corneodesmosin protein mostly matched
the beadlike topographic features, although not all of these
structures showed corneodesmosin immunoreactivity.
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Abbreviations used
AD: A
topic dermatitis
AFM: A
tomic force microscopy
CE: C
ornified envelope
DTI: D
ermal Texture Index
FLG: F
ilaggrin gene
LOF: L
oss of function
NMF: N
atural moisturizing factor
SC: S
tratum corneum
SEM: S
canning electron microscopy
TEWL: T
ransepidermal water loss
VP: V
illus-like projection
Because filaggrin (gene name FLG) is a component of the CE9

and filaggrin-deficient corneocytes display gene dose-dependent
alterations in CE structure,10 we aimed to investigate the relation-
ship between VPs on the SC with levels of filaggrin degradation
products in children with AD. The filaggrin degradation products
histidine, pyrrolidone-5-carboxylic acid, and urocanic acid can be
used as an indirect measure of filaggrin expression that is depen-
dent not only on FLG loss-of-function (LOF) mutations but also
on other factors, including genetic factors, filaggrin degradation
pathway factors,11 and both local and systemic inflammation.12,13

Furthermore, because these products are the main source of the
constituents of natural moisturizing factor (NMF) and contribute
to SC hydration, their levels might influence structural conforma-
tion of the CE.
In this study we used high-resolution atomic force microscopy

(AFM) to investigate the topography of corneocytes in patients
with AD in relation to FLG genotype and levels of filaggrin
degradation products. AFM provided nanoscale 3-dimensional
resolution of native corneocytes collected by means of adhesive
tape stripping. AFM involves a sharp tip at the end of a soft silicon
cantilever touching and scanning the surface of a sample. Because
of the change in topography, the deflection of the cantilever is
transformed into a 3-dimensional image. Recently, we have
developed and evaluated a software method through which VP
surfaces on the corneocyte can be quantitatively determined
(the Dermal Texture Index [DTI]; technical manuscript in prepa-
ration, full details available on request from the authors [CR]).We
measured DTI 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. In addi-
tion to DTI scores, we measured NMF levels; skin barrier func-
tion, as assessed based on TEWL; and severity of AD based on
the SCORAD score.14 Next, we investigated the distribution of
corneodesmosome remnants by using SEM and corneodesmosin
immunocytochemical labeling.
METHODS
Study population

Patients with AD were recruited from a dedicated AD clinic in a tertiary

referral center. An experienced pediatric dermatologist (ADI, MAM, or both)

made the diagnosis and recorded the disease phenotype. All patients met the

United Kingdom diagnostic criteria15 and had moderate or severe disease.

Exclusion criteria from the study included patients who had pyrexial illness

in the preceding 2 weeks; those who had received immunosuppressive sys-

temic therapy, such as oral corticosteroids, in the preceding 3 months; and

those whose ancestry was not exclusively Irish (4/4 grandparents). The study

was conducted in accordance with the Helsinki Declarations and was
approved by the Research Ethics Committee of Our Lady’s Children’s

Hospital, Dublin, Ireland. Full written informed consent was obtained from

all patients’ parents. The children were treatment naive at presentation and

were assessed at first presentation and after 6 weeks of standard treatment

with skin care regimens and appropriate topical steroids.

Severity assessment
The severity of a patient’s AD was assessed by using the SCORAD index.

A single dermatologist performed all SCORAD measurements. SCORAD is

one of the most valid and reliable instruments to assess the clinical severity of

AD.16 SCORAD is a composite score on a scale of 0 to 103 that incorporates

both objective physicians’ estimates of extent and severity and subjective

patient or parental assessments of itch and sleep loss.17 SCORAD is internally

consistent, responsive, and interpretable and has adequate interobserver

reliability (Cohen k 5 0.82, P < .001).18

Biophysical measurements of the SC
All topical therapies, including emollients,werewithheld from the patients’

upper limbs for 48 hours before skin biophysical measurements were

performed. All measurements were done in standardized environmental

conditions (room temperature, 228C to 258C; humidity levels, 30% to 35%).

Before testing, the patient’s forearm was acclimatized to this controlled

environment for aminimumof 10minutes.Allmeasurementswere done by the

same investigator and on a clinically unaffected area of skin on the volar

forearm. TEWL was determined by using a Tewameter 300 (Courage and

Khazaka Electronic GmbH, Cologne, Germany).

Sampling of the SC by using tape stripping
The SC was sampled by using the previously described method.19

A clinically unaffected site on the patient’s volar forearm, where the TEWL

measurement was also taken, was used for SC sampling. Circular adhesive

tape strips (3.8 cm2, D-Squame; Monaderm, Monaco, France) were attached

to volar forearm skin and pressed for 10 seconds with a constant pressure

(225 g/cm2) by using a D-Squame Pressure Instrument D500 (CuDerm,

Dallas, Tex). The tape strip was then gently removed and placed in a closed

vial. Eight consecutive tape strips were sampled, all from the same site. The

tape strips were immediately stored at 2808C until analysis.

FLG genotyping
All patients were screened for the 9 most common FLGmutations found in

the Irish population (R501X, Y2092X, 2282del4, R2447X, S3247X, R3419X,

3702X, S1040X, and G1139X) fromDNA extracted from a blood sample. The

methods used have been previously described.20

NMF determination
NMF analysis was performed on the fifth consecutive strip, according to

methods described in detail elsewhere.19 Briefly, each tape strip was extracted

with 25% (wt/wt) ammonia solution. After evaporation of the ammonia

extract, the residuewas dissolved in 250 mL of pure water and analyzed by us-

ing HPLC. The NMF concentration was normalized for the protein amount

determined with a Pierce Micro BCA protein assay kit (Thermo Fischer

Scientific, Rockford, Ill; referred to as the Pierce assay) to compensate for a

variable amount of the SC on the tape.
Skin nanotexture analysis (DTI)
Corneocytes from patients were analyzed with AFM, as previously

described.21 Briefly, in each case the seventh tape strip was subjected to

AFM measurements carried out with a Multimode AFM equipped with the

Nanoscope III controller and software version 5.30sr3 (Digital Instruments,

Santa Barbara, Calif). 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 3 512 pixel resolution. For texture



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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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).

http://www.jacionline.org
http://www.jacionline.org


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.

J ALLERGY CLIN IMMUNOL

DECEMBER 2015

1576 RIETHMULLER ET AL
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 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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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 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).
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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,
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we observed corneodesmosin on the tips of VPs, all over the cell
surface in FLG2/2 patients, and, to lesser extent, in heterozygous
patients, which suggests changes in their maturation because of a
disturbed terminal differentiation program. As discussed by
Rawlings28 and shown by Watkinson and Rawlings,30 the loss
of nonperipheral corneodesmosomes and CE maturation changes
seem to parallel filaggrin degradation. 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 VPs might also be caused by a reduction in filaggrin
degradation products and reduced hydration of the SC.
Matsumoto et al6 observed the emergence of villi on the rear
surfaces of corneocytes after topical exposure to the contact
allergen 2,4,6-trinitrochlorobenzene, which caused dry and in-
flamed skin. However, 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 the immature and fragile CE phenotype.29 The
perturbation of CE maturation coincided with reduced hydrolysis
of corneodesmosomes, which was paralleled by altered activity of
transglutaminase. Recently, we have shown that exposure to
sodium lauryl sulfate caused a dramatic decrease in NMF levels
in the SC,31 and therefore the changes in corneocyte maturation
might have also been caused by the lack of NMF. Interestingly,
also in the study of Harding et al,29 the balance between the 2
CE phenotypes was recovered after treatment with a moisturizer,
emphasizing the importance of SC hydration for the maturation
process.
The size of the VPs (ie, several hundreds of nanometers:

average height, 350 nm; width at half-maximum, 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 VPs and retention of the nonperipheral
corneodesmosomes because the presence of VPs was not
always accompanied by central distribution of corneodesmosin.
The persistence of VPs in both the acute and convalescent
phases of AD with FLG loss-of-function mutations offers an
intriguing insight into the persistent abnormalities in ‘‘normal’’
or ‘‘unaffected’’ AD skin, an area of great interest.32 The
persistence of an underlying physical and structural abnormality,
even in light of apparent clinical improvement, might explain
why patients with AD with FLG loss-of-function mutations
have more severe and persistent disease,33 why they are more
likely to have eczema herpeticum,34 and why they have more
food allergies.35

In conclusion, we have shown for the first time a
significant structural difference in corneocytes in patients with
AD with FLG loss-of-function mutations that can be
quantitatively measured. These structural changes correlate well
with NMF levels and persist despite apparent clinical
improvement and might explain some of the observed phenotypic
differences in patients with AD with FLG loss-of-function
mutations.

The SEM images were obtained at the Centre Technologique des

Microstructures, CTm, an LBI platform of University Lyon 1.
Clinical implications: Corneocytes of patients with AD with
FLG loss-of-function mutations are morphologically distinct
both in active disease and in convalescence from those of
patients withADwithoutFLGLOFmutations. These structural
differences can explain clinical differences between AD
endophenotypes and facilitate assessment of therapeutic
interventions.
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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.

J ALLERGY CLIN IMMUNOL

VOLUME 136, NUMBER 6

RIETHMULLER ET AL 1580.e1



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.

J ALLERGY CLIN IMMUNOL

DECEMBER 2015

1580.e2 RIETHMULLER ET AL



A
cc

ep
te

d
 A

rt
ic

le

This article has been accepted for publication and undergone full peer review but has not 

been through the copyediting, typesetting, pagination and proofreading process, which may 

lead to differences between this version and the Version of Record. Please cite this article as 

doi: 10.1111/bjd.16722 

This article is protected by copyright. All rights reserved. 

Article Type: Original Article 

 

The widespread use of topical antimicrobials enriches for resistance in Staphylococcus aureus 

isolated from Atopic Dermatitis patients 

 

Running title: Topical antimicrobial resistance in S. aureus from Atopic Dermatitis patients 

 

 

C.P. Harkins1,2,3, M.A. McAleer4,5,6**, D. Bennett7**, M. McHugh1,8, O.M. Fleury9, K.A. Pettigrew1, K. 

Oravcová1,10, J. Parkhill11, C.M. Proby2,3, R.S. Dawe2,3, J.A. Geoghegan9, A.D. Irvine 4,5,6, M.T.G.Holden1 

 

1 School of Medicine, University of St Andrews, St Andrews, KY11 9TF, UK 

2 Department of Dermatology, Ninewells Hospital, Dundee, DD1 9SY, UK 

3 School of Medicine, University of Dundee, Dundee, DD1 9SY, UK 

4 National Children’s Research Centre, Our Lady’s Children’s Hospital, Crumlin, Dublin, Dublin 12, 

Ireland  

5 Clinical Medicine, Trinity College Dublin, Dublin, Ireland 

6 Paediatric Dermatology, Our Lady’s Children’s Hospital, Crumlin, Dublin, Ireland 

7 Irish Meningitis and Sepsis Reference Laboratory (IMSRL), Temple Street Children’s University 

Hospital, Dublin, Dublin 1, DO1 YC67, Ireland 

8 Department of Medical Microbiology, Royal Infirmary of Edinburgh, 52 Little France Crescent, 

Edinburgh, EH16 4SA 

9 Department of Microbiology, Moyne Institute of Preventative Medicine, School of Genetics and 

Microbiology, Trinity College Dublin, Dublin, Dublin 2, Ireland  

10 Institute of Biodiversity, Animal Health and Comparative Medicine, College of Medical, Veterinary 

and Life Sciences, University of Glasgow, G12 8QQ, Glasgow, UK  

11 The Wellcome Sanger Institute, Wellcome Trust Genome Campus, Hinxton, Cambridge, CB10 1SA, 

UK 

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fbjd.16722&domain=pdf&date_stamp=2018-05-05


A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

** These authors contributed equally to the work.  

 

Corresponding author: 

Catriona P. Harkins  

Department of Dermatology, Ninewells Hospital and Medical School, Dundee, Scotland, DD1 9SY 

charkins@dundee.ac.uk 

 

Funding sources:  

This work was supported by grants from the Wellcome Trust (104241/z/14/z to C.P.H., and 

098731/z/11/z to St Andrews University Bioinformatics Unit), and the Chief Scientists Office (SIRN10 

to M.T.G.H.).  The funders played no role in design/ data collection/ analysis/ manuscript 

preparation or publication decision for this study.  

 

Conflict of interest statement: 

JP is a paid consultant to Specific Technologies LLc. 

 

 

What is already known on this topic? 

 Staphylococcus aureus frequently colonises individuals with Atopic dermatitis (AD) with 

increasing disease severity correlating greater bacterial load of the organism.    

 Antimicrobial therapies are routinely used in AD for management and prevention of disease 

flares.  

 

What does this study add? 

 S. aureus isolates from children with AD differ in their antimicrobial resistance profiles from 

healthy, non-atopic nasally colonised children.  

 Fusidic acid resistance is significantly more prevalent in AD cases, and arises through distinct 

genetic mechanisms when compared with healthy controls. 

 Carriage of plasmid derived genetic determinants associated with antiseptic resistance also 

clearly differentiated S. aureus from AD cases and controls.    
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Summary 

 

Background: Carriage rates of Staphylococcus aureus on affected skin in atopic dermatitis (AD) are 

approximately 70%. Increasing disease severity during flares and overall disease severity correlate 

with increased burden of S. aureus. Treatment in AD therefore often targets S. aureus, with topical 

and systemic antimicrobials. 

 

Objectives: To determine if antimicrobial sensitivities and genetic determinants of resistance 

differed in S. aureus isolates from the skin of children with AD compared with healthy child nasal 

carriers.  

 

Methods: In this case-control study, we compared S. aureus isolates from children with AD (n=50) 

attending a hospital dermatology department to nasal carriage isolates from children without skin 

disease (n=49) attending a hospital emergency department for non-infective conditions. Using whole 

genome sequencing we generated a phylogenetic framework for the isolates based on variation in 

the core genome, then compared antimicrobial resistance phenotype and genotypes between 

disease groups.  

 

Results and conclusions: S. aureus from cases and controls had on average similar numbers of 

phenotypic resistances per isolate. Case isolates differed in their resistance patterns, with Fusidic 

acid resistance (FusR) being significantly more frequent in AD  (p=0.009). The genetic basis of FusR 

also differentiated the populations, with chromosomal mutations in fusA predominating in AD 

(p=0.049). Analysis revealed that FusR evolved multiple times and via multiple mechanism in the 

population. Carriage of plasmid derived qac genes, which have been associated with reduced 

susceptibility to antiseptics, was 8 times more frequent in AD (p=0.016). The results suggest strong 

selective pressure drives the emergence and maintenance of specific resistances in AD.  

 

Background 

Fundamental to the success of Staphylococcus aureus as a pathogen has been is its ability to become 

resistant to almost every class of antibiotic. The sequential introduction of antimicrobials has 

directly influenced the emergence and spread of the major drug resistant lineages of this organism 1. 

Generally we consider the problems posed by resistance in terms of at-risk populations, for instance 

methicillin resistance S. aureus (MRSA) transmission and invasive infection in hospital inpatients. 

There are specific patient groups who have increased propensity for S. aureus carriage, and as a 

corollary, infection 2. Compared to the general population, these patients are at higher risk of drug 

resistance from frequent antimicrobial usage to manage their condition. Patients with inflammatory 

skin disorders exemplify this.  
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Atopic dermatitis (AD) is the commonest inflammatory skin disease of childhood, affecting up to 

25% of children in the UK 3. Individuals with AD are specifically prone to colonisation by S. aureus. 

Cumulative observational evidence has shown 70% of AD patients carry the bacterium on lesional 

skin 4. Clinically there is an observable link between increasing disease activity and S. aureus 

carriage. Disease severity correlates with bacterial load 5, and the immune response mounted 

against it 6.  Consequently antimicrobial interventions form part of routine care in this patient group. 

There is no uniformly accepted diagnostic definition of colonisation versus infection in AD and 

practices pertaining to use of these treatments vary between dermatologists and in the community. 

Presently there is a paucity of high quality study evidence supporting beneficial outcomes with 

usage of antimicrobials in the management of AD flares which raises the issue of whether they 

should in fact be used at all 7,8.   

 

We aimed to determine if there were phenotypic and genotypic differences in antimicrobial 

resistance patterns in S. aureus from the skin of children with AD compared with children 

asymptomatically nasally carried by children without skin disease.  

 

Patients and Methods 

 

Ethics  

Approval for these studies was obtained from the research ethics committees of Our Lady’s 

Children’s Hospital, or Temple Street Children’s University Hospital, in Dublin, Ireland. Studies were 

conducted in accordance with the Helsinki Declarations, and written informed parental consent was 

obtained. 

 

Patients 

Children 0 to 7 years meeting UK diagnostic criteria for AD 9 with moderate to severe disease were 

recruited through the Dermatology clinic at Our Lady’s Children’s Hospital, between Septembers 

2012 and 2014. Non-atopic, age-matched controls were recruited during attendance with a non-

infectious illness at the Emergency Department, Temple Street Children’s Hospital during July and 

August 2009 as part of a separate S. aureus nasal carriage study by an independent study team. Full 

eligibility and exclusionary criteria for both studies were exactly as previously described 10. Cases 

were swabbed at a single inflamed skin site, while controls were swabbed from a single nostril with 

S. aureus isolation proceeding as previously published. All isolates where then subjected to the same 

analyses. Sample sizes were determined on the basis of what was practical and not from formal 

sample size requirement estimate for this study. 
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Whole genome sequencing (WGS) 

Bacterial DNA extraction was carried out as per 11. DNA libraries were prepared with Nextera XT 

Library Preparation Kit (Illumina, UK) and quantified with Agilent Bioanalyser (Agilent, UK). Libraries 

were normalized, pooled and sequenced as 250bp paired-end reads with a MiSeq sequencer 

(Illumina, UK). Sequence data has been deposited in the European Nucleotide Archive under Project 

Accession (PRJEB25052). 

 

Bioinformatic analysis                                                                                                                Multi-locus 

sequence types (MLST) were determined from sequence reads using SRST2 12. Single nucleotide 

polymorphisms (SNP) were identified by mapping sequence reads to S. aureus reference genome 

MSSA476 13 using SMALT (http://www.sanger.ac.uk/science/tools/smalt-0). A maximum likelihood 

phylogeny was constructed using core genome SNPs as described 11. Isolate resistance profiles were 

predicted in silico from sequence reads with SRST2 by comparison to a previously complied 

resistance determinant databases for 18 antimicrobials 14,15. Core chromosomal SNPs conferring 

resistance were identified by manual inspection of mapping data.  

 

Antimicrobial sensitivity (AMS) testing  

AMS was performed on the VITEK ®2 instrument (BioMérieux, Marcy-l’Étoile, France) using AST-

P634 cards following manufacturer’s instructions. Susceptibilities to all major antibiotic classes were 

tested using MIC (Minimum inhibitory concentration) values determined to: Benzylpenicillin, 

Oxacillin, Erythromycin, Clindamycin, Tetracycline, Fusidic acid, Gentamicin, Ciprofloxacin, 

Trimethoprim, Mupirocin, Linezolind, Daptomycin, Teicoplanin, Vancomycin, Chloramphenicol and 

Rifampicin. Strains were categorized as susceptible or resistant based on EUCAST breakpoint cut-offs 

assigned using published criteria 16.  

 

Statistical analysis  

This was undertaken using algorithms within Stata 14.2, Stata Corp., Texas, 2016. Comparisons of 

unpaired proportions were derived from a modified Chi-squared test using the method described by 

Newcombe and Altman 17. To aid interpretation of the relevance, 95% confidence intervals for 

observed differences in cases compared with controls are presented. The significance threshold for 

all analyses was set at 0.05. Each of the comparisons was pre-decided; we did not statistically adjust 

for multiple comparisons. All testing was two-tailed. 
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Results 

 

Genetic backgrounds of S. aureus from cases and controls 

Ninety-nine S. aureus isolates, 50 from AD cases, and 49 from nasal carriage controls, underwent 

AMS testing and WGS. The participant demographics are summarised in Supplementary table 1. 

Genomic analysis revealed a diverse collection, with 19 individual STs (sequence types) from 10 

clonal complexes (CC) in cases, and 16 STs representing 9 clonal backgrounds in controls. 

Comparison of case and control isolates demonstrated they were comprised of several dominant 

clones (Table 1). In cases, CC1 isolates were the single most prevalent, accounting for 20% of 

samples, compared with 8% of controls. Isolates belonging to CC30 and CC45 predominated in 

controls, making up 33% and 22% of samples respectively, compared with 10% and 14% respectively 

in cases. Isolates from CC7, CC9 and CC59 were only identified in cases, whereas CC22 and CC25 

isolates were only present within controls.  

 

Distribution of antibiotic resistance phenotypes 

 

From AMS testing, the average number of resistances per isolate between cases and controls did not 

differ significantly between the groups; 1.5 antibiotics per isolate in AD, 1.3 controls. Penicillin 

resistance was the commonest amongst all isolates; 92% were resistant to this beta-lactam 

antibiotic. Comparison demonstrated it was less frequent in cases than controls, present in 86% of 

AD and 98% of control isolates (95% CI for difference -22% to 2%, p=0.029). Prevalence of MRSA was 

low generally, 4% and 2% of cases and controls respectively (95% CI for difference -5% to 9%, 

p=0.57).  

 

Between cases and controls there was no detectable difference in resistance to either the macrolide 

antibiotic erythromycin or the lincosamide clindamycin; exhibited by 12% of AD isolates compared 

with 6% of controls (95% CI for difference -5% to 17%, p=0.31). Tetracycline resistance was less 

frequent in cases compared with controls, but this was not statistically significant  (4% vs. 10%; 95% 

CI for difference -4 % to 16%, p=0.23). A single case sample was both ciprofloxacin and gentamicin 

resistant, while a single control was trimethoprim resistant. None of the isolates were resistant to 

Vancomycin, Daptomycin, Linezolid, Chloramphenicol, Rifampicin or Teicoplanin (Supplementary 

table 1). 

 

Resistance to fusidic acid, widely used topically for superficial skin infections and in AD with topical 

corticosteroids, clearly differentiated the populations, with 24% more AD isolates than controls 

exhibiting resistance (95% CI for difference 6% to 41%, p=0.009). Resistance to Mupirocin, used 

topically, and commonly for MRSA decolonisation, was present in single isolates from each group 

(95% CI for difference -6% to 6%, p=0.99). 
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Genetic basis of antimicrobial resistance 

 

Whole genome sequencing of the isolates allowed us to obtain a high-resolution view of the 

population structure of S. aureus from cases and controls, pinpoint the genetic basis of resistance 

and reconstruct their evolutionary context.  

 

In silico characterization of the isolates resistome revealed resistance determinants for penicillin 

(blaZ), methicillin (mecA), erythromycin (ermA, ermC), tetracycline (tetK, tetM), ciprofloxacin 

(mutation of gyrA, S84L, and grlA, S80F), gentamicin (aacA-phD), trimethoprim (dfrG), and mupirocin 

(mutation of ileS-1, V588F) (Supplementary table 1). Resistance phenotype and genotype were 

concordant with 4 exceptions, all of which were associated with penicillin resistance, where blaZ was 

detected but the isolates were sensitive to this beta-lactam antibiotic. Closer examination of the 

sequence revealed that 2 isolates contained frameshift mutations within blaZ, and 2 contained 

frameshifts in regulatory gene blaR responsible for expression of blaZ, both of which would ablate 

expression of blaZ.  

 

Additionally we identified genes for resistance to antibiotics not commonly used for treatment in 

AD, or routinely incorporated in AMS testing. Streptomycin resistance markers (AAD9 or aadE) were 

found in 12% of AD cases versus 6% of controls. The amikacin resistance gene aphA-3 was detected 

in 4% of S. aureus from cases, compared to 2% from controls. Overall however there were no 

significant differences in these genes between the groups.   

 

Finally we assessed the WGS data for determinants of resistance to disinfectants. In 16% of the S. 

aureus from AD cases we identified qac genes, compared to 2% from controls (95% CI for difference 

3% to 25%, p=0.016). These been associated with reduced susceptibility to antiseptics such as 

chlorhexidine and benzalkonium chloride 18, commonly used in dermatological practice. 

