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KEY POINTS

� Atopic dermatitis is a complex disorder resulting from gene-environment interactions.

� Defective skin barrier function and immune dysregulation are paramount to disease
pathogenesis.

� Pruritus is universal, is a major comorbidity, and is poorly responsive to antihistamines.

� Effective treatment requires therapies targeted to restore both barrier function and to con-
trol inflammation.

� Education of patients regarding the principal defects and provision of a comprehensive
skin care plan is essential.
INTRODUCTION

Atopic dermatitis (AD) is a chronic, relapsing, and highly pruritic dermatitis that gener-
ally develops in early childhood, and has a characteristic age-dependent distribution.
AD is relatively common, affecting 10% to 20% of children in developed countries.1

Patients with AD frequently have elevated total immunoglobulin E (IgE) levels, some-
times markedly elevated, the level of which appears to correlate with disease
severity.2 Patients with AD also can have elevated allergen-specific IgE levels, indi-
cating sensitization, but not necessarily clinical allergy, an area of great confusion
for patient management, particularly with regard to food allergy.3 The major medical
comorbidities associated with AD are infections, including Staphylococcus aureus
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superinfection and eczema herpeticum; however, chronic pruritus and sleep loss, as
well as the time and expense associated with treatment, are often most distressing for
patients and families. AD has been associated with poor school performance, poor
self-esteem, and family dysfunction.4–7

The causes of AD are still poorly understood, although genetic predisposition in the
setting of inciting environmental factors appears critical. Similar to asthma and other
complex chronic disorders, AD should be viewed as a common end manifestation of
many different genetic defects, resulting in impaired epidermal barrier function and im-
mune dysregulation. Additional identification and characterization of genetic defects
among patients with AD is needed; this may lead to better characterization of the
disease and development of more effective therapies.
For now, management is based on targeting the known defects in AD, namely skin

barrier dysfunction and cutaneous inflammation, along with treatment (in some cases
prophylactically) of associated infections. The pruritus associated with AD is often the
most distressing symptom and is treated with skin hydration and topical anti-
inflammatories, but is poorly responsive to antihistamines in most patients. Behavioral
interventions, such as biofeedback and relaxation techniques, also can be helpful in
controlling scratching. Although a comprehensive treatment plan with extensive
education is effective is controlling AD in most patients, better treatments are needed,
particularly disease-modifying therapies that can be initiated in early childhood.
CLINICAL FEATURES

AD is characterized by a chronic, relapsing dermatitis that is pruritic, begins in the first
5 years of life in 90% of patients (but not in the first weeks of life, as seen in the auto-
somal dominant hyper-IgE syndrome), and usually presents in a characteristic age-
dependent distribution with facial, scalp, and extensor involvement in infants and
young children, and predominant flexural involvement in older children and adults.
Pruritus is universal and xerosis is a common feature in children with AD. Acute lesions
are characterized by pruritic papules with erythema, excoriations, and serous
exudate, whereas chronic AD is characterized by areas of lichenification and fibrotic
nodules, often accompanied by acute lesions (Fig. 1).
Because pathognomonic lesions are not present to definitively diagnose AD, diag-

nostic criteria have been described; the most widely cited being the “Hanifin and
Rajka” criteria8 and subsequent modifications, including the UK Working Party’s
Diagnostic Criteria for Atopic Dermatitis (Box 1).9 Five major clinical features based
Fig. 1. Typical distribution of skin lesions in a child with AD.



Box 1

Clinical features of atopic dermatitis

Major features:

Pruritus

Characteristic morphology and distribution:

Facial and extensor involvement in infants and children; flexural involvement with
lichenification in adults

Chronic or chronic, relapsing course

Personal or family history of atopy, including asthma, allergic rhinitis, atopic dermatitis

Minor features:

Early age of onset

Xerosis

Palmar hyperlinearity, ichthyosis, keratosis pilaris

Immediate skin test reactivity, elevated serum immunoglobulin E

Cutaneous infection, including Staphylococcus aureus and Herpes simplex virus

Nipple eczema

Cheilitis

Pityriasis alba

White dermatographism, delayed blanching

Perifollicular accentuation

Anterior subcapsular cataracts

Itch when sweating

Nonspecific hand or foot dermatitis

Recurrent conjunctivitis

Dennie-Morgan folds

Keratoconus

Facial erythema or pallor

Adapted from Hanifin JM, Rajka G. Diagnostic features of atopic dermatitis. Acta Dermato-
vener Suppl (Stockholm) 1980;92:44–7.
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upon these criteria are (1) pruritus; (2) a chronic, relapsing course; (3) typical distribu-
tion; (4) family or personal history of atopy; and (5) onset before 2 years of age. In addi-
tion, associated minor criteria are frequently observed in patients with AD and aid in
diagnosis.
Common triggers for flares include heat, sweating, anxiety, frustration, and infec-

tions. Additionally, in a subset of patients with moderate to severe disease refractory
to standard therapy, food allergy may play a role in exacerbations, particularly in
younger children.10 Testing for food allergy in children should be limited because of
the low positive predictive value of both skin testing and in vitro serum assays for
allergen-specific IgE.11 Food allergy appears to be greatly overdiagnosed in children
with AD, so elimination diets should be approached cautiously to avoid unnecessary
restrictions.3 Likewise, blind panel food allergy testing or avoidance of foods in the
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absence of a history suggestive of a food-specific IgE-mediated reaction is not
recommended.