 

Distribution of resistance genes 

 

We examined the distribution of antibiotic resistance determinants within the population 

framework generated from the core genome phylogenetic analysis (Fig 1). The penicillin resistance 

gene, blaZ, was present in 94% of the S. aureus from cases and 98% from controls, reflecting the 

widespread distribution of beta-lactamases in the S. aureus population generally. Of three mecA-

carrying isolates (2 cases and 1 control), two belonged to ST779 (1 case and 1 control), and one 

belonged to ST8. The ermA and ermC genes that confer resistance to both erythromycin and 

clindamycin were found in both patient groups, with ermA being more frequent in AD samples, as 

expected given its high level of carriage in CC9 isolates, a CC only present in cases. Tetracycline 
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resistance genes tetK and tetM were both present in control isolates of multiple clonal backgrounds, 

whilst tetK was sporadically present in CC8 case isolates. Both mupirocin resistant isolates had the 

same point mutation in ileS-1, but from differing clonal backgrounds, demonstrating they arose 

independently. Finally, the qac genes are seen scattered throughout the population in multiple 

genetic backgrounds. Taken as a whole, the distribution of these determinants varied across the 

population, and cases and controls could not be segregated on the basis of their resistome.  

 

Genetic basis of fusidic acid resistance 

 

Phenotypic analysis suggested fusidic acid resistance (FusR) was significantly associated with AD. 

Three genotypes responsible for FusR were identified including acquired genes fusB and fusC, and 

chromosomal mutations in the gene, fusA. 

 

Overall fusB was the least prevalent FusR determinant, found in 4% of cases compared with 2% of 

controls (95% CI for difference -5% to 9%, p=0.57). Carriage of fusC was detected in 20% cases 

compared with 10% of controls (95% CI for difference -4% to 24%, p=0.17), and predominantly in 

CC1 isolates (Fig 2). Similarly the difference in the proportion of fusC positive CC1 isolates between 

cases and controls was not significant (95% CI for difference -6% to 96%, p=0.12). Point mutations in 

fusA were four-fold higher in cases compared to controls (16% vs. 4%; 95% CI for difference 0% to 

23%, p=0.049). In total, 12 mutations responsible for resistance were identified in 10 resistant 

isolates, with 4 AD isolates having multiple mutations (Table 1). Mutations in codon 461 of fusA, 

responsible for an amino acid substitution leucine to serine (L->S) at this position were the most 

frequent (n=4).  

 

The phenotypic resistance observed varied depending on the genetic determinant the isolate 

possessed, with highest level of resistance associated with fusA mutations (Table 2). High-level 

resistance (MIC >32 μg/ml) in fusA mutants was detected in 5 isolates (4 cases, 1 control). As shown 

in Figure 2, the same fusA mutations were distributed in multiple CCs, suggesting they evolved 

independently, for example the substitution L461S in CC8 and CC30 samples. This indicates that 

prevalence of FusR was not driven by expansion of one successful clone, but rather by development 

of resistance in multiple clones, on multiple occasions, suggesting a strong selective pressure has 

been exerted by fusidic acid on the population.  

 

  



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Discussion 

 

The association between disease activity and S. aureus means that antimicrobials are frequently 

used in AD patients. Increasingly it is becoming evident that there are specific lineages seemingly 

adapted to colonising and surviving on AD affected skin 19. This analysis has demonstrated 

differences in genetic backgrounds of S. aureus colonising AD cases compared with controls, and a 

marked difference in the prevalence of topical antimicrobial resistance determinants amongst 

children with AD.  

 

Antimicrobial resistance is a concern in AD, often with specific emphasis being placed on MRSA 20-22. 

Our results demonstrated that MRSA prevalence in cases and controls was low, just 4% and 2% 

respectively. This reflects the population prevalence of MRSA in this geographical locality where 

previous screening found MRSA in 1.6% of children < 18 years (Désireé Bennett, personal 

communication). Intriguingly penicillin resistance was commoner in control isolates (98% versus 86% 

cases). While this difference appears statistically significant, we hypothesise that assessment of a 

larger sample size would void this difference as penicillin sensitivity in S. aureus in Europe and North 

American reportedly varies between 8 and 13% 23,24. Erythromycin resistance was twice as common 

in cases versus controls, but numbers were small and this difference might have been a chance 

finding. It is worth noting that macrolides are the usual alternative to 1st line penicillin based agents 

for penicillin-allergic individuals with AD flare: it is possible that with a much larger study this 

difference may have been significant. 

 

The relevance of the significantly greater prevalence of the qac genes in AD cases is uncertain. 

However, given the widespread use of antiseptics in dermatology, it may be a functionally 

important. The reasoning for our cautious interpretation of this finding is the lack of clear genotype-

phenotype correlation with regards to the carriage of qac genes, as well as issues surrounding the 

lack of standardised testing methods for antiseptic susceptibility 25. Nonetheless, the potential for 

them to function in reducing susceptibility to antiseptic compounds used in AD warrants 

investigation. 

 

From our analysis of antibiotic resistances between cases and controls, the strongest signal of 

antibiotic selection came from fusidic acid. This is amongst the commonest interventions in AD, 

principally in the community in the UK and Ireland. Resistance was 2.5 times more frequent in cases, 

and displayed greater diversity in the genetic determinants responsible for it. Rates of FusR in S. 

aureus vary depending upon country and patient population sampled. One European surveillance 

survey showed FusR in 11.8% of isolates from the UK, whilst in Ireland this rate was higher at 19.9% 
26. This is in contrast with the United States where fusidic acid is not routinely used, and sensitivity 

rates of 99.6% are reported 27. Higher rates of resistance have been shown specifically within 

dermatology patients, believed to be directly influenced by usage of topical fusidic acid preparations 
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28. Conversely resistance to mupirocin, another topical anti-staphylococcal, was low in both groups 

likely because of comparatively low usage in Ireland.  

 

Mechanistically, fusidic acid inhibits bacterial protein synthesis through binding to translation 

elongation factor G (fusA), a GTPase catalysing the final stage of peptide elongation. Resistance 

arises either via acquisition of a plasmid derived determinant, or through point mutations in fusA. 

Two acquired genes (fusB or fusC) and 6 non-synonymous substitutions were identified in the 

isolates. Placing these in phylogenetic context, we estimate that FusR arose at least 18 times in the 

observed population. The basis of FusR also significantly differentiated the populations. Both 

plasmid-derived FusR determinants were present twice as frequently in case isolates. Notably fusC 

was found in 20% of cases of which 70% were from CC1 isolates. This determinant has been 

reported in the context of its distribution in successful FusR clones belonging to CC1, both methicillin 

sensitive and resistant alike 29,30. Whilst fusC prevalence seems clonally influenced, the fusA 

mutations are indicative of prior exposure and adaptation to fusidic acid therapy. Numerous fusA 

SNPs were identified across the whole population (Fig 2), demonstrating this was the consequence 

of repeated independent events. Several case isolates had multiple mutations in fusA. Previously it 

has been reported that secondary mutations in fusA provide a potential mechanism to offset the 

fitness deficit incurred by maintaining this amino acid change 31.  

 

These observations raise several important points for clinical consideration. Firstly, do our 

prescribing practices at a population level select for specific colonising strains in AD?  Strain 

prevalence in AD is an emerging area of interest, and little is presently understood with regards the 

genetic basis of the preferential success of certain lineages, but this study supports the recent 

findings of strain preponderance 19. Secondly, does patient behaviour in addition to prescribing 

practice contribute to the accumulation of fusA mutations in cases? Anecdotally, patients often 

report using repeated short bursts of fusidic acid preparations at home for disease flares. Several 

studies have suggested both intermittent and prolonged usage of such therapies are very likely to 

contribute to the development of resistance 29,32. The AD cases in this study were attending a 

tertiary clinic for the first time, and will likely have received this antibiotic in the community. One 

limitation of this study was as lack of detailed prescribing records for the participants. The results 

nonetheless highlight the importance of antimicrobial stewardship in this specific disease context. 

Finally we have to consider if the use of any antibiotic is warranted in many cases of AD flare. Recent 

clinical trial evidence has clearly demonstrated lack of objective benefit of antimicrobials over use of 

a moderate potency topical steroid, at least in mild disease exacerbation 33,34.  

 

Future studies are specifically needed to assess the impact of antimicrobial usage on S. aureus 

populations in AD. Topical antimicrobials, both antibiotics and antiseptics, are of particular interest. 

These studies must incorporate both community-based patients and those under specialist 

dermatological care, and correlate with prescribing data. Patients of different ages must be assessed 

to allow examination of the selective impact of prescribing in dermatological and wider clinical 
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practice. With increasing evidence of lack of benefit of these treatments, and growing resistance we 

must re-assess and change our clinical practice accordingly.  
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Table 1 Comparison of clonal backgrounds of strains colonising either atopic dermatitis cases or 

nasal carriage controls. Singleton isolates that do not fall within a defined clonal complex are 

presented as per their multi-locus sequence type. ST- sequence type; AD- atopic dermatitis; NC- 

nasal carriage.  

 

Clonal complex (CC) or sequence 

type (ST) of colonising strain 

AD cases % (n) NC control % (n) 

CC 1 20 (10) 8 (4) 

CC 5 12 (6) 16 (8) 

CC 7 6 (3) 0 

CC 8 14 (7) 2 (1) 

CC 9 6 (3) 0 

CC 15 (3) 2 (1) 

CC 22 0 10 (5) 

CC 25 0 2 (1) 

CC 30 10 (5) 33 (16) 

CC 45 14 (7) 22 (11) 

CC 59 6 (3) 0 

CC 121 2 (1) 2 (1) 

ST779 2 (1) 2 (1) 

ST1290 2 (1) 0 
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Table 2 Fusidic acid resistance (FusR) determinants identified in case and control isolates, and 

associated minimum inhibitory concentrations (MIC). AD- atopic dermatitis case; NC- nasal carriage 

control. aNon-synonymous mutation without previous published reports of impact of mutation on 

resistance. bMutation at this codon previously reported but with differing amino acid substitution 35. 

FusR- fusidic acid resistance; MIC- minimum inhibitory concentration; n/a- not applicable.  

 

FusR 

determinant 

Amino acid substitution Number of isolates 

(Case status) 

Fusidic acid MIC 

(μg/ml) 

fusA A307Sa, L416S 1 (AD) 4 

fusA L461S 2 (AD) 4 

fusA E444K 1 (NC) 4 

fusA V90I, A655Tb 1 (AD) 16 

fusA A376V, P40Q, L461S 1 (AD) >32 

fusA L461K 3 (2 AD, 1NC) >32 

fusA T34Sa, D283Na, H457Y, 

P635La 

1 (AD) >32 

fusB n/a 3 (2 AD, 1 NC) 8-16 

fusC n/a 15 (10 AD, 5 NC) 8-16 
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Figure 1: Resistome profile of AD case and control isolates. Maximum likelihood tree of 99 isolates 

(50 AD cases, 49 NC controls) built with core genome SNPs. Case status of each isolate is indicated 

by coloured cell (red- AD, blue- NC control). Coloured cells then indicate the presence of resistance 

determinants to the antimicrobial agents: penicillin (blaZ), erythromycin (ermA, ermC), tetracyclines 

(tetK, tetM), methicillin (mecA), fusidic acid (fusB and fusC, mutations in fusA), trimethoprim (dfrG), 

ciprofloxacin (mutations in gyrA/grlA), the aminoglycosides (gentamicin- aacA-aphD; streptomcyin- 

AAD9, aadE, aphA-3), and antiseptics (qacA, qacC, qacG and qacJ). Blank cells indicate 

gene/mutation is absent.  

 

 

Figure 2: Distribution of Fusidic acid resistance determinants within population. Maximum 

likelihood core phylogeny of all AD cases and NC controls. Branch colouring corresponds to clonal 

background of isolates. Taxon labels coloured according to case status (AD case red; NC control 

blue). Fusidic acid sensitive isolates are labeled as coloured circles (AD case red; NC control blue). 

Resistant isolates are labeled according to the genetic determinant. In isolates with multiple fusA 

mutations, a single mutation is presented on the branch, corresponding to either to a previously 

reported AA change conferring resistance, or the commonest. Singleton isolates fall out with a 

defined clonal complex and include ST779/ 1290. 
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The spectrum of manifestations in
desmoplakin gene (DSP) spectrin repeat

6 domain mutations:
Immunophenotyping and response

to ustekinumab
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Background: The immune abnormalities underlying the ichthyoses are poorly understood.
Objective: To determine the immunophenotype of an ichthyosis resulting from mutations in the spectrin
repeat 6 (SR6) domain of desmoplakin gene (DSP) and target therapy on the basis of molecular
pathogenesis.
Methods: Immunophenotyping was performed by using the blood and skin of a girl with SR6 region DSP
mutations causing erythroderma/ichthyosis and cardiomyopathy.
Results: On the basis of the discovery of T helper 1 and T helper 17/interleukin 23 skewing in the skin and
T helper 17/interleukin 22 skewing in blood, ustekinumab therapy was initiated. Ustekinumab was also
administered to a boy with an SR6 region DSP mutation and ichthyosis without cardiomyopathy. Both
children responded despite previous poor responses to immunosuppressants and retinoids.
Limitations: Small number of patients and immunophenotyping in only 1 patient.
Conclusion: An understanding of the molecular basis of inflammation in rare cutaneous disorders can lead
to targeted therapy, which promises to be more beneficial than broad immunosuppressants. ( J Am Acad
Dermatol 2018;78:498-505.)
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woolly hair.
The characterization of inflammatory skin disor-
ders by immunophenotyping, beyond clinical and
CAPSULE SUMMARY

d Inflammation in ichthyotic disorders is
poorly understood.

d Immune skewing toward T helper 1 and
T helper 17/interleukin 23 in skin and T
helper 17/interleukin 22 in blood was
associated with mutations in
desmoplakin gene (DSP) in a girl with
erythrokeratodermia-cardiomyopathy
syndrome.

d Response to treatment with
ustekinumab on the basis of this
discovery supports the value of
‘‘personalized’’ targeted immunotherapy.
histopathologic characteris-
tics, has led to more pre-
cisely targeted immune
therapy. For example, un-
derstanding that psoriasis
is driven by T helper
17 (Th17)/interleukin 23
(IL-23)/tumor necrosis
factoresynergistic pathway
activation1 enabled the
development of IL-23/IL-
122 and IL-17 inhibitors.3

Discovery of the underlying
basis for immune activation
may allow repurposing of
targeted inhibitors for other
inflammatory skin disorders.

Mutations in desmopla-
kin gene (DSP), which en-
codes the desmosomal

protein desmoplakin, are associated with auto-
somal recessive and dominant disorders character-
ized variably by woolly hair to total alopecia,
palmar plantar keratoderma, erythrokeratodermia,
skin fragility, and cardiomyopathy. DSP has 6
spectrin repeats at its N-terminal region (Fig 1).
Mutations within spectrin 6 (SR6) cause 3 autosomal
dominant disorders with overlapping clinical fea-
tures: dilated cardiomyopathy with woolly hair,
keratoderma, and tooth agenesis (DCWHKTA)
(Online Mendelian Inheritance in Man [OMIM]
615821)4-7 and 2 variants, severe dermatitis, multi-
ple allergies, metabolic wasting (SAM-DSP) syn-
drome,8 and erythrokeratodermia-cardiomyopathy
(EKC) syndrome9 (Table I and Fig 1).

All reported patients with SAM-DSP and EKC
syndromes have extensive ichthyosis and heterozy-
gous proline substitutions in DSP exon 14 (Fig 1).8,9

Patients with DCWHKTA have more limited kerato-
derma and evidence of arrhythmia in addition to
cardiomyopathy.4-7 Most have heterozygous muta-
tions in SR6 DSP without transition to proline. The
exception is 1 patient with DCWHKTA with a het-
erozygous proline substitution and arrhythmia but
no dental abnormalities, whowas reported as having
‘‘autosomal dominant Carvajal syndrome’’7 despite
the typical recessive inheritance of Carvajal syn-
drome (OMIM 606676).
SAM syndrome was originally described in 3
patients with biallelic mutations in the desmoglein
1 gene (DSG1)10 (OMIM
615508). Similar clinical
manifestations resulted from
a heterozygous SR6 DSPmu-
tation (c.1757A[C, p.His586
Pro) in a boy with erythro-
derma, early pustulation,
and (ultimately) an ichthy-
otic disorder that fluctuated
between generalized eryth-
roderma and more localized
psoriasiform plaques with
palmar plantar kerato-
derma.8 He also had diffuse
hypotrichosis, failure to
thrive, dental abnormalities,
and food allergies with
eosinophilia/high IgE levels.

EKC syndrome (classified
with OMIM 615821) was
described in 3 children with generalized erythroker-
atodermia, alopecia to sparse wiry hair, variable
failure to thrive, dental abnormalities, and cardio-
myopathy leading to cardiac failure but no
arrhythmia, early pustulation, or atopy.9

The immune abnormalities underlying the cuta-
neous inflammation of SAM and EKC syndromes
have not been explored. We characterized the
clinical, histopathologic, and genetic phenotype of
a patient with an SR6 DSPmutation and overlapping
features of SAM-DSP and EKC syndromes. On the
basis of the results of molecular immunophenotyp-
ing, ‘‘personalized’’ targeted therapy was instituted
in this patient and in a boy with SAM-DSP.

MATERIALS AND METHODS
See the Supplemental Materials and Methods

(available at http://www.jaad.org) for more details.

Clinical case descriptions
Patient 1 is a 10-year-old white girl born with total

alopecia. She developed palmar plantar calluses at the
age of 9months,woolly sparse hair at 1 year of age, and
generalized erythroderma with skin thickening by the
age of 2 (Supplemental Materials and Methods). She
had failure to thrive, anorexia, irritability, fevers, dental
abnormalities, and recurrent impetigo and bacteremia,
but no eosinophilia or increased IgE level. Because of

http://www.jaad.org


Fig 1. Genotypes of spectrin repeat 6 (SR6) desmoplakin
gene (DSP) mutations. DSP is a 2871eamino acid plakin
protein on Chr. 6p24.3. At its N-terminal region are 6
spectrin repeats, numbered 3 to 6, 8, and 9 on the basis of
their homology with spectrin repeats in plectin gene
(PLEC ), with plectin being another plakin protein. Muta-
tions in DSP lead to a variety of autosomal recessive (AR)
and autosomal dominant (AD) skin, hair, and cardiac
abnormalities. Mutations leading to these disorders are
scattered throughout the DSP gene, including in the rod
and 3 tandem plakin repeats at the C-terminal (not
shown); proximal to the rod domain are the N-terminal
spectrin repeats. Mutations leading to dilated cardiomy-
opathy (with arrhythmia), woolly hair, keratoderma, and
tooth agenesis (DCWHKTA) (Online Mendelian Inheri-
tance in Man [OMIM] 615821),4-7 erythrokeratodermia-
cardiomyopathy (EKC) syndrome9 (classified as a variant
of DCWHKTA [OMIM 615821]), and the 1 case of severe
dermatitis, multiple allergies, metabolic wasting syndrome
(SAM)-DSP8 are clustered exclusively within SR6 (exon

Abbreviations used:

CIE: congenital ichthyosiform
erythroderma

DCWHKTA: dilated cardiomyopathy with woolly
hair, keratoderma, and tooth
agenesis

EKC: erythrokeratodermia-cardiomyopa-
thy syndrome

IASI: Ichthyosis Assessment Severity Index
IFN-g: interferon gamma
IL: interleukin
NS: Netherton syndrome
OMIM: Online Mendelian Inheritance in

Man
SAM: severe dermatitis, multiple allergies,

metabolic wasting syndrome
SR6: spectrin repeat 6
Th: T helper
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recurrent episodesof generalizedpustulationoverlying
erythroderma and consistent histopathologic features,
pustular psoriasis was considered. By the time she
reached the age of 5 years, the pustular flares had
diminished and the phenotype had become erythro-
derma/ichthyosis. There was minimal improvement
with oral corticosteroids, isotretinoin, cyclosporine,
methotrexate, methotrexate and adalimumab, photo-
pheresis, dapsone, or anakinra.At age5, shedeveloped
dilated cardiomyopathy requiring cardiac transplanta-
tion. Despite long-term oral tacrolimus and rapamycin,
the severe erythroderma/ichthyosis persisted. When
she was 9, whole exome sequencing revealed a
heterozygous c.1748T[C DSP variant, resulting in a
L583P change in desmoplakin 1.

Patient 2 is a 9-year-old white boy with SAM-DSP
syndrome that was previously described.8 Serial
echocardiograms revealed mild aortic stenosis with
normal ventricular function, and he remains under
close cardiac surveillance. His response to anakinra
and acitretin was limited.
14). All patients to date with extensive ichthyotic changes/
erythrokeratodermia carry a uniallelic transition to proline,
which likely disrupts a highly conserved a-helical struc-
ture. The 1 patient with limited involvement and a proline
substitution mutation (c.1748T[C, p.L583P as our patient
1 with EKC) lacked dental anomalies and was reported as
having Carvajal syndrome despite the fact that OMIM
includes only autosomal recessive (AR) cases as Carvajal
syndrome. Eight additional patients in 4 families have
other mutations in the DSP SR6 region, leading to

4-7
Clinical assessments
Ichthyosis severity was assessed by using the not

yet validated Ichthyosis Assessment Severity Index
(IASI)11 (Supplemental Materials and Methods), and
itch severity was evaluated with the Itch Numeric
Rating Scale (Itch NRS).12 Transepidermal water loss
was measured with a TM300 Tewameter (Courage
and Khazaka GmbH, Cologne, Germany).
DCWHKTA. PPK, Palmoplantar keratoderma.
Laboratory investigations
After written informed parental consent and

approval by the institutional review board of the
Ann and Robert H. Lurie Children’s Hospital of
Chicago, blood and skin samples were obtained
from patient 1 at 9 years of age. Skin samples were
analyzed by quantitative real-time polymerase
chain reaction normalized to human arginine-rich
protein and immunohistochemistry.13 Positive cells
per millimeter were quantified by ImageJ
computer-assisted image analysis software
(version 1.42, National Institutes of Health,



Table I. The spectrum of clinical manifestations in patients with proline substitutions in the DSP N-terminal SR6

Feature Patient 1

SAM

syndrome8/

patient 2

EKC-1*

(614)9
EKC-2*

(244)9
EKC-3*

(380)9
DCWHKTA/dominant

Carvajal syndromey7

Age, y 10 9 2.5 8 10 14.5
Sex F M M M F ?
Congenital ichthyosis x x x
Extensive ichthyosis x x x x x
Severe pruritus x
Palmoplantar keratoderma x x x x x x
Early pustules that cleared x x
Early alopecia/hypotrichosis x x x x
Woolly hair x x x x
Onychodystrophy x x x x x x
Failure to thrive x x x x
Early recurrent infections, especially
skin

x x

Multiple food allergies x
Eosinophilia/high IgE level x
Conjunctival irritation/photophobia x
Hepatomegaly x
Cardiomyopathy x x x x x
Arrhythmia x
Dental abnormalities x x x x x
Gene abnormality c.1748T[C

p.L583P
c.1757A[C
p.H586P

c.1846 A[C
p.Q616P

c.1852A[C
p.H618P

c.1864T[C
p.L622P

c.1748T[C
p.L583P

There are 4 other families with mutations in this region that do not transition to proline (T564I4,7 [1 father and son and 1 de novo case];

S597L5 [1 father and 2 sons]; and I608 [1 father and 1 daughter], in which 30 base pairs are inserted subsequent to the isoleucine6). These

patients all have the diagnosis of dilated cardiomyopathy (all with arrhythmia as well4-7), with woolly hair, keratoderma, and tooth agenesis

(DCWHKTA; OMIM 615821). They have palmoplantar striate keratoderma of variable severity and often keratotic plaques on the Achilles area,

shins, elbows and knees but not more extensive skin involvement.

DCWHKTA, Dilated cardiomyopathy with woolly hair, keratoderma, and tooth agenesis; EKC, erythrokeratodermia with cardiomyopathy; F,

female; M, male; OMIM, Online Mendelian Inheritance in Man; SAM, severe dermatitis, multiple allergies, metabolic wasting syndrome; SR6,

spectrin repeat 6.