Infectious Complications

Staphylococcus aureus colonization is common in patients with AD, affecting more
than 90%, and the density of S. aureus on the skin correlates directly with AD
severity.12,13 Even in the absence of clear signs of infection patients with severe AD
may improve with antibiotics.14,15 Clinical signs of S. aureus infection requiring treat-
ment with topical or systemic antibiotics include honey-colored crusting, pustules,
and folliculitis. Colonization of the nares with S. aureus and transmission with hands
may be an important reservoir for cutaneous colonization.16 In addition, S. aureus
strains isolated from children with AD and their parents are identical based on pulse
field electrophoresis, suggesting intrafamilial transmission is a source of recoloniza-
tion after antibiotic treatment.17 Increased colonization rates in children with AD
have been observed and may be related to skin barrier disruption; exposed binding
sites for the bacteria in the extracellular matrix, disruptions in innate immunity, and
cellular immune dysfunction with predominant Th2 responses likely contribute.18,19

Specific IgE to staphylococcal enterotoxin also has been found in sera of patients
with AD and is associated with disease severity in children.20,21

Viral infections that occur in patients with AD include eczema herpeticum (EH),
eczema coxsackium, eczema vaccinatum, and molluscum contagiosum. EH results
from dissemination of herpes simplex virus (HSV-1 or HSV-2) in patients with AD,
commonly with the first exposure, and is characterized by punched-out erosions
and vesicles, occasionally complicated by secondary infection with staphylococcal
or streptococcal species. Fever, lymphadenopathy, and malaise are common with
EH. EH can be severe with keratoconjunctivitis and multiorgan involvement leading
to fatality, and requires prompt diagnosis and initiation of antiviral medication. Risk
factors for EH include early-onset and severe AD, marked elevations in total IgE,
elevated allergen-specific IgE levels, peripheral eosinophilia, and the presence of filag-
grin (FLG) mutations.22 Disseminated coxsackie A6 viral infections with eruptions at
sites of AD lesions have recently been described and termed “eczema coxsackium,”
but data on this infectious complication are limited.23 For patients with AD, even with
quiescent disease, smallpox vaccination or contact with persons vaccinated with
smallpox can result in the potentially fatal complication of eczema vaccinatum from
dissemination and poor immune control of the virus.24
DIFFERENTIAL DIAGNOSIS

A number of diseases may present with eczematous rashes and can be misdiagnosed
as AD (Box 2). Several primary immunodeficiency diseases exist with prominent
allergic inflammation, elevated total IgE levels, eosinophilia, and an eczematous
rash that can be mistaken for typical AD. The autosomal-dominant hyper-IgE
syndrome presents with an eczematous rash in the first weeks of life, which is atypical
for AD.25 DOCK8 deficiency, which is a combined immunodeficiency with prominent
cutaneous viral susceptibility, is associated with rash that is usually more dramatic
than that seen in typical AD.26 PGM3 deficiency, a congenital disorder of glycosylation
resulting in a hyper-IgE phenotype with unusual features, including neurologic and
skeletal anomalies and increased circulating Th17 cells, also can present with an
eczematous rash.27 Wiskott-Aldrich syndrome, in which the dermatitis is variable, is
characterized by thrombocytopenia with small platelets.28 Immunodysregulation pol-
yendocrinopathy enteropathy X-linked (IPEX) syndrome presents in the first weeks of



Box 2

Differential diagnosis for atopic dermatitis

Contact dermatitis

Seborrheic dermatitis

Drug reactions

Infantile psoriasis

Scabies

Nutritional deficiencies: zinc/biotin

Acrodermatitis enteropathica

Netherton syndrome

Ichthyosis vulgaris

Peeling skin disorder, type B

Severe dermatitis, multiple allergies and metabolic wasting (SAM) syndrome

Primary immunodeficiency diseases and Omenn syndrome

Lymphocytic-variant hypereosinophilic syndrome (HES)

Cutaneous T-cell lymphoma

Atopic Dermatitis in Children 165
life with prominent allergic inflammation and dermatitis, and later with autoimmune
disease.29 Netherton syndrome is a genetic disease affecting primarily the barrier
function of the skin and is characterized by ichthyosis, diffuse erythroderma, severe
atopy with elevated total IgE levels, eosinophilia, and trichorrhexis invaginatum.30

Finally, genetic defects in corneodesmosin (CDSN) and desmoglein-1 (DSG1) also
have been reported and are associated with eczematous dermatitis, elevated IgE
levels, and clinical allergic disease.31,32

With all of these disorders, although diffuse eczematous dermatitis, elevated IgE
levels, eosinophilia, and allergic diseases are present, there are distinguishing “syn-
dromic” featurescharacteristic of eachdisease thatmayaid indiagnosis (seeBox2). Se-
vere and extensive skin involvement, particularly beginning near or at birth,may suggest
the presence of a genetic cause for disease. Salient associated features usually neces-
sitatingadditional clinical investigation include recurrentor severe infections,particularly
recurrent abscesses, lymphadenitis, or pneumonia. Late onset of disease (after second
decade of life), absence of concomitant allergic disease, and persistent blood eosino-
philia (absolute eosinophil count>1000cells/mL), particularly in thesettingof appropriate
skin care should also prompt further work-up for an alternate underlying diagnosis.
Clonal diseases, including cutaneous T-cell lymphoma and lymphocytic variant

hypereosinophilic syndrome, should be considered in patients presenting with diffuse
eczematous rashes after 5 years of age, but these are uncommon in children. Other
considerations in the differential diagnosis include contact dermatitis, particularly in
older children presenting with eczematous rashes that begin in late childhood and
adolescence; nutritional deficiencies; scabies, which can be distinguished by a char-
acteristic distribution; seborrheic dermatitis; and psoriasis.

PATHOPHYSIOLOGY

AD is associated with both disruption of the epithelial barrier of the skin and allergic
inflammation in the skin of hosts whose genetic background results in a predisposition
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to atopy. AD and food allergy present in the first years of life and are the initial steps in
the “atopic march.” Broad environmental modifiers that are poorly characterized
appear to be critical for the development of AD in genetically susceptible children.
The following sections review defects in pathways that are fundamental to AD devel-
opment in humans, including barrier disruption and immune dysregulation. The focus
is to reveal patterns in the early pathogenesis of AD that guide treatment strategies
and suggest targets for novel therapeutics.

Genetics

Twin concordance studies demonstrate that genetic factors are the primary determi-
nant for the development of AD, with estimates for genetic contribution to disease
being approximately 80%.33,34 Despite these findings, a common defective pathway
that gives rise to the clinical phenotype of AD in the human host has not been identi-
fied. Genome-wide association studies have identified a number of genetic suscepti-
bility loci in patients with AD. Many susceptibility loci enriched within the AD
population are within or near genes critical to innate immunity, Th2-mediated inflam-
mation, and skin barrier function, highlighting the importance of these pathways in AD
pathogenesis.34

A small number of heritable genetic atopic syndromes, which are included in the
differential diagnosis of common AD, have been characterized that have shed addi-
tional light on the pathogenesis of the disease (Table 1). Loss of skin barrier integrity
appears essential for the development of AD; several genetic diseases affecting skin
barrier function have been described, including Netherton syndrome and peeling skin
syndrome, type b, all of which have features of allergic inflammation. In concert with
barrier dysfunction, virtually every lineage of immune cell has an implicated role in the
immunopathogenesis of AD, with certain populations, such as CD41 T cells, clearly
being necessary for disease development.
BARRIER DEFECTS IN THE SKIN

A number of proteins contribute to the structure and primary function of the skin as a
barrier, preventing water loss and impeding the penetration of irritants, immunogens,
and pathogens, most notably S. aureus. Damaging mutations in genes critical to
normal barrier function of the skin have been shown to strongly segregate with early
and severe forms of AD and ichthyosis, usually associated with elevations in total
serum IgE levels. Among these are mutations in FLG, DSG1, CDSN, and serine prote-
ase inhibitor Kazal-type 5 (SPINK5) (see Box 2).

Skin Barrier Function and Filaggrin

Filaggrin (FLG) is a polyfunctional protein, present in the epidermis, which undergoes
complex proteolytic processing during normal desquamation. This processing con-
tributes to the numerous roles FLG has in skin barrier maintenance during its life cycle,
and terminates in the release of Natural Moisturizing Factor (NMF), which contributes
to water retention and skin hydration.35 In the past decade, several loss-of-function
mutations in FLG have been shown to result in deficiency of the protein, reduced levels
of NMF, and severe early-onset AD and ichthyosis, with marked elevations of total
IgE.36,37 In addition to its effects on the structure and function of skin, FLG haploinsuf-
ficiency may contribute to AD pathogenesis in additional ways, including effects on
skin pH, promotion of proinflammatory cytokine expression, and unimpeded growth
of S. aureus.38–40 FLG mutations also convey a major risk for development of peanut



Table 1
Heritable genetic syndromes resulting in atopic dermatitis

Syndrome Gene Primary Defect Common Distinguishing Features

Immune pathway
defects

Autosomal dominant
hyper-IgE syndrome

STAT3 Abnormal cytokine signaling Bacterial pneumonias; lung bullae/
bronchiectasis; absent TH17

Autosomal recessive
hyper-IgE syndromes

DOCK8 Cytoskeletal dysfunction Cutaneous viral susceptibility; progressive
combined immunodeficiency

PGM3 Abnormal glycosylation Marked neurologic impairment; reduced
branching glycans; leukopenia; increased
TH17

Wiskott-Aldrich
syndrome

WAS Cytoskeletal dysfunction X-linked; thrombocytopenia; progressive
combined immunodeficiency

IPEX syndrome FOXP3 Absent Tregs Endocrine abnormalities; chronic diarrhea
Omenn syndrome RAG1/2a Lymphopenia; oligoclonal T cells “Leaky” SCID; oligoclonal T-cell expansion;

thymus present

Skin barrier defects Atypical complete
DiGeorgeb

del22q11.2 Lymphopenia; oligoclonal T cells “Leaky” SCID; velo-cardio-facial
abnormalities; oligoclonal T-cell
expansion; absent thymus

Ichthyosis vulgaris FLG Impaired skin hydration and barrier
maintenance

Palmar hyperlinearity; keratosis pilaris

Netherton syndrome SPINK5 Inappropriate protease activation Erythroderma; ichthyosis; trichorrhexis
invaginatum (“bamboo hair”)

Peeling skin syndrome
type B

CDSN Impaired intercellular adhesion Erythroderma; ichthyosis; thin/fine hair

SAM syndrome DSG1 Impaired intercellular adhesion Erythroderma; hypotrichosis; growth
retardation due to metabolic disturbance

Abbreviations: IPEX, immune dysregulation, polyendocrinopathy, enteropathy, X linked; SAM, severe dermatitis, multiple allergies and metabolic wasting; SCID,
severe combined immunodeficiency.

a Multiple other hypomorphic mutations leading to a “leaky” (presence of a few T cells) SCID phenotype may result in Omenn syndrome.
b Atypical complete DiGeorge is due to a chromosomal deletion, not a single genetic mutation; it also has a “leaky” phenotype.