*These patients are classified by OMIM as having variants of DCWHTKA under OMIM 615821 but were said by Boyden et al to have EKC.6

yThis patient was said to have Carvajal syndrome; however, the patient had a heterozygous mutation that was more consistent (per OMIM)

with DCWHKTA but did not have a dental defect. The patient died of arrhythmia during exercise at the age of 14.5 years.
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Bethesda, MD). A panel of 45 representative
markers of epidermal hyperproliferation and acti-
vation of Th1, Th2, Th9, Th17, and Th22 cell axes
was assessed by quantitative real-time polymerase
chain reaction. The frequencies of circulating
interferon gamma (IFN-g)-, IL-22e, IL-13e, IL-
17e, and IL-9eproducing CD41 cells were
measured using a 9-color flow cytometry antibody
panel. Concurrent assays were performed on skin
and blood from patients with clinically similar
inflammatory disorders (psoriasis, Netherton syn-
drome [NS], and congenital ichthyosiform erythro-
derma [CIE])11,14-16

RESULTS
Laboratory results in patient 1

Skin sections showed prominent epidermal hy-
perplasia and increased mRNA and protein expres-
sion of keratin 16 (Fig 2, A, and Supplemental Fig 1
[available at http://www.jaad.org]).17 Faint and skip-
ped epidermal filaggrin expression was seen (Fig 1,
A) in the absence of any common filaggrin gene
(FLG) loss-of-function mutation. Increased levels of
CD31 T-cells, CD11c1 myeloid dendritic cells, and
CD1a1 Langerhans cells were noted (Fig 2,A). Levels
of Th17/IL-23erelated markers, such as IL-17A (Fig
2, B), HBD-3, IL-12/23p40, PI3, and human defensin
beta 4 (Supplemental Fig 1), as well as LCN2, S100A8,
and IL-19 (not shown) were increased, even
compared with those in CIE, NS, and psoriasis. IL-
22 levels were higher in our patient than in other
groups (Fig 2, B), as were levels of IL-9
(Supplemental Fig 1), the Th9-defining cytokine
and an inducer of IL-17A expression and IL-17ere-
lated inflammation in psoriasis.18 Levels of some
markers of Th1 expression (C-X-C motif chemokine
ligand 10, IFN-g, as shown, and also IL-12RB1, IL-15,
and C-X-C motif chemokine ligand 9, but not MX

http://www.jaad.org


Fig 2. Tissue and blood analyses of patient 1. A, Immunohistochemical staining of lesional
tissue showed epidermal hyperplasia with prominent keratin 16 positivity, minimal filaggrin
expression, and increased cellular infiltrates. Bar = 100 �m. B, Selected real-time polymerase
chain reaction of immune pathway markers (log2 messenger RNA values adjusted to human
arginine-rich protein) showed dominant T helper 1 (Th1)/interferon gamma (IFN- g), Th17/
interleukin 23 (IL-23), and IL-22 skewing. C, Single-cell flow cytometry demonstrated increased
frequencies of IL-22e and IL-17eproducing cells in patient 1 compared with in healthy age-
matched controls. CIE, Congenital ichthyosiform erythroderma; EKC, erythrokeratodermia-
cardiomyopathy; NS, Netherton syndrome; PSO, psoriasis.
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dynamin like GTPase 1) were increased more than in
psoriasis, CIE, and NS (Fig 2, B, and Supplemental
Fig 1). The level of the Th2-related marker IL-13 was
similar to or lower than the levels in other conditions
(Supplemental Fig 1). Flow cytometry demonstrated
increased frequencies of IL-22e and IL-17eproduc-
ing cells compared with controls (Fig 2, C ), whereas
the IL-13, IL-9, and IFN-g percentages were similar
(not shown).

Clinical response to ustekinumab
Given the strong Th17/IL-23 skewing in skin and

blood and increased cutaneous Th1 expression,
ustekinumab, 0.75 mg/kg subcutaneously, was



Fig 3. Clinical improvement after initiation of ustekinumab therapy for erythrokeratodermia-
cardiomyopathy (EKC)/severe dermatitis, multiple allergies, metabolic wasting syndrome
(SAM) syndrome. A-F, Photographs of patient 1 before and 16 weeks after initiation of
ustekinumab. G-N, Photographs of patient 2 before and 12 weeks after initiation of
ustekinumab therapy. The mild excoriations of the perinasal area in patient 1 and of the
dorsal aspect of the foot in patient 2 resolved within the next week; skin fragility with use of
ustekinumab has not been a problem.

J AM ACAD DERMATOL

VOLUME 78, NUMBER 3
Paller et al 503



J AM ACAD DERMATOL

MARCH 2018
504 Paller et al
initiated at 0 and 4 and then every 12weeks in patient
1. Two weeks later, pruritus and discomfort were
reduced, allowing discontinuation of topical corti-
costeroids. By 16 weeks, she experienced a 58%
reduction in the composite Ichthyosis Area Severity
Index (IASI),11 a 52% reduction in IASI-Scaling, and a
66% reduction in IASI-Erythema (Fig 3, A-F ).
Transepidermal water loss decreased from 30.9 to
19.8 (36%) and Itch NRS decreased by 50% (from 4 to
2); the patient’s hair thickened and improved in
texture. She grew 10 cm after growth cessation
during the previous 2 years. She experienced no
adverse events. Ten months later, there was
continued improvement.

Ustekinumab was also initiated in patient 2,
although immunophenotyping analysis was not
performed. Itch improvement was noted within
4 weeks, allowing discontinuation of night-time
sedating antihistamines. At 12 weeks, the composite
IASI was reduced by 59% (from 8.2 to 3.3), IASI-
Scaling by 40% (from 3.5 to 2.1), IASI-Erythema by
74% (from 4.7 to 1.2) (Fig 3, G-N ), and Itch NRS by
45% (from 9 to 5). Thickened and improved hair
quality was noted. The patient advanced 2 percen-
tiles in stature and from the 5th to 25th percentile in
weight. He experienced no adverse effects and
showed continued improvement 11 months after
initiation of ustekinumab therapy.

DISCUSSION
Patient 1 represents the fifth reported patient with

generalized erythrokeratodermia and a mutation in
DSP SP6 that transitions to proline (L583P; SAM-DSP
H586P; and EKCQ616P, H618P, and L622P) (Fig 1).8,9

She has features of both SAM-DSP and EKC syn-
dromes, highlighting the spectrum. Interestingly, the
c.1748 T[C/L583P variant is identical to that in a
previous patient reported as having DCWHKTA/
autosomal dominant Carvajal syndrome, who had
keratoderma limited to the palms, soles, elbows,
knees, and dorsal aspect of the hands.7 The concor-
dance in genotype but difference in phenotype
suggests the impact of polymorphisms of other
genes or epigenetic factors that affect clinical
outcome. Indeed, patients with DSG1 mutationere-
lated SAM syndrome have been shown to have
substantial phenotypic variability. Subsequent to
the 3 originally described patients,10 other cases
have had milder cutaneous involvement, lacked
failure to thrive, and even lacked high IgE level/
eosinophilia.19-21

Until gene therapy for dominant negative ichthy-
otic disorders becomes available, alternative ap-
proaches that target the basis for the inflammation
and scaling must be considered. Although our proof-
of-principle investigation was limited to 1 patient,
the results provide insight into the molecular basis
for the inflammation. The pattern of gene expression
resembles that seen in psoriasis, which is recognized
to be a Th17/IL-23edriven disorder. Given the
increases in both Th1 and Th17/IL-23 pathway
cytokines, we chose to repurpose a commercially
available biologic that targets both pathways. At
approximately 1 year after initiation of ustekinumab
therapy, both children continue to have life-
changing control of their disease, suggesting that
the Th1/Th17/IL-23 predominant skin expression
pattern is pathogenic for the inflammation, not
merely an antimicrobial response to barrier impair-
ment. The concurrent reduction in scaling suggests
that the cutaneous inflammation contributes to the
scaling phenotype. The role of systemic Th17/IL-23/
IL-22 inflammation in the pathogenesis of the car-
diomyopathy of EKC is unclear, but the possible
benefit of early initiation of targeted therapy de-
serves exploration.

Development of tachyphylaxis to ustekinumab is a
possibility. New drugs targeting the same inflamma-
tory pathway are currently in development, providing
additional therapeutic opportunities for the future.
We recently initiated a trial of targeted antieIL-17
intervention for adults with ichthyosis (https://
clinicaltrials.gov/show/NCT03041038), in response
to our finding of a skewed Th17/IL23 cutaneous
immunophenotype in 21 patients (autosomal reces-
sive congenital ichthyosis, epidermolytic ichthyosis
and Netherton syndrome),11 to explore the value of
repurposing Th17/IL-23 or possibly Th1/Th17/IL-23
inhibitors for ichthyotic disorders more broadly.

We are grateful to Cristina de Guzman Strong for her
determination of lack of R501X and 2282del4 mutation in
FLG in patient 1. We thank Drs Eli Sprecher and Keith
Choate for their comprehensive clinical, ultrastructural,
and genetic assessments of previous patients with DSP
mutations in this SR6 domain. We acknowledge the use of
Core resources provided by the Northwestern University
Skin Disease Research Center (National Institute of
Arthritis and Musculoskeletal and Skin Diseases,
P30AR057216).
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SUPPLEMENTAL MATERIALS AND
METHODS
Evaluation of ichthyosis severity

To assess the severity of the ichthyosis, we used
the Ichthyosis Area and Severity Index (IASI),11

which separately analyzes the intensity of the ery-
thema and scaling of ichthyosis and then sums those
scores. As in standardized scores for atopic derma-
titis (Eczema Area and Severity Index) and psoriasis
(Psoriasis Area and Severity Index), these scores
were assigned at 4 sites: head and neck, arms, trunk,
and legs, with each of these sites being assigned a
multiplier based on body surface area as 0.1, 0.2, 0.3,
and 0.4, respectively. Finally, the extent within each
body region was scored as 0 to 6 and scores were
multiplied. Thus, the resultant total IASI score could
be a maximum of 48 and each individual subscore
for erythema (IASI-E) and scaling (IASI-S) could be a
maximum of 24.

Skin samples
A biopsy sample (4 mm) from the affected upper

arm skin of patient 1 was bisected, and each half was
either placed into RNAlater stabilization solution
(Thermo Fisher Scientific, Waltham, MA) or imme-
diately embedded in optimal cutting temperature
compound and frozen at �808C. For comparisons,
archived messenger RNA and optimal cutting tem-
perature compoundeembedded biopsy samples
from normal-appearing skin, ichthyosis (including
the Netherton syndrome and congenital ichthyosi-
form erythroderma subtypes), and psoriasis cohorts
previously published by our group were included as
well. These include lesional skin of individuals with
ichthyosis (Netherton syndrome: n = 3; age, 12-
23 years [mean, 18.2]; congenital ichthyosiform
erythroderma: n = 6; age, 11-44 years [mean,
26.4]),11 and (psoriasis: n = 10; age, 30-64 years
[mean, 51.3])14,15 and controls (n = 6; age, 8-18 years
[mean, 11.6]).16

Quantitative real-time polymerase chain
reaction

RNAwas extracted for real-time polymerase chain
reaction with a Qiagen miRNeasy Mini Kit (Qiagen,
Valencia, CA). Reverse transcription to complemen-
tary DNA (cDNA) from RNAwas performed by using
the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA). cDNA was
amplified with TaqMan PreAmpMaster Mix (Applied
Biosystems), and the preamplified cDNA product
was analyzed with TaqMan Gene Expression Master
Mix. The 45 genes were selected to survey widely the
T helper (Th) immune axes, including Th1, Th2, Th9,
Th17, and Th22 axes, in addition to some epidermal
barrier genes, keratin 16 gene (KRT16) as amarker of
epidermal differentiation and human arginine-rich
protein gene (ARP) as a housekeeping gene. The
same set of genes was surveyed for expression in a
recent study of 21 patients with ichthyosis.11 All
studies were performed in triplicate for each sample
and primer/probe.

Immunohistochemistry
Epidermal thickness (in �m) and positive cells per

millimeter were manually quantified with computer-
assisted image analysis software (ImageJ, V1.42,
National Institutes of Health, Bethesda, MD).

Multiparameter flow cytometry blood analyses
Intracellular cytokine staining for flow cytometry

was performed as previously described.22

Fluorochrome-conjugated monoclonal antibodies
to detect cell surface molecules included CD3-Pe
Alexa Fluor 610, CD4-Qdot 800, CD69-Brilliant Violet
650, and CLA-FITC, whereas fluorochrome-
conjugated monoclonal antibodies to detect intra-
cellular cytokine expression after permeabilization
included IL-13-PerCpCy5.5, IL-22-PeCy7, IL-9-Pe,
IFN-g- Alexa Fluor 700, and IL-17-APC efluor 780
(all antibodies from eBioscience, San Diego, CA).
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Supplemental Fig 1. Real-time polymerase chain reaction of immune markers by immune
pathways (log2 messenger RNA values adjusted to human arginine-rich protein) showing
dominant T helper 1 cell/interferon gamma, T helper 17 cell/interleukin 23 [IL-23], and IL-9
skewing (in addition to those shown in Fig 2). CXCL10, C-X-C motif chemokine ligand 10;
DEFB4, defensin beta 4; FLG, filaggrin; HBD3, human beta defensin 3.
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Abstract  30 

Staphylococcus aureus skin infection is a frequent and recurrent problem in children with the 31 

common inflammatory skin disease atopic dermatitis (AD).  S. aureus colonises the skin of 32 

the majority of children with AD and exacerbates the disease.  The first step during 33 

colonisation and infection is bacterial adhesion to the cornified envelope of corneocytes in 34 

the outer layer stratum corneum.  Corneocytes from AD skin are structurally different to 35 

corneocytes from normal healthy skin.  The objective of this study was to identify bacterial 36 

proteins that promote the adherence of S. aureus to AD corneocytes.  S. aureus strains from 37 

clonal complex 1 and 8 were more frequently isolated from infected AD skin than from the 38 

nasal cavity of healthy children.  AD strains had increased ClfB ligand binding activity 39 

compared to normal nasal carriage strains.  Adherence of single S. aureus bacteria to 40 

corneocytes from AD patients ex vivo was studied using atomic force microscopy.  Bacteria 41 

expressing ClfB recognised ligands distributed over the entire corneocyte surface.  The 42 

ability of an isogenic ClfB-deficient mutant to adhere to AD corneocytes was greatly reduced 43 

compared to its parent clonal complex 1 clinical strain.  ClfB from clonal complex 1 strains 44 

had a slightly higher binding affinity for its ligand compared to ClfB from other clonal 45 

complexes.  Our results provide new insights into the first step in the establishment of S. 46 

aureus colonisation in AD patients.  ClfB is a key adhesion molecule for the interaction of 47 

S.aureus with AD corneocytes and represents a target for intervention.  48 

  49 

 50 

 51 

 52 

 53 
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Introduction   54 

The skin of the majority of individuals with the inflammatory skin disease atopic dermatitis 55 

(AD) is heavily colonised by Staphylococcus aureus (1).  The healthy population has a much 56 

lower rate of persistent carriage (~ 20%) and colonisation is usually confined to the nasal 57 

cavity (2).  S. aureus colonization of skin appears to post-date the development of AD, at 58 

least in infant populations (3).  In established AD the density of S. aureus on lesional and 59 

non-lesional skin has a strong relationship to disease severity (4). A major risk factor for the 60 

development of AD is loss-of-function mutations in the filaggrin (FLG) gene (5, 6) which 61 

lead to a reduced level of natural moisturising factor (NMF) in the stratum corneum 62 

accompanied by a skin epidermal barrier defect and an elevated pH (7).  When the skin 63 

barrier is compromised, factors produced by S. aureus exacerbate the symptoms of AD (8).  64 

Several S. aureus factors have been linked to increased inflammation and disease severity in 65 

AD including α-toxin (9), the staphylococcal superantigens (10) and δ-toxin (11). 66 

S. aureus adheres to the cornified envelope of corneocytes in the stratum corneum.  67 

Corneocytes from AD skin have an altered surface topology compared to corneocytes from 68 

normal healthy skin, physical characteristics that are largely determined by levels of 69 

expressed filaggrin and NMF (12).  The factors promoting colonisation of atopic skin have 70 

not yet been identified.  Several S. aureus proteins are known to bind to host molecules, some 71 

of which may be present on the surface of the stratum corneum of AD skin.  For example, 72 

compared with healthy skin, higher levels of fibronectin are found in the stratum corneum of 73 

patients with AD and the expression of the S. aureus cell wall anchored (CWA) fibronectin 74 

binding proteins (FnBPs) A and B enhances bacterial adherence to AD skin biopsy sections 75 

(13). The CWA protein clumping factor B (ClfB) binds to the cornified envelope proteins 76 

loricrin and cytokeratin 10 in the moist squamous epithelium promoting colonization of the 77 
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anterior nares (14, 15).  ClfB and FnBPs are expressed at higher levels by bacteria grown in 78 

vitro at the pH of AD skin than by bacteria grown at the low pH typical of healthy skin (16).  79 

The binding of ClfB to its ligands is well understood at the molecular level. The X-ray crystal 80 

structure of the ligand-binding region of ClfB has been solved both in the apo form and with 81 

a peptide ligand bound (17).  Binding occurs by the ‘dock, lock and latch’ mechanism 82 

whereby a short peptide from loricrin or cytokeratin 10 binds to a hydrophobic trench located 83 

between the separately folded N2 and N3 subdomains (18).  A conformational change at the 84 

C-terminus of N3 locks the ligand in place. 85 

The aim of our study was to identify the bacterial factors that promote adherence of S. 86 

aureus to corneocytes from AD skin.  We studied clinically relevant strains of S. aureus from 87 

the infected lesional skin of children with AD.  Molecular typing methods revealed the 88 

population structure of strains of S. aureus from AD skin infection  and in vitro experiments 89 

demonstrated that AD strains adhere more strongly to a ClfB ligand (the loricrin-derived 90 

peptide L2v) than control strains of S. aureus isolated from the nares of a healthy cohort of 91 

children with no history of AD.  Isogenic clfB knockout mutants were generated in AD 92 

strains representing the most common lineages of S. aureus isolated from paediatric patients.  93 

The ability of an AD strain and its isogenic ClfB-deficient mutant to adhere to corneocytes 94 

from patients with AD was studied ex vivo and using atomic force microscopy (19).   95 

  96 
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Materials and Methods 97 

Patient populations 98 

The AD patients enrolled in this study were presenting for the first time at a tertiary referral 99 

centre at Our Lady’s Children’s Hospital, Crumlin, Dublin, Ireland between September 2012 100 

and September 2014.  An experienced paediatric dermatologist (MAMcA ADI, or both) made 101 

the diagnosis and recorded the disease phenotype.  All patients met the United Kingdom 102 

diagnostic criteria for AD (20) and had moderate or severe disease. Exclusion criteria from 103 

the study included patients who had pyrexial illness in the preceding 2 weeks and those who 104 

had received immunosuppressive systemic therapy, such as oral corticosteroids, in the 105 

preceding 3 months. The study was conducted in accordance with the Helsinki Declarations 106 

and was approved by the Research Ethics Committee of Our Lady's Children's Hospital, 107 

Dublin, Ireland. Full written informed consent was obtained from all patients' parents. The 108 

children were treatment naive (for topical steroids, antibiotics or antimicrobials) at 109 

presentation. Patient demographics and disease characteristics are summarized in Table S1. 110 

Age-matched control subjects were children attending the Emergency Department of Temple 111 

Street Children’s University Hospital, Dublin, Ireland between July and August 2009. 112 

Subjects were requested to complete a questionnaire and those whose reason for presentation 113 

was not of an infective origin (i.e. trauma, accompanying sibling, etc.) and who had no 114 

history of skin diseases (including AD), allergic rhinitis or bronchial asthma were selected for 115 

inclusion in the study. Ethical permission was received from the Temple Street Children’s 116 

University Hospital Ethics Committee and full written informed consent was obtained from 117 

all patients' parents. The mean age at recruitment was 30.48 months, and 53.06% of the 118 

subjects were female. 119 
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 120 

FLG genotyping 121 

All AD patients were screened for the 9 most common FLG mutations found in the Irish 122 

population (R501X, Y2092X, 2282del4, R2447X, S3247X, R3419X, 3702delG, S1040X, 123 

and G1139X) from DNA extracted from a blood sample. The methods used have been 124 

previously described (21). 125 

 126 

Collection of strains and molecular typing of S. aureus 127 

To collect AD strains, swabs were taken from a clinically infected site on the patient’s skin 128 

(Table S1) and streaked onto mannitol salt agar to select for S. aureus.  S. aureus strains from 129 

a healthy cohort (children with no history of AD and asymptomatic nasal carriage) were 130 

recovered by rotational swabbing of the anterior nares of one nostril. In total 44 AD strains 131 

and 49 nasal carriage isolates were studied.  Strains were single colony purified on sheep 132 

blood agar and a single colony isolated from each patient was spa typed.  The spa types were 133 

classified using two online nomenclature systems (Ridom and eGenomics) (22).  One or more 134 

isolates of each unique spa type were subjected to multilocus sequence typing (MLST), and 135 

clonal complex (CC) was assigned by eBURST analysis of the MLST data.  136 

 137 

Bacterial growth conditions and strain construction 138 

S. aureus was grown in Tryptic Soy Broth (TSB) at 37°C.  SH1000 is a commonly used 139 

laboratory strain of S. aureus (23).  Plasmid DNA isolated from E. coli strain SA08B (24) 140 

was used to transform CC1 strains of S. aureus using standard procedures (25).  Deletion of 141 
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the clfB gene was achieved by allelic exchange as described previously (14).  The mutation 142 

was confirmed by DNA sequencing of a PCR amplimer. The clfB mutant was phenotypically 143 

indistinguishable from the parent strain in terms of growth rate and haemolysis on sheep 144 

blood agar (data not shown).  Plasmids pCU1 (26) and pCU1::clfB (27) were transformed 145 

into AD08CC1∆clfB. 146 

 147 

Extraction of cell wall proteins and western immunoblotting 148 

Bacteria from an overnight culture were washed in TSB, diluted 1:200 and allowed to grow 149 

to an OD600 = 0.3 - 0.5 in TSB.  Bacteria were washed in phosphate-buffered saline (PBS) 150 

and resuspended to an OD600 of 10 in lysis buffer (50 mM Tris/HCl, 20 mM MgCl2, pH 7.5) 151 

supplemented with raffinose (30% w/v, Sigma) and complete protease inhibitors (40 μl/ml, 152 

Roche).  Cell wall proteins were solubilised by incubation with lysostaphin (100 μg/ml; 153 

AMBI, New York) for 8 min at 37°C.  Protoplasts were removed by centrifugation at 154 

16,000 × g for 5 min and the supernatant containing solubilised cell wall proteins was 155 

aspirated and boiled for 10 min in final sample buffer.  Proteins were separated by sodium 156 

dodecyl sulfate polyacrylamide gel electrophoresis on 7.5% (w/v) polyacrylamide gels, 157 

transferred onto polyvinylidene difluoride (Roche) and blocked in 10% (w/v) skimmed milk 158 

proteins.  Blots were probed with polyclonal rabbit antibodies against the ClfB A domain 159 

(1:1000) and bound antibody was detected using horseradish peroxidise-conjugated protein A 160 

(1:500, Sigma).  Reactive bands were visualised using the LumiGLO reagent and peroxide 161 

detection system (Cell Signalling Technology) using the ImageQuant Las 4000 imaging 162 

system and ImageQuant TL software (GE Healthcare).   163 

 164 

Bacterial adherence to L2v 165 
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Recombinant GST-tagged L2v was purified from E. coli as previously described (14) using a 166 

GSTrap FF purification column (GE Healthcare) according to the manufacturer's instructions 167 

and diluted in coating buffer (0.1 M NaHCO3, 33 mM Na2CO3, pH 9.6).  Wells of a microtitre 168 

plate (Nunc maxisorb) were incubated with a solution of L2v (0.625 µg/ml) overnight at 4°C. 169 