A
to
p
ic

D
e
rm

a
titis

in
C
h
ild

re
n

1
6
7



Lyons et al168
allergy and asthma, with the latter occurring only among patients with comorbid AD,
supporting a role for epicutaneous sensitization in systemic atopic disease.41

The Corneodesmosome: Corneodesmosin and Desmoglein-1 Deficiencies

Skin barrier integrity is dependent on intact cell-cell adhesion and resistance of
shearing forces. The desmosome is a junctional protein complex in skin that acts as
an anchor for the keratin cytoskeleton and facilitates cell-cell adhesion, resisting
mechanical stress.42,43 Mutations in 2 desmosome proteins in human skin, DSG1
and CDSN, have been found to cause severe AD. Complete loss of CDSN expression
due to damagingmutations results in peeling skin syndrome, type B, a diffusely ichthy-
otic and erythrodermic skin condition with associated severe pruritus and atopy.31

Genetic deficiency of DSG1 results in severe dermatitis, multiple allergies, and meta-
bolic wasting (SAM) syndrome, associated with elevated IgE levels.32 Of note, auto-
antibodies directed at DSG1 in skin result in the bullous disease pemphigus foliaceous
(PF). Remarkably, despite a similar skin defect, atopy is not reported as a common
feature of PF.44

Protease Activity in the Skin and Netherton Syndrome

During normal desquamation, desmosomes must be processed and degraded by
proteases in a regulated manner near the skin surface. Lympho-epithelial Kazal-
type–related inhibitor (LEKTI) encoded by the serine protease inhibitor Kazal-type 5
(SPINK5) gene is a major inhibitor of endogenous skin proteases, and under low
pH, releases kallikrein family proteases (KLK5, KLK7, KLK14) to facilitate normal exfo-
liation.45 In this way, the epidermal pH gradient is able to limit extensive proteolysis to
the outermost layers of epidermis (Fig. 2B). Damaging autosomal recessive mutations
in SPINK5 lead to loss of LEKTI and enhanced serine protease activity deep in the
epidermis resulting in increased desmosomal destruction and increased skin perme-
ability. This is clinically manifest as Netherton syndrome, characterized by generalized
erythroderma, ichthyosis, trichorrhexis invaginatum (bamboo hair), elevated IgE, and
atopy.30 Genetic variants in KLK7 also have been reported in association with AD.46

INNATE IMMUNE CONTRIBUTIONS TO ATOPIC DERMATITIS

Innate immune cells play a major role in the immunopathogenesis of AD (see Fig. 2A).
Once a defect in the skin barrier is established, dendritic cells (DCs) and denuded
epithelium are exposed to exogenous irritants, danger signals, and pathogens. This
leads to DC and keratinocyte activation via innate immune receptor ligation by
damage-associated molecular patterns (DAMPs) and pathogen-associated molecular
patterns (PAMPs). In the genetically susceptible host, activated epithelial cells prime
DCs to promote Th2 programs through elaboration of thymic stromal lymphopoietin
(TSLP), interleukin (IL)-33, and IL-25.47 Intense pruritus associated with AD lesions
may lead to further activation through mechanical epithelial disruption by vigorous
scratching, and promote disease progression. Numerous inherited immunodeficiency
diseases exist that are caused by innate immune defects. However, atopy has not
been well characterized among these syndromes. Despite this, multiple susceptibility
loci have been identified within innate immune receptors that are overrepresented
among atopic individuals, some segregating with more severe AD phenotypes.34

For example, single nucleotide polymorphisms (SNPs) have been reported in toll-
like receptor-2, which appear to result in loss of function and impaired sensing of
Staphylococcus. One missense SNP, R753Q, is believed to have a functional conse-
quence, impairing host defense and increase staphylococcal colonization; it is found