Wells were blocked with bovine serum albumin (BSA, 5% (w/v)) for 2 h at 37°C.  S. aureus 170 

was grown to an OD600 = 0.3 - 0.5 in TSB.  Washed bacteria were adjusted to an OD600 of 1.0 171 

in PBS, and 100 µl was added to each well and incubated for 1.5 h at 37 °C. Wells were 172 

washed with PBS, and adherent cells fixed with formaldehyde (25% v/v), stained with crystal 173 

violet and the A570 nm measured. Each experiment was performed three times. 174 

Sampling of the stratum corneum by tape stripping and transepidermal water loss 175 

measurement 176 

A clinically unaffected site on the patient's volar forearm was used for transepidermal water 177 

loss (TEWL) measurements and stratum corneum sampling using a previously described 178 

method (28).  TEWL was determined by using a Tewameter 300 (Courage and Khazaka 179 

Electronic GmbH, Cologne, Germany).  To sample the stratum corneum, circular adhesive 180 

tape strips (3.8 cm2, D-Squame; Monaderm, Monaco, France) were attached to volar forearm 181 

skin and pressed for 10 seconds with a constant pressure (225 g/cm2) by using a D-Squame 182 

Pressure Instrument D500 (CuDerm, Dallas, Tex). The tape strip was then gently removed 183 

and placed in a closed vial. Eight consecutive tape strips were sampled, all from the same 184 

site.  The tape strips were immediately stored at −80°C until analysis.  The fifth strip was 185 

used for NMF measurements and the eighth strip for AFM. 186 

 187 

Natural moisturising factor measurement 188 
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Natural moisturising factor analysis was performed on the fifth consecutive strip, according 189 

to methods described in detail previously (29).  Briefly, the tape strip was extracted with 25% 190 

(wt/wt) ammonia solution.  After evaporation of the ammonia extract, the residue was 191 

dissolved in 250 μl of pure water and analyzed by using high performance liquid 192 

chromatography. The NMF concentration was normalized for the protein amount determined 193 

with a Pierce Micro BCA protein assay kit (Thermo Fischer Scientific, Rockford, Ill; referred 194 

to as the Pierce assay) to compensate for a variable amount of the stratum corneum on the 195 

tape. 196 

 197 

Atomic Force Microscopy 198 

Corneocyte imaging.  Atomic force microscopy imaging was performed on the eighth tape 199 

strip in contact mode at a resolution of 512 lines, using SiNO3 cantilevers (MSCT, Bruker, 200 

nominal spring constant of 0.01 N/m), in Tris buffered saline (TBS, Tris 50 mM, NaCl 150 201 

mM, pH = 7.4) at room temperature.  For each condition, at least 3 different corneocytes were 202 

imaged.  203 

 204 

Multiparametric imaging. Multiparametric images of corneocytes were recorded in TBS 205 

using the Quantitative ImagingTM mode available on the Nanowizard III AFM (JPK 206 

Instruments, Germany). Images were obtained using a S. aureus AD08CC1 or AD08CC1∆clfB 207 

cell probe (see below for cell probe preparation) at 128 pixels x 128 pixels, with an applied 208 

force kept at 1.0 nN, and a constant approach/retract speed of 40.0 µm/s (z-range of 1 µm). 209 

The cantilevers spring constants were determined by the thermal noise method. For each 210 

condition, experiments were repeated for at least 3 different cell pairs. 211 
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Single-cell force spectroscopy. To prepare bacterial cell probes, colloidal probes were 212 

obtained by attaching a single silica microsphere (6.1 µm diameter, Bangs Laboratories) with 213 

a thin layer of UV-curable glue (NOA 63, Norland Edmund Optics) on triangular tipless 214 

cantilevers (NP-O10, Bruker) and using a Nanowizard III AFM (JPK Instrument, Berlin, 215 

Germany). Cantilevers were then immersed for 1 h in TBS (pH = 8.5) containing dopamine 216 

hydrochloride (4 mg/ml, Sigma-Aldrich), rinsed in TBS, and used directly for cell probe 217 

preparation.  The nominal spring constant of the colloidal probe cantilever was determined by 218 

the thermal noise method. Then, 50 µl of a diluted cell suspension was deposited into the 219 

petri dish containing corneocytes, at a distinct location within the petri dish; 3 ml of PBS was 220 

added to the system. The colloidal probe was brought into contact with an isolated bacterium 221 

and retracted to attach the bacterial cell; proper attachment of the cell on the colloidal probe 222 

was checked using optical microscopy.  Cell probes were used to measure cell-cell interaction 223 

forces at room temperature, using an applied force of 0.25 nN, a constant approach-retraction 224 

speed of 1.0 µm/s and a contact time of 100 ms. Data were analyzed using the Data 225 

Processing software from JPK Instruments (Berlin, Germany). Adhesion forces values were 226 

obtained by calculating the maximum adhesion force for each force curve recorded on 227 

corneocytes and the data for five different cell pairs in each condition were pooled. 228 

Recombinant ClfB protein expression and purification. DNA encoding the N2N3 229 

subdomains of ClfB (residues 201-542) was amplified by PCR using genomic DNA from S. 230 

aureus strain AD08CC1 or AD22CC30 as template and cloned into the vector pQE30.  E. coli 231 

TOPP3 carrying the recombinant plasmids was grown to late exponential phase (OD600 = 0.6) 232 

and induced with IPTG.  CC1 and CC30 ClfB harbouring an N-terminal hexahistidine tag 233 

were purified using Ni2+ affinity chromatography. 234 

Surface plasmon resonance.  Surface plasmon resonance (SPR) was performed using the 235 

BIAcore X100 system (GE Healthcare). Goat anti-GST IgG (30 μg/ml, GE Healthcare) was 236 
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diluted in 10 mM sodium acetate buffer at pH 5.0 and immobilized on CM5 sensor chips 237 

using amine coupling. This was performed using 1-ethyl-3-(3-dimethylaminopropyl) 238 

carbodiimide hydrochloride, followed by N-hydroxysuccinimide and ethanolamine 239 

hydrochloride, as described by the manufacturer. Recombinant GST-tagged L2v (10–30 240 

µg/ml) in PBS was passed over the anti-GST surface of one flow cell while recombinant GST 241 

(10–30 µg/ml) was passed over the other flow cell to provide a reference surface. Increasing 242 

concentrations of rClfB N2N3 in PBS were passed in over the surface of the chip without 243 

regeneration. All sensorgram data were subtracted from the corresponding data from the 244 

reference flow cell. The response generated from injection of buffer over the chip was also 245 

subtracted from each sensorgram. Data was analysed using the BIAevaluation software 246 

version 3.0. A plot of the level of binding (response units) at equilibrium against 247 

concentration of rClfB N2N3 was used to determine the KD. The data shown is representative 248 

of 3 individual experiments. 249 

Statistical Tests 250 

Statistical significance was determined with the Student's t-test, using GRAPHPAD software. 251 
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Results 252 

Population structure of atopic dermatitis strains of S. aureus. 253 

The skin of AD patients is frequently colonised by S. aureus.  This study aimed to identify 254 

bacterial factors that promote adherence of AD strains of S. aureus to corneocytes from AD 255 

skin.  To facilitate this, strains of S. aureus were collected from infected skin lesions of 256 

children with AD (AD strains).  The paediatric patients were presenting for the first time at a 257 

tertiary referral centre in Dublin, Ireland and were treatment naïve (Table S1).  Molecular 258 

typing methods were used to assign each strain to a clonal complex so that the general 259 

population structure of the AD strains could be examined.  The most common clonal complex 260 

(CC) in the AD cohort was CC1 (9 isolates, 20.45%) followed by CC45 (7 isolates, 15.9%), 261 

CC8 (6 isolates, 13.63%) and CC5 (6 isolates, 13.63%) (Fig. 1A).  Commensal S. aureus 262 

strains from a healthy cohort in Dublin, Ireland (children with no history of AD and 263 

asymptomatic nasal carriage) were also typed to the same level (control strains, Fig. 1B)  264 

Only 4.08% and 2.04% of the control strains belonged to CC1 and CC8, respectively, 265 

showing that although CC1 and CC8 strains are frequently recovered from AD skin lesions 266 

they rarely occur as commensal strains in the nares of healthy children in the community 267 

(Fig. 1).  In contrast, while CC30 was the most prevalent clonal complex among the control 268 

strains (33% of strains) only 6.81% of the AD strains belonged to CC30 showing a 269 

statistically significant underrepresentation of CC30 in the AD cohort.  Thus the strains 270 

causing skin infection in paediatric AD patients are different to the commensal strains 271 

circulating in the community.  There were no associations between the S. aureus clonal 272 

complex and NMF levels in the patient’s stratum corneum or the clinical phenotype (Table 273 

S1).   274 

 275 
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Ligand binding activity of AD strains. 276 

Disease causing strains of S. aureus often have increased ability to adhere to host molecules 277 

or increased toxin production compared to commensal strains (30, 31).  We hypothesised that 278 

adhesion to corneocytes is an important first step in the colonisation and infection of AD 279 

skin.  Therefore we employed a phenotypic screening method to study the activity of the S. 280 

aureus adhesin ClfB, a S. aureus CWA protein that binds to loricrin and cytokeratin 10 (14, 281 

15). We examined the in vitro adherence of AD strains to the ClfB ligand L2v, a loricrin 282 

derived peptide fused to GST (Fig. 2).  The well characterised S. aureus strain SH1000 was 283 

included as a control since adherence of SH1000 to L2v is solely dependent on ClfB (14).  284 

The amount of adherence for each clinical strain was expressed as a percentage of the 285 

adherence value measured for SH1000.  The commensal control strains were also tested.  286 

Each data point in Fig. 2 represents the mean adherence level of a single strain.  All AD 287 

strains adhered to immobilized L2v with a median level of adherence relative to SH1000 of 288 

157% (Fig. 2).   The median level of adherence for the control strains was significantly lower 289 

(111%, p < 0.0001).  These results indicate that all S. aureus strains that infect the skin of AD 290 

patients display ClfB ligand binding activity and that this is higher than the S. aureus nasal 291 

carriage control isolates from healthy individuals.  These data suggested that ClfB could be 292 

an important adhesin for AD skin. In addition AD strains from CC1 (red), the most common 293 

clonal complex in the AD cohort, adhered very strongly to L2v with a median adherence 294 

value of 196% (Fig. 2).  For the CC30 strains (green) adherence values ranged between 0 and 295 

155% for the control strains while for the three CC30 AD strains, adherence values ranged 296 

between 144 and 191%.  Adherence values for the CC8 strains (blue) were highly variable 297 

ranging from 41 – 204%.       298 

 299 
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 300 

Adherence of S. aureus to corneocytes from AD patients ex vivo is ClfB-dependent. 301 

The results described above suggested that ClfB ligand binding activity was a universal 302 

feature of our paediatric AD strains.  In order to investigate if adherence of S. aureus to AD 303 

corneocytes requires ClfB, the clfB gene was deleted in a representative AD strain from CC1 304 

(AD08CC1, Table S1).  Western immunoblotting using anti-ClfB IgG indicated that while the 305 

parent strain AD08 expressed ClfB, bands corresponding to ClfB were not detected for the 306 

ClfB-deficient mutant (AD08CC1∆clfB, Fig. 3A).    Complementation of the clfB mutant with 307 

plasmid pCU1::clfB restored the expression of ClfB (Fig. 3A).  The clfB mutant did not 308 

adhere to L2v while the parent strain adhered in a dose-dependent and saturable manner (Fig. 309 

3B).  Complementation of AD08CC1∆clfB with pCU1::clfB restored the ability of the mutant 310 

to adhere to L2v while AD08CC1∆clfB carrying empty plasmid pCU1 could not adhere (Fig. 311 

3C) showing that the ability of AD08CC1 to adhere strongly to L2v can be attributed to the 312 

activity of ClfB.   313 

AD08CC1 and its isogenic ClfB-deficient mutant were used in single cell atomic force 314 

microscopy (AFM) experiments to determine if ClfB is important for the adherence of S. 315 

aureus to AD skin. Corneocytes were collected by tape-stripping the unaffected skin of two 316 

AD patients with low NMF levels and concurrent S. aureus infection at a different site 317 

(patients 1434 and 1473, Table S1).  Previous work has shown that low levels of NMF are 318 

associated with changes in corneocyte morphology in AD skin compared to normal healthy 319 

skin leading to the appearance of villus-like projections (12).  We generated topographic 320 

images of corneocytes from both patients in buffer, using contact mode imaging with silicon 321 

nitride tips (Fig. S1) and found that the corneocytes from FLG AD patients displayed large 322 
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numbers of villus protrusions, about 200 nm in height, consistent with the morphology 323 

expected at low NMF (12). 324 

To investigate if ClfB is important for the adherence of S. aureus to corneocytes from AD 325 

skin, AD08CC1 and its isogenic ClfB-deficient mutant (AD08CC1∆clfB) were used in single-326 

cell force spectroscopy experiments (32, 33) (Fig. 4). A single S. aureus cell was immobilised 327 

on an AFM cantilever and this was used as a probe to measure the binding forces between S. 328 

aureus adhesins and corneocytes.  The average binding force between S. aureus AD08CC1 and 329 

AD corneocytes was similar for both patients (1186 pN and 1109 pN, Fig. 4A). In both cases 330 

there was a statistically significant reduction in binding force when AD08CC1∆clfB was used 331 

as a probe on the same AD corneocytes (670 pN and 749 pN, Fig. 4C). These data provide 332 

direct evidence that ClfB is involved in mediating attachment of S. aureus to AD 333 

corneocytes.  334 

Multiparametric imaging was then used to localise ligands recognised by S. aureus on the 335 

surface of corneocytes from patients 1434 and 1473 (34, 35).  Multiparametric imaging is a 336 

newly developed AFM technique that enables researchers to simultaneously map the 337 

structure, biophysical properties and molecular interactions of biological samples (19).  AFM 338 

cantilevers were functionalised with a single cell of AD08CC1 or AD08CC1∆clfB.  Force curves 339 

were recorded across the corneocyte surface at high frequency, generating maps of structure 340 

and adhesion. Multiple adhesion events with a mean force of ,~ 600 pN occurred between 341 

AD08CC1 and the corneocyte surface indicating that many ligands for S. aureus are exposed 342 

in the stratum corneum of AD patients (Fig. 5).  In contrast, much fewer adhesion events with 343 

a weaker strength (~200 pN) occurred with AD08CC1∆clfB indicating that in the absence of 344 

ClfB, S. aureus is less well able to adhere to corneocytes (Fig. 5).  Importantly, the number of 345 

ligands supporting S. aureus adherence to the surface of corneocytes was greatly reduced for 346 
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the ClfB mutant.  This demonstrates that ClfB is a major adhesin mediating the interaction of 347 

S. aureus with AD skin.     348 

 349 

Ligand binding by ClfB from AD strains 350 

All AD strains adhered to L2v and the median adherence level was high (Fig. 2B).  351 

ClfB is the only S. aureus factor that binds to L2v (Fig. 3, (14).  Variation in the amino-acid 352 

sequence of the ligand binding domains of ClfB has been reported previously (36).  More 353 

sequence differences in ClfB are likely to occur between clonal complexes of S. aureus than 354 

within a clonal complex (36).  Amino acid sequence variation in ClfB could confer a higher 355 

affinity for the ligand.  We isolated genomic DNA from all AD strains and used PCR to 356 

amplify DNA encoding the ligand binding region of ClfB (N2 and N3 subdomains).  All AD 357 

strains carried the clfB gene (data not shown).  DNA sequencing was carried out on the clfB 358 

amplimer that was generated for all of the CC1, CC8 and CC30 strains.  The deduced amino-359 

acid sequences were aligned.  The ClfB N2N3 subdomains of CC1 strains shared 100% 360 

amino acid identity with each other.  The amino acid sequences of ClfBN2N3 from CC8 361 

strains were 92% identical to the CC1 sequence.  The three CC30 AD strains had identical 362 

ClfBN2N3 sequences that shared 94% identity with CC1 ClfB N2N3.  Molecular modelling 363 

was carried out to allow visualisation of the position of the variant residues on the crystal 364 

structure of ClfB N2N3 (Fig. 6A).  This indicated that the residues that vary between CC1 365 

and CC30 are located well away from the trench between N2 and N3.  Thus they are unlikely 366 

to alter the affinity of ligand binding to the trench by the dock, lock and latch mechanism.  367 

However it is possible that an additional, unknown ligand binding site could be located 368 

outside of the trench region.  For example it has recently been shown for the related protein 369 

ClfA that high-affinity binding of ClfA to its ligand fibrinogen involves both the dock, lock 370 

and latch ligand-binding trench and a second interaction site at the top of the N3 subdomain 371 
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(37).  Thus to investigate if sequence differences outside of the trench region in CC1 and 372 

CC30 ClfB might alter the affinity for L2v, 6x histidine-tagged recombinant ClfB N2N3 373 

proteins (rClfB N2N3) were purified from E. coli.  The affinity of rClfB N2N3 with CC1 or 374 

CC30 sequence for L2v was studied using surface plasmon resonance.  GST-tagged L2v was 375 

captured on the surface of a sensor chip that had been coated with anti-GST IgG and 376 

increasing concentrations of rClfB N2N3 proteins were passed over the surface of the coated 377 

sensor chip.  To calculate the KD the amount of binding at equilibrium was plotted against 378 

each rClfB N2N3 concentration and the KD of the interaction was calculated (Fig. 6). 379 

Previously the affinity of CC8 rClfB N2N3 for L2v was calculated to be 2.21 µM (14).  CC1 380 

rClfB N2N3 had a slightly higher affinity for GST-L2v (1.91 ± 0.17 µM, Fig. 6B) than CC30 381 

rClfB N2N3 (3.26 ± 0.36 µM, Fig. 6C).  The small but statistically significant difference in 382 

affinity of CC1 and CC30 ClfB for L2v (p < 0.001) may partially explain why AD strains 383 

from CC1 adhere more strongly to L2v. 384 

 385 

 386 

 387 

  388 
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Discussion  389 

The skin of AD patients differs in several respects from normal skin and provides an 390 

environment where S. aureus can proliferate.  By mutating the clfB gene we have shown the 391 

importance of ClfB in mediating bacterial adherence to corneocytes taken from AD patients 392 

known to be susceptible to S. aureus.  This study used clinically relevant strains isolated from 393 

AD patients, rather than relying on laboratory strains, thus increasing the clinical relevance of 394 

our findings.  Single cell AFM is an important recent technical advance which has allowed 395 

measurement of the forces involved in binding of single bacterial cells to corneocytes (34). 396 

Here we show that a clfB mutant bound significantly less strongly to corneocytes from two 397 

AD patients with low NMF compared to the wild-type S. aureus parent strain.  This 398 

demonstrates the importance of ClfB-mediated adherence to ligands exposed on the 399 

corneocyte surface.  The cornified envelope proteins loricrin and cytokeratin 10 are ligands 400 

for ClfB and it may be through binding to these proteins that ClfB mediates bacterial 401 

attachment to corneocytes.  Alternatively, given the altered corneocyte morphology and 402 

protein expression profiles in AD skin, where NMF levels are low (12, 38, 39) it is possible 403 

that ClfB is binding to other protein ligands.  Additional S. aureus factors are likely to 404 

contribute to the adhesion of S. aureus to corneocytes and colonisation of AD skin.  We 405 

believe that AFM could be used in future research to gain further insight into the molecular 406 

basis of skin colonisation and infection in AD.    407 

There were differences in the overall population structure of S. aureus strains from AD skin 408 

lesions compared to strains isolated from a control population (commensal strains).  This is 409 

not entirely surprising given that the niche occupied by the bacteria is very different (AD skin 410 

lesion versus nasal cavity).  Nevertheless the control strains provided a useful comparison.  411 

Since ClfB is a major determinant of nasal colonisation (14) it was surprising to find that 412 

ClfB ligand binding activity was lower among commensal control strains compared to AD 413 
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strains.  However nasal colonisation is a multifactorial process involving several 414 

staphylococcal factors (40) and the relative contribution of each factor may differ from strain 415 

to strain.  We hypothesise that efficient colonisation of AD skin is also likely to require 416 

additional factors.  Currently there is no explanation as to why there are few CC30 strains 417 

isolated from skin lesions in AD patients while the proportion of CC1 and CC8 strains is 418 

high.  Other studies have found similar trends in AD strain populations from different 419 

geographic locations (41, 42).  A slightly higher binding affinity was measured for the ClfB 420 

from CC1 compared to CC30.  We hypothesise that this difference could be amplified when 421 

multiple copies of ClfB are present on the surface of S. aureus leading to an increase in 422 

avidity.  In addition it is possible that there are strain-dependent differences in the genetic 423 

regulation of clfB expression which could account for differences in the amount of ClfB on 424 

the surface of different strains.  Genetic diversity between strains within a CC can often be 425 

missed using molecular typing approaches (43).  Whole genome sequencing allows a more 426 

detailed analysis of the relationship between strains.  It is likely that the ability to colonize 427 

and to proliferate on AD skin is due to many factors in addition to the ability to adhere to 428 

corneocytes.  A detailed proteomic analysis or transcriptional profiling of clinical isolates 429 

will give full details of the repertoire of virulence and colonisation factors expressed by 430 

strains infecting AD lesions.   Here we have identified a crucial role for ClfB in promoting 431 

adherence of clinically relevant strains of S. aureus to corneocytes from AD skin.  This 432 

finding advances our understanding of the interaction between S. aureus and the altered 433 

environment of AD skin and may inform targeted therapies to reduce colonisation and 434 

infection in AD patients. 435 

 436 

 437 

  438 
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Figure Legends 622 

Fig. 1. Clonal complex assignments of AD strains and control strains of S. aureus.  623 

Swabs were taken from a clinically infected site on the AD patient’s skin (A, AD strains) or 624 

from the anterior nares of asymptomatic carriers (B, control strains).  A single colony isolate 625 

from each patient was spa typed.  One or more isolates of each unique spa type were 626 

subjected to multilocus sequence typing and clonal complex (CC) was assigned by eBURST 627 

analysis. 628 

 629 

Fig. 2.  Adherence of S. aureus strains to L2v.  Control strains (■) or AD strains (●) were 630 

grown to exponential phase, adjusted to an OD600 = 1.0 and incubated in wells coated with 631 

L2v at 37°C.  Following incubation wells were washed, adherent bacteria were stained with 632 

crystal violet and the absorbance was read at 570 nm.  Each data point represents the mean 633 

adherence value of a single strain from three independent experiments expressed as a 634 

percentage of the absorbance value measured for strain SH1000.  Strains from CC1 are 635 

shown in red, CC8 in blue, CC30 in green and other CCs in black.  The horizontal lines 636 

represent the median adherence value for the population. Statistical analysis was performed 637 

using an unpaired t-test, *** p< 0.001. 638 

 639 

Fig.  3. Characterisation of a ClfB-deficient mutant of S. aureus AD08CC1.  A) The S. 640 

aureus strain AD08CC1 (1), its isogenic ClfB-deficient mutant AD08CC1∆clfB (2) and 641 

complemented mutant AD08CC1∆clfB (pCU1::clfB) (3) were grown to exponential phase.  642 

Cell wall extracts were separated on 7.5 % acrylamide gels, blotted onto PVDF membranes 643 

and ClfB was detected using polyclonal rabbit antibodies.  Bound antibody was detected 644 

using horseradish peroxidise-conjugated protein A.  Size markers (kDa) are indicated.   645 
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B)  S. aureus strain AD08CC1 (●) and AD08CC1∆clfB (■) were grown to exponential phase, 646 

washed and incubated in microtiter plates coated with L2v.  Adherent cells were stained with 647 

crystal violet and the absorbance was read at 570 nm.  The graph shown is representative of 648 

three independent experiments. 649 

C) S. aureus strain AD08CC1 (red) or mutants AD08CC1∆clfB (blue), AD08CC1∆clfB (pCU1) 650 

(white) and AD08CC1∆clfB (pCU1::clfB) (green) were grown to exponential phase, washed 651 

and incubated in microtiter plates coated with L2v (0.625 μg/ml).  Adherent cells were 652 

stained with crystal violet and the absorbance was read at 570 nm.  Error bars represent the 653 

standard error of the mean values obtained from three independent experiments. Statistical 654 

significance was determined with Student's unpaired t-test, **P  = 0.0059, ***P < 0.0001.  655 

 656 

Fig. 4.  Strength of the S. aureus-corneocyte interaction. (a) Box-chart of the adhesion 657 

forces recorded between S. aureus AD08CC1 or S. aureus AD08CC1∆clfB and corneocytes 658 

from patient 1434. (b) Representative force curves recorded in each condition. (c) Box-chart 659 

of the adhesion force between S. aureus AD08CC1 or S. aureus AD08CC1∆clfB and 660 

corneocytes from patient 1473. (d) Representative force curves recorded in each condition. 661 

All curves were obtained using an applied force of 250 pN and an approach and retraction 662 

speed of 1.0 µm/s. In each case, values calculated from force curves recorded for 5 different 663 

S. aureus-corneocyte pairs were pooled and represented as box-charts, showing mean 664 

adhesion (full circle), median, first and third quartiles (box), range of data without outliers 665 

(whiskers), 99th percentile (open circle) and extreme outliers (triangles).   Statistical analysis 666 

was performed using an unpaired t-test, *** p < 0.0001.  667 
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Fig. 5. Nanoscale multiparametric imaging of corneocytes using single S. aureus probes. 669 

(a) Height image of a corneocyte coming from patient 1434 recorded in PBS using a S. 670 

aureus AD08CC1 cell probe, and (b) corresponding adhesion image. (c) Height image of a 671 

corneocyte coming from patient 1434 recorded in PBS using a S. aureus AD08CC1∆clfB cell 672 

probe, and (d) corresponding adhesion image.  For both conditions, similar data were 673 

obtained in two other independent experiments. 674 

 675 

Fig. 6. Binding of rClfB N2N3 to L2v.  A) Ribbon representation of the crystal structure of 676 

the N2N3 subdomains of ClfB showing the residues that vary between the CC1 and CC30 677 

sequences (red).  The ClfB ligand bound in the trench between subdomains N2 and N3 is 678 

shown in stick format (blue).  Representative sensorgrams showing binding of rClfB N2N3 to 679 

L2v in a single cycle kinetics assay. GST-tagged L2v was captured on a CM5 chip coated 680 

with anti-GST IgG and increasing concentrations of rClfB N2N3 with the CC1 (B) or CC30 681 

(C) sequence were passed over the surface. Binding was plotted as response units against 682 

time. The affinities were calculated from curve fitting to a plot of the response unit values 683 

against concentrations of rClfB N2N3.  The data shown is representative of 3 individual 684 

experiments. 685 
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Severe dermatitis, multiple allergies, and metabolic wasting
syndrome caused by a novel mutation in the N-terminal
plakin domain of desmoplakin

Maeve A. McAleer, MB, MRCP,a,b,c Elizabeth Pohler, PhD,d Frances J. D. Smith, PhD,d Neil J. Wilson, MSc,d

Christian Cole, PhD,e Stuart MacGowan, PhD,e Jennifer L. Koetsier, BS,f Lisa M. Godsel, PhD,f,g Robert M. Harmon, PhD,f

Robert Gruber, MD,h Debra Crumrine, BS,i Peter M. Elias, MD,i Michael McDermott, FRCPath,c Karina Butler, FRCPI,j

Annemarie Broderick, MRCPI,k Ofer Sarig, PhD,l,m Eli Sprecher, MD, PhD,k,l,m Kathleen J. Green, PhD,f,g

W. H. Irwin McLean, PhD, DSc, FRS, FRSE, FMedSci,d and Alan D. Irvine, MDa,b,c Dublin, Ireland, Dundee, United

Kingdom, Chicago, Ill, Innsbruck, Austria, San Francisco, Calif, and Tel Aviv, Israel
Background: Severe dermatitis, multiple allergies, and
metabolic wasting (SAM) syndrome is a recently recognized
syndrome caused by mutations in the desmoglein 1 gene (DSG1).
To date, only 3 families have been reported.
Objective: We studied a new case of SAM syndrome known to
have no mutations in DSG1 to detail the clinical,
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histopathologic, immunofluorescent, and ultrastructural
phenotype and to identify the underlying molecular mechanisms
in this rare genodermatosis.
Methods: Histopathologic, electron microscopy, and
immunofluorescent studies were performed. Whole-exome
sequencing data were interrogated for mutations in desmosomal
and other skin structural genes, followed by Sanger sequencing
of candidate genes in the patient and his parents.
Results: No mutations were identified in DSG1; however, a novel
de novo heterozygous missense c.1757A>C mutation in the
desmoplakin gene (DSP) was identified in the patient, predicting
the amino acid substitution p.His586Pro in the desmoplakin
polypeptide.
Conclusions: SAM syndrome can be caused by mutations in
both DSG1 and DSP. Knowledge of this genetic heterogeneity is
important for both analysis of patients and genetic counseling of
families. This condition and these observations reinforce the
importance of heritable skin barrier defects, in this
case desmosomal proteins, in the pathogenesis of atopic disease.
(J Allergy Clin Immunol 2015;136:1268-76.)

Key words: Atopy, skin barrier, atopic dermatitis, desmosome,
desmoplakin, atopic sensitization, eosinophilic esophagitis

Mendelian skin diseases that include atopic dermatitis (AD) or
AD-like dermatitis, food allergies, or both as part of their
phenotype potentially offer significant insights into disease
pathogenesis. The best examples of insights into AD pathogenesis
from Mendelian disease are Netherton syndrome (Mendelian
Inheritance in Man [MIM] #256500) and ichthyosis vulgaris
(MIM #146700). The discovery of mutations in the serine
protease inhibitor Kazal-type 5 gene (SPINK5) as causative for
Netherton syndrome1 highlighted the role of excessive stratum
corneum protease activity in patients with AD, and identification
of mutations in the filaggrin gene (FLG) in patients with ichthyo-
sis vulgaris2 has been transformative in our understanding of the
importance of the skin barrier in patients with AD and those with
allergic sensitization.3,4 Other rare genodermatoses, such as ‘‘type
B’’ peeling skin syndrome, which is attributed to mutations in the
corneodesmosin gene (CSDN),5 reinforce the importance of stra-
tum corneum cohesion in the pathogenesis of AD.6 In 2013, a new
syndrome designated severe dermatitis, multiple allergies, and
metabolic wasting (SAM) syndrome was attributed to loss-of-
function mutations in the desmosomal plaque protein desmoglein
1 (desmoglein 1 gene [DSG1]).7 Four cases of SAM syndrome
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evere dermatitis, multiple allergies, and metabolic wasting
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ingle nucleotide polymorphism
SPINK5: S
erine protease inhibitor Kazal-type 5 gene
WES: W
hole-exome sequencing
have now been reported, all caused by DSG1 mutations.7,8 Here
we report the first case of SAM syndrome (MIM #615508) attrib-
uted to a missense mutation affecting the plakin domain of the
desmoplakin gene (DSP).
METHODS
Clinical history

We report the case of a white boy, now aged 6 years, with SAM syndrome.

The patient is the first child of Irish, nonconsanguineous healthy parents. He

was born at 39 weeks and 5 days’ gestation by means of an emergency

cesarean section because of fetal bradycardia after rupture of the membranes.

He weighed 3.18 kg at birth (25th percentile). The perinatal history was

suggestive of a collodion membrane. Erythroderma with ‘‘skin scaling and

peeling’’ was reported to be present from the first weeks of life. He was

referred to our department at 6 months of age. He had marked erythroderma,

ichthyosis, palmoplantar keratoderma (PPK) with nail dystrophy, and diffuse

hypotrichosis. (Fig 1, A, C, and D). Intermittently, especially with

erythrodermic flares, he had a widespread superficial pustulosis (Fig 1, E).

He also had severe and intractable itch. He was on the second percentile for

weight and the fourth percentile for height. He also had macrocephaly, with

his occipitofrontal circumference being greater than the 99th percentile;

global developmental delay; and nystagmus.

In the first 3 years of life, the patient had repeated episodes of systemic

sepsis necessitating hospital admission for intravenous antibiotics and

supportive management. These septic episodes were accompanied by

photophobia, with a flare in ichthyosiform erythroderma and pustulosis and

an exacerbation in itch. The most frequently isolated pathogens causing sepsis

were both the methicillin-sensitive and methicillin-resistant strains of

Staphylococcus aureus. An extensive metabolic, immunologic, and infectious

disease workup did not yield a specific diagnosis. The consensus opinion was

that the source of infection was the patient’s skin. He failed to thrive and had

frequent vomiting, abdominal pain, diarrhea, and food aversion. Several

therapeutic approaches to improve his nutrition failed. A percutaneous

endoscopic gastrostomy tube was sited when he was 10 months of age to

provide essential supplemental feeding.

Neurologic assessment confirmed mild global developmental delay.

Computed tomographic brain scanning demonstrated mild dilatation of the

lateral and third ventricles, with diffuse prominence of sulci over both cerebral

hemispheres. The brain appeared otherwise normal. Ophthalmology

assessment demonstrated keratitis. Binocular visual evoked responses and

electroretinographic results were within normal limits. Despite extensive

assessment, no cause of nystagmus was established. The results of cardiology

workup, including echocardiography, were unremarkable.

Several therapeutic approaches to treat the patient’s skin and systemic

infection were tried with variable success. Potent topical corticosteroids and

corticosteroid and antimicrobial combination therapy yielded minimal

improvement. Topical tacrolimus ointment, with careful monitoring of

tacrolimus blood levels, resulted in moderate improvement. The patient’s

skinwas observed to improvewhen he received antibiotics for systemic sepsis.

Prophylactic anti-staphylococcal antimicrobials had no effect. A trial of

anakinra proved ineffective. Systemic acitretin (0.5 mg/kg/d) had good effect,
with a significant improvement in PPK and ichthyosis. Intravenous immuno-

globulin infusions were also effective in reducing the frequency of septic

episodes. The combined beneficial effects of acitretin, intravenous immuno-

globulin, and percutaneous endoscopic gastrostomy feeding have allowed

improvement in the patient’s dermatitis, growth and weight gain, and

development (Fig 1, B). His hair started to grow when he was 6 years old

and is a wooly hair phenotype. Also, he has had ongoing poor periodontal

health, with marked hypodontia.

The patient was atopic, with multiple food allergies. Blood investigations

were consistent with atopy, with persistent eosinophilia (0.4-0.5 3 109/L) and

increased IgE levels (611 kU/L). Analysis of specific IgEs confirmed sensitiza-

tion to egg, peanut, and wheat, despite having no oral exposure to these foods.
Histopathologic findings
Skin biopsies performed when the patient was 3 and 16 months of age

showed similar findings (Fig 2,A). Therewas hyperkeratosis and parakeratosis

overlying an acanthotic epidermis. The granular layer was absent, and there

was no evidence of acantholysis. A superficial dermal inflammatory infiltrate

composed of lymphocytes, admixed neutrophils, and histiocytes was present

(Fig 2, B). A skin biopsy of the pustular eruption performed when the patient

was 26months of age showed a florid pustular dermatosis superimposed on the

previously reported histologic findings (Fig 2, B). The pustule was

intraepidermal and restricted to the stratum corneum. Hair microscopy was

noncontributory, and notably, there was no trichorrhexis invaginata.

Esophageal biopsies were done when the patient was 10 and 16 months old.

They showed separation, detachment, and acantholytic sloughing of the

superficial squamous epithelial cells in the absence of any significant

inflammatory process or spongiosis (Fig 2, C).
Molecular genetics analysis
Whole-exome sequencing (WES) was performed in the proband with the

Agilent SureSelect v4 capture kit (Agilent Technologies, Santa Clara, Calif)

and sequenced on an Illumina HiSeq 2000 (Illumina, San Diego, Calif;

GenePool, Edinburgh, United Kingdom). The resulting 88.7M 100-bp PE

sequencing reads were aligned to the human genome (Ensembl release 68)

with Bowtie2 (version 2.02; 98.8% aligned).9 Read duplicates were removed

with Picard Tools (version 1.79; http://picard.sourceforge.net), and variants

were called by using the UnifiedGenotyper in GATK-lite (version 2.2-8)

according to the GATK best practices.10 The 69,732 called variants were

annotated with the Variant Effect Predictor (version 72),11 and any variants

with the following consequences were filtered out: downstream_gene_variant,

upstream_gene_variant, synonymous_variant, intergenic_variant, and

intron_variant. Filtered data were put in a MySQL database, allowing

querying through a Django interface. The desmoplakin variant p.His586Pro

was confirmed by means of Sanger sequencing with the primers and

conditions previously reported for exon 14 of the DSP gene.12 Array

comparative genome hybridization (aCGH) was carried out with the Cytoscan

750K high-density oligo array (Affymetrix UK, High Wycombe, United

Kingdom), according to the manufacturer’s recommended conditions

(analysis performed under contract by the South East Scotland Cytogenetics

Laboratory, Western General Hospital, Edinburgh, United Kingdom).
Ultrastructure
Skin biopsy specimens were prefixed in half-strength Karnovsky fixative,

followed by postfixation in reduced 1% OsO4 containing 1.5% potassium

ferrocyanide. After embedding in an Epon epoxy resin, ultrathin sections

(600 �A) were mounted on Formvar-coated grids, counterstained with uranyl

acetate and lead nitrate, and examined in a Jeol JEM 100 CX electron

microscope (60 kV).
Immunohistochemistry of skin biopsy specimens
Four-micrometer paraffin-embedded sections were baked overnight at

608C and deparaffinized with xylene, followed by a gradient of ethanol

http://picard.sourceforge.net


FIG 1. Clinical phenotype. A, Generalized erythroderma and ichthyosis when the patient was 6 months of

age. Hypotrichosis and macrocephaly are also evident. B, Improvement in erythrodermic ichthyosis after

treatment with acitretin. C, Plantar keratoderma. D, Erythema, scaling, and diffuse hypotrichosis of the

scalp. E, Pustulosis on the abdomen during an episode of systemic sepsis.
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washes. Sections were permeabilized with 0.5% Triton X-100. Antigen

retrieval was done by heating sections to 958C for 15 minutes in 0.01 mol/L

citrate buffer (pH 6.0). Slides were blocked in 1% BSA and 2% normal goat

serum and incubated for 1 hour at 378C. Primary antibodies were diluted in 1%

BSA and 2% normal goat serum and incubated overnight at 148C. Mouse

mAbs used were as follows: 4B2 (desmoglein 1; diluted 1:100)13 and 115F

(desmoplakin, a gift fromDavid Garrod; diluted 1:100). Polyclonal antibodies

used were as follows: keratin 10 (a gift from Julie Segre; diluted 1:2000) and

1407 (plakoglobin, diluted 1:2000). Secondary staining was done with Alexa

Fluor–conjugated antibodies to mouse, rabbit, or chicken (Life Technologies,

Grand Island, NY) diluted 1:300 in 1%BSA and 2% normal goat serum for 30

minutes at 378C. All washes were done with PBS. Coverslips were mounted

with polyvinyl alcohol for microscopic analysis by using a DMR Leica

microscope (340 NA 1.0 Plan-Fluotar Plan-Apochromat objective) and a

charge-coupled device camera (Orca 100 model CA7 42-95; Hamamatsu

Photonics, Hamamatsu City, Japan). 49,6-Diamidino-2-phenylindole was

added during the secondary antibody incubation at a final concentration of

2 mg/mL.
RESULTS
Molecular genetics

Initial mutation screening of the proband’s genomic DNA
isolated from peripheral blood was unremarkable. This included
Sanger sequencing of the entire coding sequences of SPINK5 and
ADAM metallopeptidase domain 17 (ADAM17), as well as 8
genes known to cause autosomal recessive congenital ichthyosis
(NIPAL4, CYP4F22, ALOXE3, ALOXE12B, TGM1, PNPLA1,
ABCA12, CERS3, FATP4, and ABHD5) and pustular psoriasis
(CARD14 and IL36RN). Results of DNA repair studies were
entirely normal. The patient had a normal male karyotype, and
aCGH showed no major deletions or duplications.

The proband’s DNA was then subjected to WES. Given the
known association of DSG1 mutations in prior cases of SAM
syndrome, we screened WES variant data for mutations in
DSG1 and related desmosomal genes. Repetitive analysis was
initially focused on the DSG1 gene, which was previously
reported to be causative in patients with SAM syndrome. No
potentially pathogenic variants were identified in the DSG1
gene, and therefore genes encoding other desmosomal proteins
were examined. Only nonpathogenic single nucleotide
polymorphisms (SNPs) that have been found in healthy
populations by the 1000 Genomes Project were identified in the
desmosomal protein genes listed in Table I, with the exception
of the novel point mutation c.1757A>C in DSP (encoding
desmoplakin) predicting the amino acid substitution mutation
p.His586Pro in the desmoplakin polypeptide.

The mutation was confirmed by means of Sanger sequencing
(Fig 3, A and B) and excluded from 100 unrelated, ethnically
matched healthy control subjects (200 alleles) by using Sanger
sequencing. The mutation was not detected in the proband’s
parents, indicating that it represents a de novo change. This
mutation lies within the plakin domain of desmoplakin, which
is shared by other members of the plakin protein family (Fig 3,
C). The crystal structure of residues 175 to 630 of desmoplakin
was described by Choi and Weis.14 Histidine 586 is located in
an a-helix within spectrin repeat 6, a structure that is conserved
in bullous pemphigoid antigen 1 and plectin.14 Histidine is a
hydrophilic charged amino acid, whereas proline is a hydrophobic
residue, and therefore this is a nonconservative amino acid
substitution. More importantly, proline introduces a strong turn
structure within polypeptide chains, and therefore this variant is
strongly predicted to completely disrupt the conserved a-helix
within desmoplakin’s spectrin repeat 6.15,16

As an incidental finding, both the proband and his father were
heterozygous for a c.6208G>A missense SNP in DSP, predicting
the protein change p.Asp2070Asn (Table I). This SNP
(rs41302885) was absent in maternal DNA. SNP rs41302885
has been found at a low frequency in healthy populations, with



FIG 2. Histopathology. A, Skin showing irregular psoriasiform hyperplasia,

hyperkeratosis andparakeratosis, andamildsuperficial dermal inflammatory

infiltrate. B, Skin showing a florid subcorneal pustular dermatosis superim-

posed on background changes similar to those in Fig 2, A, with irregular

hyperplasia and marked hyperkeratosis and parakeratosis. C, Esophageal

squamous mucosa showing separation and detachment of superficial squa-

mous epithelial cells in the absence of any mucosal inflammatory process.

TABLE I. Desmosome protein variants

Gene Protein

Missense

SNP Zygosity

dbSNP

no.

Minor

allele

frequency

(1000

Genomes

Project)

DSP Desmoplakin p.Asp2070N Het rs41302885 0.0026

p.His586Pro Het None None

DSG1 Desmoglein 1 p.Met11Val Hom rs1426310 0.3626

DSG2 Desmoglein 2 p.Ile293Val Het rs2230234 0.0323

p.Arg773Lys Het rs2278792 0.2400

DSG3 Desmoglein 3 p.Thr912Ala Hom rs1380866 0.0008

DSG4 Desmoglein 4 p.Ile644Leu Hom rs4799570 0.0341

DSC1 Desmocollin 1 p.Met659Thr Het rs28620831 0.0220

p.Cys848Phe Het rs985861 0.0933

DSC2 Desmocollin 2 p.Ile776Val Het rs1893963 0.1965

DSC3 Desmocollin 3 None

JUP Plakoglobin p.Arg142His Het rs41283425 0.0240

p.Met697Leu Hom rs1126821 0.4167

PKP1 Plakophilin 1 None

PKP2 Plakophilin 2 None

PKP3 Plakophilin 3 p.Gly95Arg Het rs11246148 0.3608

PKP4 Plakophilin 4 None

CSDN Corneodesmosin None

EVPL Envoplakin p.Gln433Arg Het rs2071192 0.3241

EVPLL Envoplakin-like p.Ser4Asn Het rs570145 0.4766

PPL Periplakin p.Arg819Ser Hom rs2734742 0.0617

p.Ala1007Val Het rs2075639 0.1194

Het, Heterozygous; Hom, homozygous.

Variables in boldface are disease causing.
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minor allele frequencies of 0.0026 (1000 Genomes Project; http://
www.ncbi.nlm.nih.gov/SNP/) and 0.0033 (ExomeVariant Server;
http://evs.gs.washington.edu). Therefore this variant, like those
seen in other desmosomal genes (Table I), is predicted to be a
nonpathogenic polymorphism.

High-density aCGH was performed to exclude the presence of
a second compound heterozygous genomic mutation that
might be missed by both WES and targeted PCR-based
sequencing, such as deletion or duplication of 1 or more exons.
The Affymetrix 750K array used had full probe coverage for all
exons of the DSP and DSG1 genes. No copy number
changes were observed for either gene by using high-density
aCGH. Consistent with this result, the coverage of WES
sequence reads across the DSP gene was not significantly
different from that of matched control samples (data not shown).
Thus all molecular genetics data are consistent with the de novo
missense mutation p.His586Pro in DSP being the causative
genetic lesion.
Ultrastructural analysis
In normal human epidermis keratin filaments make looping

attachments with the inner plaques of desmosomes.17 Electron
microscopy of the patient’s skin (Fig 4) showed a striking
disassociation between keratin filament bundles (asterisks in the
control tissue image) and desmosomes in the spinous layer of
the epidermis, where desmosomes are most clearly visualized
(Fig 4, A and B). The desmosomal inner plaques were much
less electron dense and appeared poorly formed compared with
desmosomes observed in normal control skin (Fig 4, C and D).
The stratum corneum also displayed striking structural
abnormalities (Fig 5), including marked attenuation of cornified
envelopes (Fig 5, J, double arrows), a virtual absence of

http://www.ncbi.nlm.nih.gov/SNP/
http://www.ncbi.nlm.nih.gov/SNP/
http://evs.gs.washington.edu
http://evs.gs.washington.edu


FIG 3. Molecular genetics. A, Pedigree of the family in this study. The arrow indicates the proband.