Fig. 2. Defective pathways contributing to thepathogenesis ofAD. (A) Intensepruritus develops
in lesional skin; defective barrier function leads to immune activation by irritants and microbes,
with IL-25, IL-33, andTSLP contributing toTh2-mediated inflammation. IL-4 and IL-13 induceclass
switching to IgE, and further impair skin barrier functionby reducingboth FLG and antimicrobial
peptideexpression.Highlypruritogenic IL-31 is alsoelaborated leading toadditional excoriation,
further skinbarrierdegradation,and immuneactivation, thuspotentiatingdisease. (B)Mutations
in several proteins expressed in the epidermis result in severe AD; these include FLG, lympho-
epithelial Kazal-type-related inhibitor (LEKTI), aswell asCDSN andDSG1 (components of desmo-
somes). FLG is critical to skin barrier integrity and hydration. Inactive profilaggrin polymers exist
inside keratohyalin granules within the stratum granulosum (SG) layer. As epithelial cells transi-
tion into the stratum corneum (SC), adjacent proteases (eg, KLK5) are released by LEKTI in a
pH-dependent manner, acting on these granules to yield FLG monomers that contribute to
skinbarrier function,aswell asondesmosomesto facilitatenormalexfoliation. LossofLEKTI func-
tion results in inappropriate protease activity deepwithin the SG resulting in the severe skin bar-
rier defect characteristic of Netherton syndrome. Similar disease results from absence of proteins
necessary for desmosome function. Further proteolysis of FLG releases small hygroscopic mole-
cules and freeaminoacids that comprisenaturalmoisturizing factor (NMF).DecreasedFLG results
fromnullmutations or Th2-mediated inflammation, and leads to impaired skin hydration, dysre-
gulated pH, and barrier dysfunction. BM, basement membrane; LC, Langerhans cell; SB, stratum
basale; SS, stratumspinosum;TJ, tight junction. (C)Multipleheritable immunedefects lead toAD;
defective proteins or pathways are colored in red. Genetic defects leading to severe limitation of
CD3/ TCRdiversitymay result inAD. LossofTCRdiversitymayalso contribute to theprominentAD
phenotypes observed inWiskott-Aldrich syndromeprotein (WASp) defects. Defects in STAT3 and
DOCK8 pathways lead to the autosomal dominant and recessive forms of HIES characterized by
allergy and eczema. (D) Representative spectratypeof a patientwith oligoclonal T-cell expansion
(red) comparedwith a normal polyclonal TCR repertoire (shaded); typical of abnormality seen in
Omenn syndrome or atypical complete DiGeorge.
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in more than 10% of adult patients with AD and segregates with more severe
disease.48

DISCRETE IMMUNE PATHWAY DEFECTS LEADING TO ATOPIC DERMATITIS

Despite clear evidence that intrinsic defects in skin barrier function predispose to early
onset and often severe AD, additional factors appear to be necessary for AD develop-
ment. A significant number of individuals carrying null FLG alleles fail to develop AD.49

Additionally, as mentioned patients with PF have not been reported to have increased
allergic sensitization or disease, despite their skin barrier defect.44 Recent data gener-
ated from whole exome sequencing have led to the revelation that defects in more
than one known disease-causing gene among individuals with primary immunodefi-
ciency diseases may occur more frequently than predicted.50 One can speculate
that hypomorphic mutations or SNPs with functional consequences in genes critical
to immune function, particularly Th2-mediated inflammation, might provide the neces-
sary background for skin barrier defects to manifest as AD. We review several discrete
genetic defects resulting in immune dysregulation, AD, and allergic disease, which illu-
minate mechanisms relevant to AD pathogenesis (see Box 2).

Hyper-Immunoglobulin E Syndromes

Common among patients with AD is an increase in IgE, sometimes to very high levels.
This increase results from Th2-mediated skin inflammation, and IgE levels significantly
decrease with improved control of skin inflammation. Patients with a series of genetic
defects resulting in elevations of IgE (commonly called hyper-IgE syndromes, or HIES),
resulting from dominant negative mutations in STAT3, as well as hypomorphic auto-
somal recessive mutations in DOCK8 or PGM3, all have AD as a major feature of their
clinical phenotypes.25–27 Despite the common finding of AD, the genetic causes of
HIES affect remarkably disparate pathways; one affecting cytokine receptor signaling,
one cellular cytoskeletal rearrangement, and one global cellular glycosylation pat-
terns. Mechanisms underlying allergic phenotypes among forms of HIES remain an
area of active investigation; however, immune dysregulation resulting in enhanced
Th2-mediated inflammation appears common.

EFFECT OF TH2 INFLAMMATION ON SKIN BARRIER FUNCTION

Although barrier defects appear to require immunologic factors to manifest as AD,
exuberant Th2 inflammation may itself cause defective skin barrier integrity. FLG
can be directly modulated by the Th2 cytokines, IL-13 and IL-4.51 Additionally, IL-
10, IL-4, and IL-13 have been shown to reduce antimicrobial peptide (AMP) expression
in keratinocytes, and patients with AD have been shown to have a relative deficiency in
AMP production.19,52,53 This may contribute to staphylococcal colonization, increased
risk for viral and bacterial superinfections, and increased disease severity.

IMPAIRED CD4D T-CELL REPERTOIRE AND REGULATORY T CELLS

CD41 T cells are essential to development of AD. Diversity of T-cell receptors (TCRs)
has been estimated at 2.5 � 107 and represents the repertoire human CD41 T cells
have to recognize non-self and inform adaptive immune responses.54 When this diver-
sity is limited, such as is seen in pediatric patients with HIV following immune recon-
stitution, an increased incidence of AD is observed.55 More severe repertoire deficits
may result from hypomorphic genetic mutations in genes, such as IL2RG, JAK3, or
RAG, in which patients have a “leaky” phenotype; so-called because a few T cells
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are present.56 In this setting, massive expansion of one or a few clonal populations
may occur, leading to the striking phenotype of Omenn syndrome characterized by
erythroderma, severe eczema, high IgE, and eosinophilia, frequently from birth.57