B, Sequence of the DSP exon 14 spanning codons 584 to 588. Both parents are wild-type for this region,

and the proband has the heterozygous missense mutation c.1757A>C (indicated by the arrow), predicting

the amino acid substitution p.His586Pro at the protein level. C, Primary structure of desmoplakin. Amino

acid boundaries of the 3 major domains of the protein are indicated. The p.His586Pro mutation lies within

the plakin domain in the N-terminal head of desmoplakin.
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corneodesmosomes, and abnormalities in the postsecretory
maturation (Fig 5, C) and organization of secreted lamellar
body contents (Fig 5, B, and E-G).
Immunohistochemistry
Immunofluorescence analysis revealed aberrant desmoplakin

staining, appearing as large accumulations or aggregates (Fig 6, A
and B). Striking reductions in both desmoglein 1 and keratin 10
staining were observed (Fig 6, E-H). What DSG1 remained
appeared in aggregates. Plakoglobin distribution appeared less
perturbed, with largely plasma membrane–associated staining
punctuated by fluorescence-bright regions that colocalized in
some cases with desmoplakin aggregates (Fig 6, C and D).
DISCUSSION
Intercellular junction complexes are a diverse group of

organelles that function to provide adherence and communica-
tion between individual cells, as well as contributing to the



FIG 4. Ultrastructural abnormalities. A, Abundant keratin filaments (asterisks) anchored to desmosomes

(arrows) in the cytoplasm of a spinous cell in normal human epidermis. B, Note the scarcity of keratin

filaments at the same level in the proband. C, Common desmosomal structure with normal inner dense

plaque (arrowheads) in a human control sample. D, In contrast, a poorly formed inner dense plaque lacking

evidence of keratin filament attachment was observed in the proband.
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integrity of larger tissues. These intercellular junctions include
desmosomes, adherens junctions, tight junctions, and gap
junctions.18 Desmosomes are intercellular attachment and
anchoring sites for the intermediate filament cytoskeleton.19

Electron microscopic studies have characterized their ultra-
structure as containing the intermediate filament-associated in-
ner plaque, an electron-dense outer plaque, the plasma
membrane, and the electron-dense midline in the extracellular
domain.18

Desmosomes are composed of several transmembrane and
intracellular molecules. The transmembrane proteins facilitating
intercellular adhesion are desmosomal cadherins, desmogleins,
and desmocollins.17 Intracellular domains are attached to the
intermediate filaments through a range of linker molecules,
including desmoplakin, plakoglobin, and plakophilins.17

Desmosomal structures are widely expressed in epithelia,
including the intestinal mucosa, gall bladder, uterus and oviduct,
liver, pancreas, stomach, salivary and thyroid glands, and
epithelial cells of the nephron, but they are most abundant in
tissues that experience mechanical stress, such as the skin and
myocardium.18 Not only do desmosomes provide resistance to the
strong mechanical forces applied to skin and cardiac muscle and
therefore contribute to tissue cohesiveness, they also have a role in
cell signaling and skin barrier functionality.17,19 These important
functions explain, in part, the diverse range of disease phenotypes
observed in patients with desmosomal diseases. Genetic
abnormalities in desmosomal components result in a variety of
skin and cardiac diseases.
Desmoplakin is an obligate component of functional desmo-
somes and is highly expressed in the heart, epidermis,18,19 and
hair follicles.20 Desmoplakin associates with intermediate
filaments through its C-terminus and interacts with plakophilins
and plakoglobin through its N-terminus to target the
desmoplakin-keratin complex to the desmosomal inner
plaque.21,22 Desmoplakin haploinsufficiency has been reported
to cause autosomal dominant type II striate PPKwithout any other
skin, hair, or extracutaneous features.23 This clinical phenotype
suggests that a 50% expression level of desmoplakin is sufficient
for epidermal functioning in most body sites but not for the palms
and soles, which are subject to considerable mechanical stress.17

Recessive mutations in desmoplakin result in severe phenotypes.
Carvajal syndrome is characterized by striate PPK, woolly hair,
and left ventricular cardiomyopathy.24 Skin fragility/woolly
hair syndrome is also caused by recessive mutations in DSP.
Reported cases included compound heterozygosity for a
nonsense/missense combination of mutations. The clinical
phenotype described in the reports was a focal and diffuse PPK,
hyperkeratotic plaques on the trunk and limbs, and varying
degrees of alopecia but no apparent cardiomyopathy. Heterozy-
gous carriers of these mutations displayed no phenotypic abnor-
malities.12 Lethal acantholytic epidermolysis bullosa has been
reported in a neonate presenting as complete alopecia, neonatal
teeth, nail loss, extensive skin erosion, and neonatal death. The in-
fant had compound heterozygosity for a recessive nonsense and
frameshiftDSPmutation, resulting in deletion of the intermediate
filament-binding sites in the desmoplakin tail domain.25



FIG 5. Stratum corneum (SC) ultrastructural abnormalities.A,Mature lamellar bilayers (arrows) and normal

postsecretory lipid processing in the upper portion of the stratum granulosum (SG)–SC interface in normal

human skin. B and C, In addition to areas of processed lamellar bilayer arrays (arrows), the patient sample

shows abnormal lamellar bilayer organization with disruption by nonlamellar domains (Fig 5, B, asterisks),

delayed lipid processing, and incompletely processed lamellar material (Fig 5, C, arrows and asterisks,

respectively). D, Normal lamellar body secretion with homogenous extracellular bilayers in a healthy

human. E and F, Inhomogenous lamellar body secretion with foci of vesicular contents at the SG-SC

interface and premature secretion in the stratum spinosum (SS) in the patient. G, Predominantly abnormal,

ellipsis-shaped lamellar bodies with aberrant internal structures in the patient. H-J, Non–membrane-bound

droplets throughout the SC, containing electron-dense material, possibly lipids (Fig 5, H). In contrast to the

normal regular cornified envelope (double arrows) and corneocyte lipid envelope (Fig 5, I, arrowhead), note

the thinning of the cornified envelope (double arrows) and absence of the corneocyte lipid envelop in the

patient (Fig 5, J).
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Our case is the first reported case of SAM syndrome caused by a
DSPmutation. The recently reported families with SAM syndrome
had biallelic loss-of-function mutations in DSG1.7,8 Desmoglein 1
is a member of the desmosomal cadherins and strongly expressed
in the granular and spinous layers of the epidermis18,19 and hair fol-
licles.20 Heterozygous mutations inDSG1 cause type I striate PPK.
Homozygous DSG1 mutations were reported to cause the severe
phenotype of SAM syndrome.7 The first reported cases were



FIG 6. Immunostaining. Paraffin-embedded sections of control biopsy

material from patients and control subjects were stained for key desmo-

some components and interacting epidermal proteins (control epidermis:

A, C, E, andG, left panels; proband: B, D, F, and H, right panels). Fig 6, A and

B, Staining for desmoplakin (DSP; green). Note the reduction in staining in

the proband’s skin plus the accumulation of desmoplakin in the cytoplasm.

Fig 6, C and D, Plakoglobin staining (PG; red) is weaker in the patient’s skin

and appears less intense at the cell borders. Fig 6, E and F, Desmoglein 1

expression (DSG1; green) is drastically reduced in the patient’s epidermis.

Fig 6, G and H, Staining for keratin 10 (K10), a major component of the

intermediate filament cytoskeleton in suprabasal keratinocytes, which

was greatly reduced in the proband. Nuclei were visualized with 49,6-
diamidino-2-phenylindole. The dashed line in each image indicates the

location of the dermal-epidermal junction. Calibration bar 5 20 mm.
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from 2 families with consanguineous healthy parents.7,8 Their
described phenotype was congenital erythroderma; skin erosions
and scaling; yellowish papules and plaques at the periphery of
the palms, along the fingers, and over weight-bearing areas of the
feet; and hypotrichosis. From early infancy, they had markedly
increased IgE levels, severe food allergies, and recurrent infections
with severe metabolic wasting.7 Minor cardiac developmental de-
fects were noted in 2 patients, which is in keeping with the associ-
ation between desmosomal diseases and cardiac conditions.7 Two
of the patients also had esophageal involvement, which was similar
to our patient.7 The fourth reported case, the only child of healthy
unrelated parents, had a milder phenotype with PPK, dermatitis,
and multiple allergies but had normal hair and was otherwise
well.8 Samuelov et al7 demonstrated that DSG1 deficiency was
associated with increased expression of genes encoding the
allergy-related cytokines thymic stromal lymphopoietin, IL-5,
and TNF. It is notable that our patient and other patients with
SAM syndrome had esophageal involvement; our patient had
separation and detachment of the esophageal superficial
squamous cells, and another patient with SAM syndrome had
typical eosinophilic esophagitis.7 Similar to SAM syndrome,
eosinophilic esophagitis is characterized by allergic inflammation
of the esophageal mucosa, immune sensitization to foods, and
impaired esophageal barrier function.26 Recent data have
suggested a functional role for DSG1 and its dysregulation in the
pathophysiology of eosinophilic esophagitis. Furthermore, the
loss of DSG1 expression might potentiate allergic inflammation
through induction of proinflammatory mediators.26

Our patient showed amarked reduction in desmoglein 1 protein
expression, as shown by immunohistochemical staining of the
skin (Fig 6), despite not having a DSG1 mutation. This
reduction in expression might be due, at least in part, to disruption
of stable complexes comprising both DSP and DSG1. The
primary structure of desmoplakin has 3 distinct regions: the
1056-amino-acid N-terminal domain, an 890-residue central
coiled-coil domain, and a 925-residue C-terminal intermediate
filament binding domain (Fig 3, C).14 Yeast two-hybrid assays
and coimmunoprecipitation experiments showed that
desmoplakin’s N-terminal 584-amino-acid region is necessary
and sufficient to target desmoplakin to the inner desmosomal
plaque through its association with armadillo proteins.14,21 It is
likely that replacement of histidine with proline in close
proximity to this region disrupts protein conformation and
possibly armadillo protein binding, leading to defects in DSP
localization and function. More recently, the microtubule plus
tip protein end-binding protein 1 was identified as a binding
partner for this same region of desmoplakin.27 In addition, the
observed loss of DSG1 that occurs secondary to desmoplakin
defects might be a causative factor in decreasing keratin
expression because DSG1 suppresses the extracellular signal–
regulated kinase signaling required to promote differentiation,
including expression of genes important for barrier
formation.28,29 ThusDSG1 not only maintains adhesion in the up-
per epidermis but also instructs an early epidermal differentiation
program on stratification.29 The attenuation of differentiation
might also lead to loss of expression of other epidermal proteins,
therefore further exacerbating the barrier defect. Because DSG1
expression or localization is affected in all cases of SAM
syndrome, it is unclear whether it is the loss of DSG1 or DSP at
intercellular junctions that might be causative in the disease.

Although FLG mutations are the most significant mutations
associated with AD, many other genes involved in skin barrier
function have been implicated, including SNPs in the SPINK5
gene.30,31 Homozygous or compound heterozygous loss-of-
function mutations in the SPINK5 gene result in the autosomal
recessive disorder Netherton syndrome, with severe AD and
allergy.1 Furthermore, proteomic profiling of skin from patients
with AD has found that multiple other proteins related to the skin
barrier were expressed at significantly lower levels in lesional
compared with nonlesional sites of patients with AD. These
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proteins included filaggrin 2, corneodesmosin, desmoglein 1, des-
mocollin 1, and transglutaminase 3.30 Nonlesional AD skin might
also partially share the lesional skin phenotype. It has been shown
that nonlesional skin has reduced expression of filaggrin and
filaggrin-like proteins,32 aswell as increased expression of immune
genes.33

The pathomechanisms of AD are complex and include
interplay between epidermal structural abnormalities and
immune dysregulation. However, there are several lines of
evidence supporting the role of an aberrant skin barrier in the
development of atopic diseases and allergy. The compromised
skin barrier might allow enhanced allergen exposure to the
cutaneous immune system, enhanced TH2 responses, and
development of allergies. Alternatively, or in addition, the
structural protein-deficient epithelium might be proinflammatory
and primed for the development of allergy.34

We report a fifth case of SAM syndrome and the first case
caused by desmoplakin mutations. SAM syndrome substantiates
the role of heritable skin barrier defects, particularly in
desmosomal proteins, in the pathogenesis of atopic disease. The
pathomechanisms of SAM syndrome require further investigation
and might provide valuable insights into the development of
atopic diseases.

We thank the patient and his parents for their involvement in this study. We

also thank EddyMaher, Charlotte Keith, andMary Glancy, South East Scotland

Cytogenetics Laboratory, Edinburgh, United Kingdom, for aCGH analysis.

Clinical implications: Three families with SAM syndrome have
been reported, all with mutations in DSG1. We report a fifth
case, the first linked to a DSP mutation. In patients with SAM
syndrome,mutations inDSG1,DSP, and other desmosomal pro-
teins should be considered.
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Atopic	dermatitis	is	a	common	inflammatory	skin	disease	with	
a	strong	heritable	component.	Pathogenetic	models	consider	
keratinocyte	differentiation	defects	and	immune	alterations	as	
scaffolds1,	and	recent	data	indicate	a	role	for	autoreactivity	in	at	
least	a	subgroup	of	patients2.	FLG	(encoding	filaggrin)	has	been	
identified	as	a	major	locus	causing	skin	barrier	deficiency3.		
To	better	define	risk	variants	and	identify	additional	susceptibility	
loci,	we	densely	genotyped	2,425	German	individuals	
with	atopic	dermatitis	(cases)	and	5,449	controls	using	the	
Immunochip	array	followed	by	replication	in	7,196	cases	and	
15,480	controls	from	Germany,	Ireland,	Japan	and	China.	We	
identified	four	new	susceptibility	loci	for	atopic	dermatitis	and	
replicated	previous	associations.	This	brings	the	number	of	atopic	
dermatitis	risk	loci	reported	in	individuals	of	European	ancestry	
to	11.	We	estimate	that	these	susceptibility	loci	together	account	
for	14.4%	of	the	heritability	for	atopic	dermatitis.

Genome-wide association studies (GWAS) have shown remarkable 
overlap across immune-mediated diseases4. Two European GWAS 
on atopic dermatitis established four susceptibility loci (C11orf30, 
OVOL1, ACTL9 and RAD50-IL13-KIF3A) in addition to FLG5,6. At 
C11orf30, the same allele also confers risk to asthma7 and Crohn’s 
disease8. For RAD50-IL13, locus agonistic effects were observed for 
asthma9, and locus antagonistic effects were observed for psoriasis10. 
Two further loci were reported in a Chinese GWAS (TNFRSF6B-
ZGPAT and TMEM232-SLC25A46)11. All loci were confirmed in a 

recent Japanese GWAS, which additionally reported eight new loci 
(IL1RL1-IL18R1-IL18RAP, MHC, OR10A3-NLRP10, GLB1, CCDC80, 
CARD11, ZNF365 and CYP24A1-PFDN4)12. However, the causal vari-
ants at all loci except FLG are unknown. To better define susceptibil-
ity variants and evaluate loci implicated in other immune-mediated 
diseases, we genotyped 2,425 German cases with atopic dermatitis and 
5,449 German population controls (Supplementary Table 1a) using 
the Immunochip array13 followed by replication in four independent 
collections (Supplementary Table 1b–d).

After quality control, 128,830 SNPs with a minor allele frequency 
>1% were available for analysis (Online Methods). The initial 
comparison of the case-control frequencies yielded 131 and 663 
SNPs within 5 and 33 genomic loci with PImmunochip <5 × 10−8 and 
PImmunochip < 10−4, respectively (Fig. 1). Of the five atopic dermati-
tis loci previously reported in European ancestry populations, three 
reached conservative genome-wide significance (GWS, defined as  
P < 5 × 10−8; P1q21.3 = 4.51 × 10−20, P5q31.1 = 1.99 × 10−14 and P11q13.5 =  
5.22 × 10−11) (Table 1). For all three of these loci, we observed 
stronger association signals as compared to those of previously 
reported SNPs5,6 (Supplementary Table 2), for which Immunochip 
data were used to refine the 5q31.1 locus6. Variant rs72702813 at 
1q21.3 is located 5,275 bases upstream of LCE3A (encoding late 
cornified envelope gene 3A), a member of the LCE3 group, which 
contains a psoriasis risk-associated deletion (LCE3C_LCE3B-del)14 
and encodes proteins that are involved in barrier repair with differ-
ential expression in atopic dermatitis15.

High-density genotyping study identifies four new 
susceptibility loci for atopic dermatitis

A full list of authors and affiliations appears at the end of the paper.
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Figure 1 Manhattan plot of the Immunochip 
association statistics highlighting atopic 
dermatitis susceptibility loci. The red horizontal 
line indicates a genome-wide significance 
threshold of P = 5 × 10−8, and the black 
horizontal line indicates the threshold for follow-
up genotyping of the most strongly associated 
SNPs (n = 34) with PImmunochip <10−4 from  
each associated locus in an independent  
case-control collection (supplementary 
table 1b). SNPs within five known and four 
newly associated loci (depicted in blue) (table 1) 
reached the GWS threshold for association with 
atopic dermatitis in the combined analysis of the 
Immunochip discovery and replication stages 
(supplementary table 1a–c). 
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Analysis of linkage disequilibrium (LD) patterns showed that 
rs72702813 does not tag the psoriasis deletion (D′ = 1.0, r2 = 0.09 
with proxy SNP rs4112788 (ref. 14)) but is in moderate LD (D′ = 0.63, 
r2 = 0.38) with the known FLG mutation c.2282del4 (Supplementary 
Table 3). After conditioning on FLG mutations (p.Arg501X, 
c.2282del4, p.Arg2447X and p.Ser3247X), rs72702813 no longer 
showed association (Pcond = 0.94, odds ratio (OR) = 0.99, 95% confi-
dence interval (CI) 0.77–1.28).

Another locus at CLEC16A (16p13.13), which was not previ-
ously known to be associated with atopic dermatitis, attained GWS 
(Prs2041733 = 1.00 × 10−11, OR = 1.26, 95% CI 1.18–1.35) (Table 1). For 
the two remaining established loci, we observed a significant signal for 
OVOL1 (11q13.1) (Prs11820062 = 3.60 × 10−6) but not ACTL9 (19p13.2) 
(Prs2967682 = 0.18) (Supplementary Fig. 1), which is sparsely covered 
on the Immunochip (r2 = 0.15 between rs2967682 and the lead SNP 
rs2164983 from a previous GWAS6). Furthermore, we replicated the 
association at the TNFRSF6B (20q13.33) locus (Prs909341 = 7.73 × 
10−10, OR = 0.76, 95% CI 0.70–0.83), which was previously reported 
in a Chinese population, with GWS in Europeans. This gene encodes a 
soluble decoy receptor (DcR3) that acts as an immunomodulator (for 
example, in support of T helper type 2 (TH2) cell polarization, which 
is a hallmark feature of atopic dermatitis)16. DcR3 is overexpressed in 
inflamed epithelia, and increased serum concentrations of this protein 
have been reported in autoimmune and inflammatory diseases17,18. 
In line with this, we observed a slight overexpression in serum from 
patients with atopic dermatitis (PFisher = 0.00049; Supplementary 
Fig. 2). However, immunohistochemistry showed strong epidermal 
staining with no clear differences between atopic dermatitis lesional 
and healthy skin (Supplementary Fig. 3). No proxy SNPs (r2 > 0.5) 
were available for the 5q22.1 locus identified in the Chinese popu-
lation (TMEM232-SLC25A46). For the recently reported loci in a 
Japanese population, we observed significant associations at 2q12.1 
(IL1RL1-IL18R1-IL18RAP, Prs13015714 = 2.81 × 10−5, OR = 1.18, 95% CI  
1.09–1.27), 6p21.3 (GPSM3, Prs176095 = 2.53 × 10−5, OR = 0.83, 95% CI  
0.76–0.90) and 7p22 (CARD11, Prs6978200 = 2.34 × 10−3, OR = 1.12, 
95% CI 1.04–1.20, r2 = 0.58 with the reported SNP rs4722404). We 
found no association for 3p21.33 (GLB1, Prs35480293 = 0.80, r2 = 0.92 
with the reported SNP rs6780220) or 10q21.2 (ZNF365, Prs10995251 = 
0.08). The 3q13.2 (CCDC80) and 20q13 (CYP24A1-PFDN4) loci have 
more limited coverage on the Immunochip array.

To identify additional susceptibility loci, we analyzed the most 
strongly associated SNPs (n = 34) with PImmunochip < 10−4 after the 
clumping procedure from each associated locus in an independent set 
of 794 German cases and 3,338 controls (Supplementary Table 1b). 
We further genotyped SNPs replicated at the 0.05 significance level 
(n = 15; Supplementary Table 4) in 1,157 Irish childhood cases 
and 1,261 controls (Supplementary Table 1c). In a meta-analysis 
(PImmunochip+Repl) of the discovery (PImmunochip) and replication (PRepl) 
stages (Supplementary Table 1a–c), SNPs within six distinct regions 
met the GWS threshold (Table 1). Again, we observed association at 
16p13.13 for SNP rs2041733 in CLEC16A (PImmunochip+Repl = 3.44 × 
10−15, ORImmunochip+Repl = 1.23, 95% CI 1.17–1.29). CLEC16A encodes 
a sugar-binding, C-type lectin expressed on B lymphocytes, natural 
killer cells and dendritic cells that is functionally active through an 
immunoreceptor tyrosine-based activation motif (ITAM)19. Several 
SNPs in CLEC16A have been associated with immune-mediated 
diseases such as multiple sclerosis, type 1 diabetes20,21 and alopecia 
areata22, a frequent comorbidity of atopic dermatitis.

We found a significant association at 11p13 for rs12295535 in 
PRR5L (PImmunochip+Repl = 7.96 × 10−13, ORImmunochip+Repl = 1.68, 95% 
CI 1.46–1.93), which encodes a protein that promotes apoptosis23. ta
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At 2q12.1, the associated SNP (rs759382, PImmunochip+Repl = 6.01 × 
10−11, ORImmunochip+Repl = 1.22, 95% CI 1.15–1.29) maps to a 400-kb  
LD block encompassing four genes (IL1RL1, IL18R1, IL18RAP and 
SLC9A4). IL1RL1 encodes a receptor for IL-33, which promotes TH2 
cell responses24, and the products of IL18RAP and IL18R1 form 
the receptor for IL-18, which has multiple immunologic functions, 
including the induction of TH1 cell responses. Various SNPs in 
IL1RL1, IL18R1 and IL18RAP are associated with asthma and related 
traits, and the effect has been attributed to IL1RL1 (refs. 9,25,26). In 
addition, variants in IL18R1 and IL18RAP have been associated with 
Crohn’s disease27 and celiac disease28. Stepwise conditional regres-
sion identified evidence for three independent signals (rs759382 in 
SLC9A4; rs3771180 in IL1RL1, which was previously implicated in 
asthma29; and rs10185897 in IL1RL1-IL18R1) with P < 5 × 10−4 and 
showed that the recently reported variant rs13015714 (ref. 12) tags 
rs759382 (Supplementary Table 5).

We found additional significant associations for rs16948048 at 
17q21.32 (ZNF652, PImmunochip+Repl = 2.92 × 10−9, ORImmunochip+Repl =  
1.17, 95% CI 1.11–1.23) and rs17389644 at 4q27 (IL2-IL21, 
PImmunochip+Repl = 1.39 × 10−8, ORImmunochip+Repl = 1.19, 95% CI 1.12–
1.26). ZNF652 encodes a transcriptional repressor that is implicated in 
epithelial cancers30. IL-2 has pleiotropic immunoregulatory functions, 
in particular control of the proliferation and survival of regulatory  
T cells31. The IL2 locus is tightly linked with IL21, and variants in IL2, 
its high-affinity receptor IL2RA and IL21 have been associated with 
multiple immune-mediated diseases. None of the SNPs chosen from 
the major histocompatibility complex replicated. Regional associa-
tion plots of the nine atopic dermatitis susceptibility loci with GWS 
in Europeans are shown in Supplementary Figure 4. The four newly 
associated loci collectively increase the explained heritability from 
9% to 14.4% (Supplementary Table 6).

To further determine the impact of the new susceptibility loci 
identified in Europeans on atopic dermatitis risk in diverse pop-
ulations, we tested them for association in 2,397 adult Japanese 
cases and 7,937 controls from a recent GWAS12 and 2,848 adult 
Chinese cases and 2,944 controls (Supplementary Table 1d). In 
the Japanese study population, all new loci except IL2-IL21 passed 
the Bonferroni-corrected significance threshold (P < 0.05/6 = 
0.008) for replication, and in the Chinese study population, two 
loci (CLEC16A and TNFRSF6B) passed this threshold (Table 2 and 
Supplementary Table 4). Thus, CLEC16A and TNFRSF6B seem to 
be relevant to atopic dermatitis in both these European and Asian 

populations, whereas results for the other loci might reflect pheno-
typic and ancestry differences between the studies.

Because atopic dermatitis is often coexpressed with asthma, to 
enhance the interpretation of our findings, we analyzed Immunochip 
data from an independent set of 733 German cases with asthma32 and 
2,503 controls for atopic dermatitis, asthma, atopic dermatitis without 
asthma and asthma without atopic dermatitis (Online Methods). We 
found that all of the newly identified susceptibility loci associated 
primarily with atopic dermatitis (Supplementary Table 7).

For the nine loci associated at GWS (Table 1), we identified seven 
coding SNPs highly correlated (r2 > 0.9 in 1000 Genomes Project 
European samples) with the lead SNPs (Supplementary Table 8). 
However, these nonsynonymous SNPs are predicted in silico to have 
a nondamaging effect on protein products.

Analysis of whole-blood samples from 740 German control indi-
viduals identified evidence for correlation between the expression of 
IL1RL1, ARAP3, MAP3K11 and STMN3 and SNP alleles in high LD 
(r2 > 0.95) with the most strongly associated SNPs listed in Table 1 
(Supplementary Table 9). Examination of expression levels in skin 
biopsies from 64 healthy controls run on HU133 Plus 2.0 arrays33 
yielded no evidence for cis-regulatory effects (Supplementary 
Table 10). However, a regulatory effect in another physiological state 
(for example, atopic dermatitis) cannot be ruled out.

We next looked for statistical interactions (allelic-by-allelic epista-
sis) between lead SNPs of each locus shown in Table 1 (Supplementary 
Table 11). One SNP pair (rs848 (IL13) and rs2041733 (CLEC16A)) 
showed evidence for interaction (P = 5.41 × 10−4) after Bonferroni 
correction (P < 0.05/36 = 1.39 × 10−3). rs848 is in tight LD with the 
functional IL13 variant rs20541 (r2 = 0.979), which affects the activa-
tion of the signal transducer and activator of transcription 6 (STAT6) 
signaling pathway34. CLEC16A is thought to act through its ITAM, 
the ligation of which modulates JAK-STAT signaling35. Thus, the 
observed interactions reflect potential functional links, which need 
further investigation.

In summary, our dense genotyping approach using the Immunochip 
array identified four new atopic dermatitis risk loci in Europeans 
(Table 1), adding 5.4% to the estimate of explained atopic dermatitis 
heritability and bringing the total to 14.4% heritability explained by 
currently reported susceptibility loci. Our results expand the catalog 
of genetic loci implicated in atopic dermatitis and provide evidence 
for a substantial contribution of loci shared with other immune-
 mediated diseases.

table 2 susceptibility loci associated with atopic dermatitis in Japanese and Chinese replication case-control studies

Key genes  
(n additional  
genes in the 

locus)

Immunochip + Replication  
Europeans (4,376/10,048)a

Replication Japan  
(2,397/7,937)a

Replication China  
(2,848/2,944)a

Chr.
Association  

boundaries (kb) dbSNP ID A1 A2 P OR (95% CI) P OR (95% CI) P OR (95% CI)

Previously reported atopic dermatitis susceptibility locib

1q21.3 150803–151051 rs72702813 T G LCE3A (15) 1.49 × 10−33 2.06 (1.83–2.31) – – 0.3261 1 (0–)
2q12.1 102225–102619 rs759382 C A SLC9A4 (5) 6.01 × 10−11 1.22 (1.15–1.29) 1.36 × 10−9 1.22 (1.15–1.30) 0.4540 0.97 (0.90–1.05)
5q31.1 131812–132167 rs848 T G IL13 (8) 8.22 × 10−28 1.40 (1.32–1.49) 5.14 × 10−10 1.24 (1.16–1.33) 1.28 × 10−6 1.21 (1.12–1.31)
11q13.5 75724–76017 rs7110818 A G C11orf30 (1) 3.33 × 10−16 1.28 (1.21–1.36) 6.34 × 10−6 1.16 (1.09–1.24) 0.0320 1.08 (1.01–1.17)
20q13.33 61678–61872 rs909341 A G TNFRSF6B (8) 7.77 × 10−16 0.77 (0.72–0.82) 7.74 × 10−4 0.83 (0.84–0.95) 1.52 × 10−7 0.82 (0.76–0.88)
New atopic dermatitis susceptibility loci
4q27 123204–123784 rs17389644 A G IL2-IL21 (2) 1.39 × 10−8 1.19 (1.12–1.26) 0.2492 1.06 (0.96–1.18) 0.1599 1.08 (0.97–1.21)
11p13 36355–36438 rs12295535 A G PRR5L 7.96 × 10−13 1.68 (1.46–1.93) 0.0074 1.31 (1.08–1.60) 0.1588 1.13 (0.95–1.34)
16p13.13 10930–11218 rs2041733 A G CLEC16A-DEXI 3.44 × 10−15 1.23 (1.17–1.29) 0.0063 1.09 (1.03–1.18) 1.23 × 10−4 1.18 (1.08–1.28)
17q21.32 44641–44875 rs16948048 G A ZNF652 (5) 2.92 × 10−9 1.17 (1.11–1.23) 1.87 × 10−5 1.22 (1.12–1.34) 0.04224 1.10 (1.00–1.20)
aNumber of cases/number of controls. bWe replicated the association at the 20q13.33 (TNFRSF6B) and 2q12.1 (SLCA4) loci, previously reported in Chinese and Japanese populations, respectively, with GWS  
in Europeans. Two other known atopic dermatitis loci in Europeans from previous GWAS (OVOL1 and ACTL9) are sparsely covered on the Immunochip (see the main text and supplementary Fig. 1). Chr.,  
chromosome of the marker; genomic positions were retrieved from NCBI dbSNP build v130 (genome build hg18); A1, minor allele; A2, major allele; key gene(s), candidate gene(s) in the region. P values and  
ORs were calculated with respect to the minor allele. rs72702813 failed replication genotyping in the Japanese study due to technical reasons.
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URL. PopGen biobank, http://www.popgen.de.

METhods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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oNLINE	METhods
Study subjects. 
Immunochip data. All German cases with atopic dermatitis (Supplementary 
Table 1a) were recruited from tertiary dermatology and pediatrics clin-
ics based at four centers (Technische Universität Munich, as part of the 
Gene-Environment Association (GENEVA) study, the University of 
Kiel, the University of Bonn and University Children’s Hospital, Charité 
Universitätsmedizin Berlin, as part of the Genetic Studies in Nuclear Families 
with Atopic Dermatitis (GENUFAD) study). Atopic dermatitis was diagnosed 
on the basis of a skin examination performed by experienced dermatologists 
and pediatricians according to standard criteria, which included the presence 
of chronic or chronically relapsing pruritic dermatitis with the typical mor-
phology and distribution36. A total of 2,461 German controls were obtained 
from the PopGen biorepository37. A total of 1,545 cases with atopic derma-
titis and all 2,461 controls from PopGen were genotyped at the Institute of 
Clinical Molecular Biology, Christian-Albrechts-University of Kiel, and 880 
cases with atopic dermatitis were genotyped at the Max-Delbrück-Centrum 
(MDC) for Molecular Medicine (Berlin-Buch, Germany). Nine-hundred 
seventy-nine German controls were selected as part of an independent 
population-based sample from the general population living in the region of 
Augsburg (Cooperative Heath Research in the Region of Augsburg (KORA)), 
southern Germany38, and were genotyped at the Helmholtz Center in Munich. 
Three hundred and two control individuals were of south German ances-
try and were part of the control population from Munich recruited from the 
Bavarian Red Cross; 208 control individuals were recruited from the Charité-
Universitätsmedizin Berlin. These samples were genotyped at the University 
of Pittsburgh Genomics and Proteomics Core Laboratories (R.H.D., principal 
 investigator). The Bonn controls (n = 1,499) were recruited from the popula-
tion-based epidemiological Heinz Nixdorf Recall study39 and genotyped at the 
Life and Brain Center at the University Clinic in Bonn. Of the cases with atopic 
dermatitis used for the screen with available phenotype information, 33.1% 
and 31.0% (Supplementary Table 1a) suffered from comorbid asthma.

For in silico analysis of the selected SNPs for asthma, Immunochip data 
from 733 German cases with asthma from the MAGICS and German ISAAC 
studies9, as well as 2,503 controls from PopGen, were used.

Replication data. For follow-up genotyping (Supplementary Table 1b), we 
used 794 cases recruited at tertiary dermatology clinics in Munich, Bonn, Kiel 
and Hannover (Technische Universität Munich, as part of the GENEVA study, 
the University of Bonn, the University of Kiel and Medizinische Hochschule of 
Hannover). A total of 2,412 German control individuals were selected as part 
of the EMIL study, an independent population-based sample from the general 
population living in Leukirch, southern Germany40. A total of 926 German con-
trol individuals were selected as part of an independent population-based sample 
from the general population living in the region of Augsburg (KORA), southern 
Germany38, and were genotyped at the Helmholtz Center in Munich. The Irish 
case-control collection consisted of 1,157 unrelated children of self-reported 
Irish ancestry with moderate-to-severe atopic dermatitis recruited from the terti-
ary referral pediatric dermatology clinic based at Our Lady’s Children’s Hospital, 
Dublin (Supplementary Table 1c). A total of 1,261 unselected control samples 
were obtained from the population-based Trinity Biobank Control samples.

For further replication, a total of 2,397 Japanese cases and 7,937 Japanese 
controls were analyzed (Supplementary Table 1d). Cases were recruited 
from several medical institutes, including Fukujuji Hospital, Iizuka Hospital, 
Juntendo University, Hospital Iwate Medical University School of Medicine, 
National Hospital Organization Osaka National Hospital, Nihon University, 
Nippon Medical School, Shiga University of Medical Science, Cancer Institute 
Hospital of the Japanese Foundation for Cancer Research, Tokushukai Hospital 
and Tokyo Metropolitan Geriatric Hospital41. Controls included 6,018 cases 
with one of five diseases (cerebral aneurysm, esophageal cancer, endometrial 
cancer, chronic obstructive pulmonary disease or glaucoma) who did not have 
atopic dermatitis or bronchial asthma in BioBank Japan, 1,018 healthy vol-
unteers from members of the Rotary Club of Osaka-Midosuji District 2660 
Rotary International in Japan and 901 healthy subjects from the PharmaSNP 
Consortium. A total of 2,848 Chinese Han case samples with atopic dermati-
tis and 2,944 Chinese Han control samples (Supplementary Table 1d) were 
provided by S.Y. and X. Zhang.

Written, informed consent was obtained from all study participants, and the 
institutional ethical review committees of the participating centers approved 
all protocols.

Immunochip genotyping. DNA samples were genotyped using the 
Immunochip, which is an Illumina iSelect HD custom genotyping array. The 
Immunochip is a BeadChip developed for highly multiplexed SNP genotyp-
ing of complex DNA. Data were analyzed using Illumina’s GenomeStudio 
Genotyping Module. The NCBI build 36 (hg18) map was used (Illumina 
manifest file Immuno_BeadChip_11419691_B.bpm), and normalized probe 
intensities were extracted for all samples that passed standard laboratory  
quality-control thresholds.

Immunochip genotype calling and quality control. Genotype calling was 
performed with the GenomeStudio GenTrain 2.0 algorithm (Illumina’s 
GenomeStudio data analysis software) and the custom generated cluster file 
of Trynka et al. (based on an initial clustering of 2,000 UK samples and sub-
sequent manual readjustment of cluster positions)13.

SNPs that had >5% missing data, a minor allele frequency <1% or deviated 
from Hardy-Weinberg equilibrium (exact P < 10−4 in controls) per sample study 
were excluded using PLINK software version 1.07 (ref. 42). Sample quality con-
trol measures included sample call rate, overall heterozygosity, relatedness test-
ing and other metrics (Supplementary Figs. 5–7). The remaining 2,425 cases 
with atopic dermatitis and 5,449 controls were tested for population stratifica-
tion using the principal components stratification method as implemented in 
EIGENSTRAT43. Principal component analysis revealed no population strati-
fication in the remaining samples; no population outliers were detected. A total 
of 128,830 polymorphic SNPs were available for analysis. A quantile-quantile 
plot of the full association analysis showed a marked excess of significant asso-
ciations in the tail of the distribution (Supplementary Fig. 8a), which was due 
primarily to hundreds of highly significant association signals from a few asso-
ciated (fine-mapped) regions. A quantile-quantile plot using 2,714 ‘null’ SNPs 
not associated with autoimmune disease (bipolar disease–associated SNPs)13 
is shown as negative control, and the inflation factor inferred from this showed 
only modest inflation (λ = 1.01; Supplementary Fig. 8b).

Replication genotyping. For replication genotyping, we selected the most 
strongly associated SNP (n = 34) with P < 10−4 from each associated locus by 
means of PLINK’s clumping procedure (using default settings: P1 < 0.0001,  
P2 < 0.01, r2 ≥ 0.5, kb = 250) representing 23 loci (see also Supplementary 
Table 4). Follow-up replication genotyping in the German study population 
was carried out using our Sequenom iPlex platform from Sequenom and 
TaqMan technology from Applied Biosystems. Replication typing in the Irish 
case-control collection was done using TaqMan technology from Applied 
Biosystems. Quality control was done for each country population separately. 
Individuals with >8% missing data were removed. SNPs that had >3% missing 
data or deviated from Hardy-Weinberg equilibrium (exact P < 0.01 in con-
trols) per sample population were excluded. P values for allele-based tests of 
phenotypic association for each single replication population were calculated 
using R 2.14.2 (ref. 44). PLINK’s meta-analysis function was used to obtain  
P values for the replication data set (PRepl) (Supplementary Table 1b,c) and the 
combined discovery-replication data set (PImmunochip+Repl) (Supplementary 
Table 1a–c). We used the commonly accepted threshold of P = 5 × 10−8 for 
joint P values to define statistical significance.

The Japanese replication set was typed using multiplex PCR–based Invader 
assay (Third Wave Technologies). Genotyping in the Chinese replication 
cohort was carried out using Sequenom technology.

Annotation of association boundaries. LD regions (association boundaries) 
around focal SNPs were defined by extending in both directions a distance 
of 0.1 centimorgans (cM) or until another SNP with P < 10−5 was reached, in 
which case the process was repeated from this SNP. For each locus, candidate 
genes within regions are listed in columns labeled ‘key gene(s)’ in Tables 1  
and 2 and are listed in more detail in Supplementary Table 4.

Annotation of associations to other phenotypes. Overlaps with other phe-
notypes were annotated with the National Human Genome Research Institute 
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(NHGRI) GWAS catalog45 (www.genome.gov/gwastudies, accessed December 
19, 2012). All known associations with P < 5 × 10−8 to any disease or primary 
phenotype were included. For each atopic dermatitis susceptibility locus with 
association boundaries defined in Table 1, we annotated all phenotypes that 
had at least one associated SNP within the region. We also checked whether 
the hit SNP in the NHGRI GWAS catalog was the same as, or in high LD with 
(r2 > 0.9), the atopic dermatitis hit SNP.

Stepwise conditional logistic regression and joint analysis. Multiple associ-
ated SNPs were selected through a stepwise selection procedure using GCTA 
(Genome-wide Complex Trait Analysis)46 using SNP markers at 2q12.1 and a 
threshold P value of 5 × 10−4 to declare evidence for independently associated 
SNPs (–massoc-p 5e-4) (Supplementary Table 5a).

Expression quantitative trait loci look up. We analyzed gene expression data 
measured previously in whole blood (fasting conditions) and skin specimens. 
For analysis of whole blood, we used Illumina Human HT-12 v3 Expression 
BeadChip data from 740 adult individuals of the German population-based 
KORA (Cooperative Heath Research in the Region of Augsburg) F4 study per-
formed in 2006–2008 (ref. 47) (Supplementary Table 9). For analysis of skin, 
we used Affymetrix HU133 Plus 2.0 arrays data from 57 healthy individuals33 
(Supplementary Table 10).

Statistical interaction analysis. To look for interactions between associated 
loci, we considered all distinct pairs (n = 36) of the nine lead SNPs listed in 
Table 1 (see Supplementary Table 11).

Immunohistochemistry. Immunohistochemical staining of paraffin-embedded 
tissue of eight biopsies taken from lesions of patients with atopic dermatitis 
compared to eight healthy sex- and age-matched control persons was done by 
using monoclonal mouse anti-DcR3 (see Supplementary Fig. 3).

Serum measurements. Analysis of DcR3 serum concentrations was done 
using the DuoSet ELISA development system from R&D Systems (Wiesbaden, 
Germany) according to the manufacturer’s instructions.
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Genetic association studies have identified 21 loci associated 
with atopic dermatitis risk predominantly in populations of 
European ancestry. To identify further susceptibility loci for this 
common, complex skin disease, we performed a meta-analysis 
of >15 million genetic variants in 21,399 cases and 95,464 
controls from populations of European, African, Japanese and 
Latino ancestry, followed by replication in 32,059 cases and 
228,628 controls from 18 studies. We identified ten new risk 
loci, bringing the total number of known atopic dermatitis 
risk loci to 31 (with new secondary signals at four of these 
loci). Notably, the new loci include candidate genes with roles 
in the regulation of innate host defenses and T cell function, 
underscoring the important contribution of (auto)immune 
mechanisms to atopic dermatitis pathogenesis.

Atopic dermatitis (eczema) is a common inflammatory skin disease 
affecting 15–30% of children and 5–10% of adults1. Its pathogenesis  
involves skin barrier abnormalities and T cell–driven cutaneous 
inflammation. Atopic dermatitis has considerable genetic contribu-
tions, with heritability estimates of up to 90% in Europeans2. The 
strongest known risk factors are null mutations of the FLG gene 
(encoding filaggrin), resulting in epidermal barrier deficiency3–5. 
Genome-wide association studies (GWAS) have identified 20 addi-
tional loci (ten in European, eight in Japanese and two in Chinese 
populations), mostly implicated in immune dysregulation6–12. Genetic 
modeling suggests that further loci may be identified with well- 
powered GWAS13. We therefore carried out a multi-ancestry meta-
analysis of 26 studies comprising 21,399 cases and 95,464 controls 
imputed to the 1000 Genomes Project Phase 1 reference panel 
(Supplementary Table 1 and Supplementary Note). We analyzed 
15,539,996 variants with minor allele frequency (MAF) ≥1%.

A fixed-effects meta-analysis of the 22 European studies identi-
fied 21 genome-wide significant (P < 5 × 10−8) loci (Fig. 1, Table 1 
and Supplementary Figs. 1–4), and a multi-ancestry meta-analysis 
identified an additional six loci with log10 (Bayes factor) > 6.1, four 
of which (10q21.2, 6p21.33, 11p13 and 2p13.3) also showed nominal 
association in the European analysis (Table 1). These 27 loci included 
all 11 loci previously associated with atopic dermatitis in Europeans 
and five loci originally reported in Japanese. Three loci identified in 
Japanese (6p21.33, 10q21.2 and 2q12.1) were also strongly associated 
in the European analysis, whereas two (3q13.2 and 11p15.4) might 

represent Japanese-specific signals (Supplementary Figs. 1 and 2), 
with the European confidence intervals ruling out all but very small 
effects (odds ratio (OR) < 1.03; Table 1). Furthermore, a locus origi-
nally reported in a Chinese GWAS (20q13.33) showed association 
in Europeans. We identified 11 new loci for atopic dermatitis. Four 
(11q24.3, 10p15.1, 8q21.13 and 2p25.1) were previously associated 
with self-reported allergy14, and another (8q21.13) was associated 
with asthma15. Two newly identified variants (5p13.2 and 2p25.1) 
showed statistically significant evidence of heterogeneity between 
European and non-European studies (Cochran’s Q test P ~0.01; 
Supplementary Table 2). Both variants showed little evidence for 
association in non-Europeans (particularly Japanese; Supplementary 
Fig. 2). The confidence intervals also overlapped for all variants when 
comparing pediatric studies (defined by disease onset by 6 years of 
age) with studies considering any age of onset (Supplementary Fig. 3).  
For Europeans, there was some evidence of heterogeneity in effect sizes 
between studies for known variants (for example, 11q13.5: I2 = 62.9%,  
P < 0.0001; 11p13: I2 = 55.6%, P = 0.0011) but little evidence of 
heterogeneity for new variants (I2 range = 0–40%, all P > 0.02; 
Supplementary Fig. 2). Nevertheless, studies with phenotype defi-
nition based on a dermatological exam tended to report larger effect 
sizes than studies using self-reporting (Supplementary Fig. 4), which 
is to be expected, assuming a moderate degree of phenotypic misclas-
sification in the latter. The inclusion of studies using self-reporting is 
therefore likely to bias estimates of effect size toward the null, and this 
should be borne in mind when interpreting the odds ratios from our 
study. Given that the primary aim of GWAS is the discovery of new 
loci, the increase in sample size achieved by including these studies 
is so large that any potential detrimental effect on statistical power is 
more than outweighed, and the expected direction of bias means that 
there is unlikely to be an issue of spurious findings (corroborated by 
Supplementary Fig. 4).

Seven of the 21 established loci for asthma15–20, seven of the ten loci 
for allergic sensitization21 and six of 14 loci for self-reported allergy14 
showed association with atopic dermatitis (P < 0.05), all with con-
sistent directions of effect, supporting the notion of common atopic 
mechanisms in atopic dermatitis and allergy (Supplementary Table 3). 
However, several studies used here have contributed to multiple GWAS, 
which may have biased the observed overlap upward. Nevertheless, a 
substantial proportion of the loci associated with other atopic condi-
tions appeared not to be strongly associated with atopic dermatitis.

Multi-ancestry genome-wide association study  
of 21,000 cases and 95,000 controls identifies  
new risk loci for atopic dermatitis

A full list of authors and affiliations appears at the end of the paper.
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Twenty-one of the 27 atopic dermatitis–associated loci have 
previously been implicated in other immune-mediated traits 
(Supplementary Table 4), most notably inflammatory bowel disease  
(IBD) and psoriasis. We therefore compared significant results from 
GWAS of IBD22, psoriasis23, ankylosing spondylitis24, multiple  
sclerosis25, rheumatoid arthritis26 and type 1 diabetes27 with the 
results from our present study of atopic dermatitis. Of 163 estab-
lished IBD risk variants, 39 reached P < 0.05 for atopic dermatitis  
(8.1 expected, P = 2.4 × 10−16; Supplementary Table 5), with 35 show-
ing the same direction of effect (sign-test P < 0.0001), consistent with 
the observational association between the two diseases28–30. Of the 36 
known psoriasis-associated variants, 15 reached P < 0.05 for atopic 
dermatitis (1.8 expected, P = 6 × 10−11; Supplementary Table 6), 
with ten showing the same direction of effect (sign-test P = 0.30). 
However, these two conditions rarely co-occur clinically31, and the 
most strongly associated genetic variants show opposite directions 
of effect32. Therefore, our results, suggesting a more complex genetic 
relationship, might warrant further investigation. SNPs robustly asso-
ciated with other autoimmune diseases were also more likely to be 
nominally associated with atopic dermatitis than expected by chance, 
but there was little evidence of any consistency in direction of effect 
(Supplementary Tables 7–10). These findings did not appear to be 
affected by contamination from the use of common controls across 
studies. Analyses performed excluding common cohorts yielded simi-
lar results (data not shown).

Conditional analysis showed evidence for secondary independ-
ent signals at four known atopic dermatitis loci (2q12.1, 4q27, 11p13 
and 5q31.1; Supplementary Table 11), one of which (5q31.1) has 
been previously reported9. In the epidermal differentiation com-
plex (1q21.2-3; where FLG is located), the signals near MRPS21 
(rs7512552) and IL6R (rs12730935 or the known functional mutation 
rs2228145) were independent from FLG, whereas the top signal near 
LCE3E (rs61813875) appeared to be partially tagging the FLG variant 
encoding p.Arg501* (r2 = 0.49) and showed no significant residual 
association (P > 0.05) after conditioning on the four most prevalent 
FLG variants (Supplementary Tables 12 and 13).

To identify additional variants of biological relevance not reaching 
genome-wide significance, we applied gene set enrichment analysis 
using Meta-Analysis Gene Set Enrichment of Variant Associations 
(MAGENTA)33 (Supplementary Table 14). A significant enrichment 
of 22 partially overlapping gene sets (false discovery rate (FDR) ≤ 
0.01) related to innate immune signaling and T cell polarization was 
observed (Supplementary Fig. 5).

For replication, we selected the lead SNPs from the 11 new loci, 
nine candidate SNPs from the MAGENTA analysis (with P < 1 × 10−5 
mapping to gene sets with FDR < 0.05) and three SNPs representing 
potentially new secondary signals. These SNPs were investigated in  
18 studies (32,059 cases and 228,628 controls; Supplementary  
Table 1). In the European studies, 11 of the 20 new loci reached a 
Bonferroni-corrected significance threshold (α = 0.0025) with one-
sided tests in a fixed-effects analysis (Table 2). However, one of these 
loci showed evidence of heterogeneity (10p15.1, P = 0.041) and was 
not significantly associated in a random-effects analysis (P = 0.019;  
Supplementary Table 15). Two of the SNPs selected by gene set enrich-
ment analysis reached genome-wide significance in the combined  

analysis (representing the 2q37.1 and 12q15 loci). A random- 
effects analysis of all the replication cohorts (European and other 
ancestries) gave broadly consistent results (although only six SNPs 
reached genome-wide significance), with no clear population-specific 
effects (Supplementary Fig. 6 and Supplementary Table 16).

All three secondary signals showed significant association in the 
replication phase conditional analysis (Supplementary Table 11).