Atypical complete DiGeorge represents a similar “leaky” process and shares many
clinical features with Omenn syndrome, including severe AD.58 A reduction in TCR di-
versity also can be seen in progressive combined immunodeficiencies, such as
DOCK8 deficiency and Wiskott-Aldrich syndrome, which are both associated with
moderate to severe AD (see Fig. 2C, D).59,60

How impaired TCR diversity may result in AD remains unproven. However, evidence
suggests that a loss of CD25brightCD127negFoxP31CD41 regulatory T-cell (Treg) diver-
sity may contribute to immunopathogenesis.28 Primary support for this hypothesis
comes from IPEX syndrome due to FoxP3 deficiency, in which patients have a selective
loss of Tregs.29 Affected individuals present with severe AD, high IgE, and eosinophilia,
in addition to diarrhea and autoimmunity. Patients with Wiscott-Aldrich syndrome also
have been shown to have specific Treg functional defects that likely contribute to their
clinical phenotype,which includesADand allergic disease.61 Last, eczematous derma-
titis and high IgE are both prominent features of acute graft-versus-host disease
(aGvHD).62 Although the pathogenesis of aGvHD is complex and results from inappro-
priate and deleterious alloreactivity of donor T cells, reduced TCR diversity and oligo-
clonality are observed, with a specific loss of Tregs.63,64 Remarkably, donor Treg
infusion has been shown to prevent development of eczema and other clinical features
of aGvHD.65

PHYSIOLOGY OF PRURITUS AND INTERLEUKIN-31 RECEPTOR ALPHA/ONCOSTATIN M
RECEPTOR BETA COMPLEX MUTATIONS

Intense pruritus is a hallmark of AD lesions. Although complete discussion of the neuro-
logic, physical, and immunologic contributions to itch are beyond the scope of this
review, skin excoriation due to chronic and severe pruritus contributes to progression
of skin lesions and promotes superinfection. Unlike in allergic rhinitis or urticaria, hista-
mine receptors 1 and 2 do not appear to be significant mediators of pruritus in AD.66

IL-31 is a cytokine expressed by Th2 cells and is a strong pruritogen (see Fig. 2A).67

IL-31 signals through a cognate heterodimeric receptor complex consisting of IL-31
receptor alpha (IL31RA) and oncostatin M receptor beta (OSMR). Increased IL-31
expression has been observed in AD lesions, and injection of IL-31 causes intense
pruritus.67,68 Mutations in both OSMR and IL31RA result in familial primary localized
cutaneous amyloidosis, a syndrome characterized by severe cutaneous pruritus.69,70

Despite chronic excoriation resulting in some features consistent with chronic AD
lesions, there is no report of increased IgE or atopy within this population.
Hyperalgesia via nociceptive pathways also has been implicated in multiple animal

models of pruritus. Recently, human sensory neurons have been shown to express IL-
31RA and signal after exposure to IL-31 in vivo and in vitro; this process appears to be
transient receptor channel potential cation channel ankyrin subtype 1 (TRPA1)-depen-
dent in murine models.71 Interestingly, TRPA1 is necessary for both histamine-
independent itch mediated by bradykinin and sensing of noxious environmental
irritants.72,73

CHRONIC MANAGEMENT
General Approach

The goals of AD management are to improve quality of life and prevent infectious
complications, while minimizing potential medication side effects. Optimal control of
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all aspects of AD morbidity, including pruritus, is best achieved through skin hydration,
restoration of the skin barrier, and control of skin inflammation. Because AD is a chronic,
relapsing disorder with flares occurring at variable intervals, a comprehensive home
treatmentplan is critical to successfulmanagement, including steps tomanageanacute
flare. Chronic management of AD requires extensive patient education on the clinical
features and associations of the disorder, its natural history, review of potential triggers
for disease flares, discussion of medications and potential side effects, and provision of
an individualized and comprehensive treatment plan that is based on the underlying
pathophysiology (Fig. 3). Treatment plans should be directed at underlying defects:
skin hydration and emollients to address barrier dysfunction and topical (or rarely sys-
temic immunosuppressants) to quell skin inflammation. Antimicrobials also should be
included in patients with recurrent infection, andmethods to reduce exposure to poten-
tial triggers should be addressed. Compulsive attention to the details of the treatment
plan, regular follow-up for adjustment of treatment plans for moderate to severe cases,
and extensive education at each visit are critical for successful management. Multidis-
ciplinary treatment teams are helpful in managing moderate to severe cases.74

Hydration and Use of Occlusive Topical Moisturizers

As has been discussed, disruption of the skin barrier is a central feature of AD, lead-
ing to transepidermal water loss and xerosis.75 Diminished levels of ceramide
observed in AD skin reduce water-binding capacity and potentiate this problem.76,77

Treatment guidelines recommend regular skin hydration with soaking baths and use
of occlusive topical ointments and creams for optimal control. This strategy has
demonstrated efficacy in reducing the requirement for topical and systemic immuno-
suppressants (corticosteroid-sparing effect).10,78,79 Although increased use of topical
occlusive treatments is associated with improved AD control,80 the optimal regimen
for use of topical occlusives has not been extensively studied.81 In our experience,
regular, daily soaking baths of 15 minutes in lukewarm plain water, with immediate
application of occlusive ointments (soak-and-seal),82 and application of occlusive
treatments through the day, are the most important aspects of treatment. For facial
and neck involvement, a towel gently draped over the head and neck can be used in
the bath to assist with hydration. Frequency of baths can be increased to 2 or 3 times
daily during severe flares. Showers are not as effective at hydrating the skin and are
not a satisfactory alternative to soaking baths in moderate to severe cases.
Application of emollients to dry skin immediately after soaking baths functions to

create a barrier impeding water loss, thereby restoring the stratum corneum, reducing
the requirement for topical corticosteroids to control flares, and reducing pruri-
tus.81,83,84 Occlusion is the primary desired function of emollients, with ointments be-
ing more effective than creams. Lotions are not effective in AD; high water content
leads to evaporative drying, and irritants such as fragrances and preservatives, may
irritate or inflame non-intact skin. Although ointments, such as petroleum jelly or hy-
drated petrolatum, are more occlusive than creams and generally more effective, oint-
ments may be poorly tolerated in some patients and can lead to occlusive folliculitis.
Creams are frequently better tolerated during hot, humid days and during school,
thus promoting compliance. There is no clear evidence that the newer ceramide-
containing creams improve patient outcomes. In general, we provide both an ointment
and a cream and educate patients on the relative benefits of each.

Topical Corticosteroids

To address the inflammatory component of AD, topical corticosteroids are the most
effective treatment, used on an as-needed basis to treat acute flares, and in more



Fig. 3. Example of eczema management plan. (Courtesy of Laboratory of Allergic Diseases, National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health.)
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severe cases, to maintain control. Topical corticosteroids diminish inflammation,
pruritus, and S. aureus colonization of the skin. Particularly in children, great care
must be taken to balance use of the lowest-potency topical corticosteroid necessary
to achieve control so as to minimize potential side effects, while not under-treating the
inflammation. For moderate to severe AD, instruction for stepwise adjustments in the
topical corticosteroid potency to be used, based on severity of flare and the area of the
body involved, should be included in the comprehensive eczema action plan (see
Fig. 3). When mid-potency to high-potency corticosteroids are used for flares, step-
wise decreases in potency are necessary to prevent rebound exacerbations. Educa-
tion of patients and their families on the relative strengths of topical corticosteroids
prescribed, potential systemic and local side effects, and strategies for dose adjust-
ments is critical to treatment success. Any concerns of “steroid phobia” that may limit
compliance should be openly discussed. As previously noted, aggressive skin hydra-
tion and use of emollients is steroid-sparing and should be emphasized in discussions
with families.
Topical corticosteroids are available in a wide range of potencies, from the least-

potent group 1 preparations (eg, hydrocortisone 1% ointment), to the most-potent
group 7 preparations (eg, clobetasol propionate 0.05% ointment). The greater the po-
tency of topical corticosteroid used, the greater the risk of systemic and local side
effects, particularly when used on large areas of the body over extended periods.
For each corticosteroid, there are multiple vehicles, including ointments, creams,
and lotions. Due to differences in level of occlusion, the vehicle affects potency
through degree of absorption; for a given topical corticosteroid, ointments are more
potent than creams, which are more potent than lotions. In general, ointments are
preferred because they provide a more occlusive barrier for maintaining skin hydration
and promote better absorption of the corticosteroid. Ointments also contain fewer
preservatives.
Lower-potency topical corticosteroids should be used for areas on the body with

thinner skin, greater chance for absorption, and higher risk for local side effects. These
include the face, eyelids, genitalia, and intertriginous areas. For other areas of the body,
short courses of higher-potency corticosteroids may be needed to achieve control of
flares. Choice of topical corticosteroid is based on the severity of disease, distribution,
and age of patient. For infants and toddlers, lower-potency corticosteroids should be
used for all areas of the skin. Of note, fluticasone 0.05% cream is approved for short-
term use in children 3 months or older and mometasone cream and ointment are
approved for children 2 years or older; both can be used once daily as needed for flares.
Discussion of the details of application of topical corticosteroids and emollients is

key to successful outcomes. The topical corticosteroid should be applied as a thin
layer to areas of flare first. Topical emollient should be applied second in a thick layer
to all unaffected areas of skin, avoiding application over areas already treated with
topical steroid. Application of emollient over topical corticosteroid dilutes the cortico-
steroid and unnecessarily spreads it to unaffected areas of skin. Particularly in young
children, there is a tendency to vigorously rub in both the topical steroid and emollient;
this should be avoided. Provision of sufficient amounts of topical corticosteroids is
also important, with attention to the severity and extent of disease.
Local side effects include atrophy, striae, acne, telangiectasias, and secondary

infections. The major systemic side effect is adrenal suppression, the risk of which
is greater with higher-potency topical corticosteroids and with use of occlusive
dressings.
Systemic corticosteroids should be avoided in the treatment of AD, even with

severe disease. Although systemic corticosteroids provide rapid improvement in AD
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flares, discontinuation generally results in a significant rebound inflammatory
response resulting in another, often more severe, disease flare. Given the chronic
relapsing course of AD and significant side effects from prolonged systemic cortico-
steroid treatment, there is rarely a role for these medications in the treatment of AD.
Although systemic corticosteroids are sometimes perceived to be more potent,
topical corticosteroids likely achieve higher concentrations at the site of inflammation
within the superficial layers of the skin.85 For children with AD and persistent asthma
requiring systemic corticosteroids for asthma exacerbations, we recommend antici-
patory treatment of the ADwith higher-potency topical corticosteroids as the systemic
corticosteroids are weaned or stopped, so as to blunt the rebound inflammatory
response.