As a preliminary step toward understanding the functional under-
pinnings of the atopic dermatitis genetic associations, we established 
a ‘credible set’ of SNPs (all with strong association) for each locus 
(as described in the Online Methods34). We reviewed the func-
tional annotations of these SNPs in Encyclopedia of DNA Elements 
(ENCODE) Consortium and Roadmap Epigenomics Consortium 
data, evaluated expression quantitative trait locus (eQTL) effects in 
MuTHER35, reviewed evidence of differential expression and sur-
veyed relevant mouse mutants (Supplementary Tables 17–21 and 
Supplementary Note). Regions of DNase I hypersensitivity from 
the ENCODE and Roadmap Epigenomics data36,37 were strongly 
enriched for atopic dermatitis association in comparison to the rest 
of the genome (Supplementary Fig. 7 and Supplementary Table 22), 
particularly in immune cells (naive (TH0) T cells and helper T cells 
type 1 (TH1) and type 17 (TH17); P < 0.0001); this enrichment was 
observed well below the genome-wide significance threshold, indicat-
ing the presence of additional undetected risk variants. We observed 
multiple cis eQTLs (Bonferroni-corrected P < 7 × 10−4) in lympho-
blastoid cell lines (LCLs) or skin (Supplementary Tables 17 and 19).  
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Figure 1 Atopic dermatitis GWAS meta-analysis results. (a) Manhattan 
plot of European fixed-effects meta-analysis. (b) Manhattan plot of the 
multi-ancestry MANTRA meta-analysis of all studies. Arrows mark variants 
not associated in the European-only analysis. (c) Quantile-quantile plot of 
the European analysis; λ (genomic inflation) = 1.054.
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The most significant were two variants from the credible set at  
2p13.3, which were strong eQTLs for CD207 (langerin) in skin 
(rs4852714, P = 1.23 × 10−10; rs6723629, P = 1.67 × 10−10; linkage 
disequilibrium (LD) with the lead SNP: r2 = 0.56, D′ = 0.96 and  
r2 = 0.53, D′ = 0.93, respectively; 99% posterior probability that 
the atopic dermatitis and eQTL signals colocalized). rs4852714 
is also in an open chromatin region with histone marks indicative  
of promoter or enhancer activity in LCLs (Supplementary Fig. 8  
and Supplementary Tables 18 and 19). CD207 encodes an intra-
cellular pattern recognition receptor expressed in subpopulations 
of dendritic cells, in particular epidermal Langerhans cells, which 
have a vital role in the induction of tolerance and direction of adap-
tive immune responses38. CD207 binds to carbohydrates present, 
for example, on microorganisms and exerts antiviral and antifungal 
defense mechanisms39. Of note, atopic dermatitis is characterized 
by increased susceptibility to skin infection with pathogens such as 
Staphylococcus aureus, herpes simplex virus and Malassezia species40, 
and differences in langerin function might contribute to this dysregu-
lated cutaneous immunity.

There is longstanding evidence that skin barrier defects and inap-
propriate immune responses to environmental antigens1 contribute 
to atopic dermatitis. However, evidence for autoimmune mechanisms, 

in particular in the context of progression to the chronic phase,  
has only recently emerged41. Interestingly, the majority of our  
new susceptibility loci harbor candidate genes with functional  
annotations related to autoimmunity. At 14q13.2, the lead SNP 
(rs2038255) is intronic to PPP2R3C (a protein phosphatase compo-
nent regulating B cell maturation and survival), the dysregulation of 
which has been associated with autoimmunity in mice42, and the signal  
colocalizes with a strong eQTL signal for KIAA0391 (Supplementary 
Table 19). The lead variant at 5p13.2 (rs10214237) is located 4 kb  
downstream of the gene encoding the α chain of the interleukin-7 
receptor (IL-7R), which is a key mediator in T cell–driven autoim-
munity and inflammation43. Of interest, the credible set contained 
an IL7R missense variant (rs6897932, P = 1.6 × 10−7, r2 = 0.94 with  
the lead SNP) that displayed the same direction of effect in multiple 
sclerosis44,45. The risk allele leads to enhanced IL-7 bioavailability46, 
which in mice causes severe dermatitis with intense pruritus and high 
IgE levels, that is, atopic dermatitis–like features47. Likewise, as part of 
the autosomal dominant hyper-IgE syndrome, rare dominant-negative  
mutations in the STAT3 gene (in which our lead 17q21.2 variant is 
intronic) cause severe dermatitis and high serum IgE levels, as well as 
recurrent S. aureus skin infections, which may be driven by impaired 
TH17 cell differentiation and effector function48,49. STAT3 might 

table 1 Discovery results

Variant Locus Nearest genea EA/OA

European, fixed effects All cohorts, MANTRA Known atopy loci?

n (studies) EAF OR (95% CI) P n (studies) log10 (BF) Trait Reference

Known loci

rs61813875 1q21.3 CRCT1/LCE3E (FLG)b G/C 93,326 (18) 0.02 1.61 (1.48–1.75) 5.6 × 10−29 96,419 (20) 25.53 AD 3–5

rs10791824 11q13.1 OVOL1 G/A 102,761 (21) 0.57 1.12 (1.09–1.15) 2.1 × 10−19 116,556 (25) 21.56 AD 9

rs12188917 5q31.1 RAD50/IL13 C/T 102,761 (21) 0.21 1.14 (1.10–1.17) 4.0 × 10−17 116,554 (25) 17.24 AD, A, IgE 9,18,58

rs6419573 2q12.1 IL18R1/IL18RAP T/C 102,760 (21) 0.26 1.11 (1.08–1.14) 1.5 × 10−13 116,557 (25) 18.10 AD, A, AS, SRA 8,14,18,21

rs2212434 11q13.5 C11orf30/LRRC32 T/C 102,761 (21) 0.45 1.09 (1.07–1.12) 4.6 × 10−13 116,557 (25) 13.02 AD, AS, SRA, 
AR, A

11,14,15, 
21,59

rs4809219 20q13.33 RTEL1/TNFRSF6B C/A 102,760 (21) 0.27 0.90 (0.87–0.93) 7.0 × 10−13 116,555 (25) 11.98 AD 7,10

rs2918307 19p13.2 ADAMTS10/ACTL9 G/A 100,707 (20) 0.16 1.12 (1.08–1.16) 4.6 × 10−12 114,504 (24) 12.98 AD 9

rs2041733 16p13.13 CLEC16A C/T 103,066 (22) 0.55 0.92 (0.90–0.94) 2.5 × 10−11 116,862 (26) 10.11 AD, A+HF 7,53

rs12730935c 1q21.3 IL6R A/G 102,760 (21) 0.39 1.08 (1.05–1.11) 6.1 × 10−11 116,556 (25) 7.15 AD, A 12,15

4:123243592d 4q27 KIAA1109 (IL2)b R/I 102,761 (21) 0.37 1.08 (1.05–1.10) 4.2 × 10−9 107,119 (24) 7.32 AD, AS, SRA 7,14,21

rs4713555 6p21.32 HLA-DRB1/HLA-DQA1 T/G 91,217 (15) 0.27 0.91 (0.89–0.94) 5.4 × 10−9 105,014 (19) 10.76 AD, AS, SRA, A 6,8,14,18,21

rs2944542 10q21.2 ZNF365 C/G 102,762 (21) 0.41 0.94 (0.92–0.96) 1.2 × 10−6 116,559 (25) 7.56 AD 8,10

rs145809981 6p21.33 MICB T/C 97,697 (19) 0.14 0.91 (0.88–0.95) 1.5 × 10−6 110,228 (22) 7.33 AD, AS, SRA 8,14,21

rs4312054 11p15.4 OR10A3/NLRP10 G/T 102,760 (21) 0.41 1.00 (0.97–1.02) 0.744 116,556 (25) 7.00 AD 8

rs1249910 3q13.2 CCDC80/CD200R1L A/G 99,164 (20) 0.34 0.98 (0.96–1.01) 0.137 112,960 (24) 6.86 AD 8

rs2592555 11p13 PRR5L C/T 102,760 (21) 0.27 0.93 (0.90–0.96) 8.7 × 10−7 116,551 (25) 6.78 AD 7

New loci

rs2038255 14q13.2 PPP2R3C T/C 102,760 (21) 0.18 1.11 (1.07–1.14) 1.8 × 10−10 116,557 (25) 8.40

rs7127307 11q24.3 –/ETS1 C/T 103,066 (22) 0.47 0.93 (0.90–0.95) 3.9 × 10−10 116,855 (26) 9.08 SRA 14

rs7512552 1q21.2 C1orf51/MRPS21 T/C 102,762 (21) 0.49 0.93 (0.91–0.95) 9.1 × 10−10 116,544 (25) 6.91

rs6473227 8q21.13 MIR5708/ZBTB10 A/C 102,761 (21) 0.61 0.93 (0.91–0.95) 1.4 × 10−9 116,557 (25) 7.54 (AD), SRA, A+HF 9,14,53

rs6602364 10p15.1 IL15RA/IL2RA G/C 103,065 (22) 0.45 1.08 (1.05–1.10) 1.5 × 10−9 116,855 (26) 7.86 (SRA) 14

rs10214237 5p13.2 IL7R/CAPSL C/T 102,761 (21) 0.27 0.93 (0.90–0.95) 2.9 × 10−8 116,554 (25) 4.79

rs10199605 2p25.1 LINC00299/– A/G 102,760 (21) 0.30 0.93 (0.90–0.95) 3.4 × 10−8 116,557 (25) 4.67 (SRA) 14

rs4643526 2p16.1 PUS10 A/G 103,066 (22) 0.19 1.09 (1.06–1.12) 3.5 × 10−8 107,425 (25) 6.31

rs12951971 17q21.2 STAT3 G/T 102,761 (21) 0.09 1.13 (1.08–1.17) 4.1 × 10−8 107,120 (24) 5.33

rs7625909 3p21.1 SFMBT1/RFT1 T/C 102,761 (21) 0.32 1.07 (1.05–1.10) 4.9 × 10−8 116,558 (25) 5.83

rs112111458 2p13.3 CD207/VAX2 G/A 102,760 (21) 0.13 0.91 (0.87–0.94) 1.4 × 10−7 116,553 (25) 6.57

The table shows the index variant for loci associated with P < 5 × 10−8 in the European analysis or log10 (Bayes factor) > 6.1 in the multi-ancestry MANTRA analysis. Previous atopy 
trait associations with these loci are also listed. P values and –log10 (Bayes factor) values in bold indicate genome-wide significant results. AD, atopic dermatitis; A, asthma; AS, allergic 
sensitization; SRA, self-reported allergy; AR, allergic rhinitis; A+HF, asthma and hay fever combined; EA/OA, effect allele/other allele; EAF, effect allele frequency; OR, odds ratio; CI, 
confidence interval; n, sample size; BF, Bayes factor. Traits in parentheses did not reach genome-wide significance in the previous studies but were reported as suggestively associated.
aNearest genes are the two flanking genes if the variant is intergenic (with the closer gene in bold; a minus sign indicates no gene within 250 kb); single genes denote that the variant is intronic. 
bAt 1q21.2, the variant is closest to LCE3A, but the previous association with FLG is within 250 kb; at 4q27, the variant is within an intron of KIAA1109, but the previous association with IL2 
is within 150 kb. cIn LD with the known functional variant rs2228145 (r2 = 0.86). dA nearby SNP (rs6827756; at 123,184,411 bp) in LD (r2 = 0.97 in the 1000 Genomes Project) showed 
similar association (log10 (Bayes factor) = 7.21, European fixed-effects P = 3 × 10−9).
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thus represent an example of a risk gene or 
pathway shared by a complex trait and a 
related Mendelian condition50,51, harboring 
highly penetrant, severe-effect rare muta-
tions and common variants of milder effect. 
At 8q21.13, the closest candidate gene was 
ZBTB10, which encodes a zinc-finger protein  
that is a putative repressor of the Sp1, Sp3 
and Sp4 transcription factors52. Variants  
in moderate LD (r2 >0.7) with the lead vari-
ant for atopic dermatitis were previously 
associated with self-reported allergy14 and a 
combined asthma and hay fever phenotype53. 
However, although not excluding ZBTB10  
as the causal gene, the credible SNP set  
comprises a 47-kb interval on the other side 
of a recombination peak (60 cM/Mb). The 
variant most likely to be regulatory among 
this set, deletion rs5892724 (r2 = 0.82 with 
the lead SNP), is located in open chromatin 
in several cell types, including CD4+ helper 
T cells, and affects a STAT3-binding site49,54. 
At 11q24.3, the most plausible candidate  
gene is ETS1, which encodes a transcription 
factor with a range of immune functions, 
including roles in TH17 and B cell differen-
tiation and function; ETS1-deficient mice  
display autoimmune features55. ETS1 appears  
to be additionally involved in keratinocyte 
differentiation and the formation of the  
cornified envelope56. Additional variants 
identified through the gene set approach 
implicate genes with cytokine signaling 
functions (INPP5D, TRAF3, SOCS3 and a 
cytokine cluster at 12q15).

In conclusion, we have identified ten 
new loci robustly associated with atopic 
dermatitis in Europeans (six of which  
also reach genome-wide significance in  
random-effects analysis across studies of  
all ancestry groups), bringing the total 
number of susceptibility loci to 31 (24 in 
Europeans), with evidence of secondary  
signals at four of these loci. Altogether, in 
the subset of European studies with clini-
cally defined cases, the previously established  
and newly identified variants explain approx-
imately 12.3% and 2.6% of the variance  
in liability, respectively (Supplementary 
Table 23). All newly identified susceptibility  
loci are related to (auto)immune regula-
tion, in particular innate immune signaling  
and T cell activation and specification, and 
there appears to be a substantial genetic  
overlap with other inflammatory and autoim-
mune diseases. Although not detracting  
from the importance of maintaining the skin 
barrier in the prevention and treatment of 
atopic dermatitis, our findings lend support 
to new therapeutic approaches targeted at 
immune modulation57.
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oNLINE METhods
GWAS meta-analysis. We carried out genome-wide association analysis for 
atopic dermatitis case-control status in 26 individual studies (Supplementary 
Table 1), comprising a total of 21,399 cases and 95,464 controls. The majority 
of these studies included individuals of only European ancestry (22 studies; 
18,900 cases, 84,166 controls). We also included one study of Japanese indi-
viduals (RIKEN; 1,472 cases, 7,966 controls), one study of African-American 
individuals (SAPPHIRE; 422 cases, 844 controls), one study of Latin American 
individuals (GALA II; 300 cases, 1,592 controls) and one study with individu-
als of mixed non-European ancestry (Generation R; 305 cases, 896 controls). 
Details on informed consent and ethical approval procedures for the individual 
studies are included in the Supplementary Note.

Each cohort separately imputed their genetic data to the 1000 Genomes 
Project Phase 1 reference panel (with the majority using the March 2012 
release; Supplementary Table 1) and carried out genome-wide association 
analysis across all imputed variants. Before meta-analysis, we restricted  
each study to only variants with MAF >1% and a moderate imputation  
quality score (Rsq >0.3 for variants imputed in MACH and proper info >0.4 
for variants imputed in IMPUTE). For some cohorts, additional quality  
control filters were applied (the full methods for each study are available in 
the Supplementary Note).

Meta-analysis was conducted for Europeans only in GWAMA (using a 
fixed-effects model) and for all ancestry groups combined in MANTRA60. 
Rather than imposing a fixed- or random-effects model, MANTRA accounts 
for the heterogeneity of effects between ancestry groups by allowing the studies 
to cluster according to allele frequency profile (and, hence, population genetic 
similarity). To prevent very small European studies (with less precise estimates 
of allele frequencies) from having undue weight in our analysis, we fixed the 
Europeans to cluster together using the European fixed-effects results in the 
MANTRA analysis. Variants with P < 5 × 10−8 in the European analysis were 
considered to be associated, as were any additional variants with log10 (Bayes 
factor) > 6.1 (equivalent to P < 5 × 10−8) (ref. 61) in the MANTRA analysis. 
Each locus is represented in the corresponding results table by the variant 
with the strongest evidence for association. Heterogeneity was assessed using 
the I2 statistic and Cochrane’s Q test. Meta-analysis results were also stratified 
according to ancestry, method of case definition and age of onset to explore 
sources of heterogeneity.

For the epidermal differentiation complex region (where the FLG gene 
is located and which has previously shown complex association results), 
we repeated the association tests (across the region from 150.2 to 154.5 Mb  
on chromosome 1) conditioning on the four most common FLG vari-
ants (p.Arg501*, c.2282del4, p.Arg2447* and p.Ser3247*) in the individual 
studies where these data were available (ten studies, 20,384 individuals; 
Supplementary Table 12). These samples were subjected to meta-analysis to 
determine whether there were any remaining independent association signals 
in this region.

Identification of independent secondary signals at associated loci. To iden-
tify secondary independent signals at each of the other associated loci, we 
carried out conditional analysis of the European meta-analysis results using 
GCTA62, with ALSPAC 1000 Genomes Project imputation (restricted to vari-
ants with MAF >1% and imputation quality proper info score >0.8) serving 
as the reference. The regions tested were within 250 kb up- or downstream of 
the top hit at each locus. Locus-specific significance thresholds were estimated 
by first calculating the effective number of tests in each 500-kb region using 
Nyholt’s procedure63 and the 1000 Genomes Project reference data (European). 
For each locus, we estimated the new threshold for a locus-wide error rate 
of 5% by dividing α (0.05) by the corresponding number of effective tests in 
that region (α values are shown in Supplementary Table 11). For 4q27, we 
defined the region as lying within 500 kb of the top hit because a known hit 
was just less than 500 kb from the top SNP in our analysis. We conditioned 
each region on the top hit from our meta-analysis. Any variant that surpassed 
the locus-specific significance threshold was considered an independent  
secondary signal.

MAGENTA gene set enrichment analysis. We tested our meta-analysis results 
for enriched gene sets using MAGENTA33. This method assigns SNPs to genes 

on the basis of genomic distance (SNPs are assigned if within 110 kb upstream 
or 40 kb downstream of each gene) and generates gene-based summary P values.  
Subsequently, genes are assigned to gene sets (using curated repositories 
including GO-data, Biocarta, PANTHER, KEGG, etc.), and each gene set is 
assigned a P value by comparing gene summary P values to a null model where 
SNPs are drawn randomly 10,000 times (normalizing for the number of SNPs 
genotyped in each gene) and controlling for FDR at α = 0.05. Approximately 
10,000 gene sets were tested. As MAGENTA requires a P value as input and 
to take account of the differing effects between populations, we reanalyzed 
our meta-analysis of all studies using a random-effects model, to generate 
results to serve as input for the MAGENTA analysis. All genes in the human 
leukocyte antigen (HLA) region (chr. 6: 29,710,331–33,150,000) were removed 
from the analysis. To identify additional variants of interest to take forward 
to replication, we examined any pathway with FDR <0.05. From these gene 
sets, we took forward to replication any additional locus with a genetic variant 
associated at P < 1 × 10−5.

Cross-phenotype comparisons. The National Human Genome Research 
Institute (NHGRI) GWAS catalog64 was mined for traits with reported asso-
ciations at each of our genome-wide significant loci. To further investigate the 
genetic overlap between atopic dermatitis and autoimmune diseases, we took 
the genome-wide significant loci from recent GWAS of IBD22, psoriasis23, 
ankylosing spondylitis24, multiple sclerosis25, rheumatoid arthritis26 and type 
1 diabetes27 and extracted the atopic dermatitis results for these variants from 
our European discovery GWAS, noting whether each variant was associated 
(P < 0.05) with atopic dermatitis (testing the enrichment of overlap using a 
two-sided binomial exact test) and carried the same or opposite directions of 
effect for the two traits (tested using a sign test).

Replication. The top SNPs from the 11 newly associated regions (log10 (Bayes 
factor) > 6.1 or P < 5 × 10−8) were taken forward to replication, along with 
nine suggestively associated SNPs (P < 1 × 10−5) that were in genes high-
lighted in the MAGENTA analysis as good candidates. In addition, we included 
any variant with evidence of being a secondary independent signal in the 
associated loci. Replication consisted of 18 studies (32,059 cases and 228,628 
controls) with genome-wide imputed data available or custom genotyping 
(Supplementary Table 1). The studies of European ancestry were combined 
in fixed-effects meta-analyses in GWAMA. We also carried out random-effects 
meta-analysis for the European studies to assess association for variants that 
showed evidence of heterogeneity (P < 0.05). Significant association in the 
replication phase was defined by a one-sided P value meeting a Bonferroni-
corrected threshold (α = 0.05/20 = 0.0025). Random-effects meta-analyses of 
replication studies of all ancestry groups were also carried out, and forest plots 
were examined for evidence of population-specific effects. For replication of 
the three secondary signals, the secondary SNPs were tested for association 
after conditioning on the top SNP in each of the European cohorts. These 
results were then combined in fixed-effects meta-analyses.

Credible sets. To assemble a sensible list of variants at each locus for functional 
look-ups, we constructed credible sets34 that represented the SNPs most likely 
to be causal on the basis of statistical evidence from the MANTRA analysis 
(or from the European analysis for the three variants that appeared to be 
European specific). The European-only GWAS was repeated in MANTRA 
to generate the Bayes factors required for credible set analysis. Bayes factors  
were used to calculate posterior probabilities for all SNPs in each region  
(±1 Mb from the top SNP); the minimum set of SNPs that had a cumulative 
posterior probability of at least 95% made up each credible set. These sets can 
be interpreted similarly to confidence intervals, assuming that the association 
signal at a locus can be attributed to a single causal variant (and that the true 
causal variant is included in the analysis and has been well imputed); there is 
a 95% probability that the 95% credible set contains that causal variant. Given 
that analysis based on 1000 Genomes Project imputation may not include 
the true causal variant or that each association may be driven by more than 
one causal variant, we do not expect these credible sets to necessarily contain 
the causal variants at the suggested probability of 95%. Nevertheless, they 
demonstrate which neighboring variants, in addition to the top SNP, also 
show strong association with atopic dermatitis, and we find them useful in 
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assessing the size of the regions of interest and for defining a set of variants to 
follow up. As the posterior probabilities for the MAGENTA-identified cred-
ible sets were extremely large (owing to the weaker signals at these loci), we 
instead carried out functional look-ups for all variants with r2 ≥0.8 with the 
top hit for these loci.

Functional look-ups. For variants identified as part of a credible set, we car-
ried out look-ups in functional data resources as follows: (i) RegulomeDB and 
HaploReg were mined for evidence of coding or regulatory function (these 
resources collate annotations (for example, coding variation, regulatory chro-
matin marks, DNase I hypersensitivity, protein binding and motif alteration) 
from the ENCODE Consortium, the US National Institutes of Health Roadmap 
Epigenomics Mapping Consortium and the literature over a wide range of tis-
sues); (ii) cis eQTLs in skin or LCLs were identified in data from the MuTHER 
Consortium35 (with variants considered to be eQTLs if the association with any 
transcript within 1 Mb had P < 7 × 10−4, corresponding to significance with 
Bonferroni correction for 36 loci and two tissues); (iii) implicated genes were 
identified with differential expression reported between uninvolved skin from 
cases and skin from controls65 and between lesional and non-lesional skin in 
patients with atopic dermatitis in a study deposited in the Gene Expression 
Omnibus (GDS4444) (ref. 66) and (iv) mouse mutants of implicated genes 
were examined in the Mouse Genome Informatics (MGI) database.

Colocalization of atopic dermatitis GWAS signals and eQTLs in the 
MuTHER data was investigated using the R package coloc67. All SNPs within 
100 kb of the lead atopic dermatitis SNP were included in the analysis, and 
we report the posterior probability of each pair of signals colocalizing in 
Supplementary Table 19.

To identify and visualize cell types implicated in atopic dermatitis patho-
genesis, the tendency of disease-associated loci to fall in cell type–specific 
regulatory DNase I–hypersensitive sites (DHSs; a proxy for accessible and/or 
regulatory DNA) was calculated for the full range of P values, essentially as 
described68. Enrichment was computed for 168 cell types and cell lines in the 
ENCODE and Roadmap repositories36. Duplicates and directly redundant 

cell types were removed before analysis. One-sided P values for enrichment 
were calculated from an empirical null distribution of locus overlap for DHS 
regions, generated by 10,000 random permutations with overlap of an identi-
cal number of randomly selected loci as found at P ≤ 1 × 10−10 with all DHS 
regions for all cell and tissue types.

Variance in liability explained. We estimated the proportion of variance in 
atopic dermatitis liability explained by the established and new variants in 
a subset of studies that had clinically diagnosed cases (GENEVA/KORAF4/
POPGEN, NCRC-ADC, GENUFADex-SHIP1, GENUFAD-SHIP2, GENEVA 
(replication) and CECCS) using the method of So et al.69.
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