Topical Calcineurin Inhibitors

The anti-inflammatory effects of topical calcineurin inhibitors result from selective
blocking of cytokine transcription in activated T cells. Use of topical calcineurin inhib-
itors does not result in skin atrophy, making this class of medication effective partic-
ularly in controlling eyelid and facial dermatitis. Calcineurin inhibitors also may be
useful as a steroid-sparing agent for patients requiring long-term anti-inflammatory
treatment. Efficacy as a maintenance medication when applied to areas of frequent
flares 3 times weekly also has been demonstrated, although these medicines are
not approved by the Food and Drug Administration for this use.86 Two topical calci-
neurin inhibitors are available:

� Pimecrolimus (Elidel) is available as a 1% cream and is approved for use in chil-
dren 2 years and older.

� Tacrolimus (Protopic) is available as a 0.03% or 0.1% ointment. The 0.03% oint-
ment is approved for children 2 years and older, whereas the 0.1% ointment is
approved for children 16 years and older.

The major side effect of both calcineurin inhibitors is transient burning that generally
subsides after a few days of use. A black box warning was added to this class of
medications in 2005 because of concerns of association with specific cancers. A
review of the data by the Topical Calcineurin Inhibitor Task Force of the American
Academy of Allergy, Asthma and Immunology (AAAAI) and American College of
Allergy, Asthma and Immunology (ACAAI), however, did not identify a clear
association.87

Antimicrobial Treatments

S. aureus colonization is common in patients with AD. Treatment of infection should be
guided by antimicrobial sensitivities to ensure coverage of potentially antibiotic-
resistant organisms. Use of bleach baths has been reported in the treatment of der-
matitis associated with hyper-IgE syndromes and is included in pediatric treatment
guidelines for AD, but there are few data supporting efficacy in widespread
use.88–90 However, among children 6 months to 17 years of age with moderate-
severe AD and evidence of secondary S. aureus infection, use of dilute bleach baths
twice weekly and application of intranasal mupirocin twice daily for 5 days, then
repeated monthly, over a 3-month period, resulted in significant improvement of AD
severity compared with placebo,91 and should be considered for any patient who
has requiredmore than one course of systemic antibiotics for S. aureus skin infections.
Mupirocin also can be applied to excoriated areas of skin twice daily to further prevent
infection. Due to evidence for intra-familial transmission of Staphylococcus, treatment
of family members with intranasal mupirocin also should be considered.
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Antihistamines Are Generally Ineffective in the Treatment of Pruritus Associated with
Atopic Dermatitis

Pruritus is the most common feature of AD and the most detrimental for quality of life.
Scratching perpetuates cutaneous inflammation through release of TSLP and other
mediators, feeding the cycle of continued inflammation and pruritus. As already
discussed, the pruritus in AD results from a number of mediators, including neuropep-
tides and cytokines, namely IL-31. As a result, antihistamines are generally ineffective
in controlling thepruritus of AD.Double-blind randomized cross-over trials havedemon-
strateda lackofefficacy in treating itchbyoral antihistamine,92 andhistaminestimulation
failed to evokepruritus in skin of patientswithAD.93 Although somesleepbenefitmaybe
derived from first-generation sedating oral antihistamines, this may be largely negated
by the resulting “hangover” effect and impairment in cognitive performance, particularly
among children.94 Until more effective therapies are developed, treatment of pruritus
should be focused on addressing skin inflammation and barrier dysfunction.

Wet Wrap Therapy

Wet wrap therapy was initially describedmore than 20 years ago and consists of appli-
cation of dilute topical corticosteroids and emollients after a soaking bath, followed by
a layer of wet dressing or cloths, then dry clothes.95 Wet wraps can be used in patients
with moderate to severe disease that responds poorly to standard skin care. Wet
wraps soothe the skin, promote hydration, prevent scratching, and increase absorp-
tion of topical corticosteroids. Wet wraps with dilute topical corticosteroids are effec-
tive in clinical trials for controlling flares and maintaining control over short periods of
several weeks.96–98 In patients with severe AD, we have found that wet wraps result in
remission of AD, when followed by a routine skin care regimen, over a period of 1 year
(Stone and colleagues, in preparation). Wet wraps can result in maceration of skin,
folliculitis, and enhanced absorption of topical corticosteroids, and thus should be
used only with close medical supervision. Routine skin care is critical between wet
wrap treatments, particularly liberal use of emollients.

Systemic Immunosuppressants

For patients with severe AD that is refractory to standard therapies, with careful atten-
tion to compliance, systemic immunosuppressants are a treatment option. Systemic
immunosuppressants that have been reported include cyclosporine, mycophenolate
mofetil, azathioprine, and methotrexate.99,100 None of these therapies has a direct
effect on restoring barrier function. In our experience, systemic immunosuppressants
are not optimally effective unless careful attention to hydration and aggressive use of
emollients is also promoted.

SUMMARY

AD is a complex disorder that requires both a genetic predisposition and exposure to
poorly defined environmental factors. Disease results from a defective skin barrier and
immune dysregulation. Effective treatment requires targeted therapies to both restore
barrier function and control inflammation. Treating both defects is crucial to optimal out-
comes for patientswithmoderate to severedisease. Education of patients regarding the
underlying defects and provision of a comprehensive skin care plan is essential.
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