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Atopic dermatitis (AD) is a common complex disease that
frequently follows a chronic relapsing course and affects the
quality of life of patients and families in a significant manner.
New insights into the pathophysiology of AD point to an
important role of structural abnormalities in the epidermis
combined with immune dysregulation. Patients with AD have a
unique predisposition to colonization or infection by a number of
microbial organisms, most notably Staphylococcus aureus and
herpes simplex virus. A multipronged approach directed at
healing or protecting the skin barrier and addressing the immune
dysregulation is necessary to improve the likelihood of successful
outcomes. (J Allergy Clin Immunol 2010;125:4-13.)
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Atopic dermatitis (AD), a complex, chronic, relapsing inflam-
matory skin disorder continues to be an important disease
worldwide.1,2 Lifetime prevalence in school-aged children in
the United States has been reported to be up to 17%.3 Similarly

INFORMATION FOR CATEGORY 1 CME CREDIT

Credit can now be obtained, free for a limited time, by reading the review
articles in this issue. Please note the following instructions.

Method of Physician Participation inLearning Process:The coremate-
rial for these activities can be read in this issue of the Journal or online at the
JACIWebsite:www.jacionline.org.The accompanying testsmayonlybe sub-
mitted online at www.jacionline.org. Fax or other copies will not be accepted.

Date of Original Release: January 2010. Credit may be obtained for
these courses until December 31, 2011.

Copyright Statement: Copyright ! 2009-2011. All rights reserved.
Overall Purpose/Goal: To provide excellent reviews on key aspects of

allergic disease to those who research, treat, or manage allergic disease.
Target Audience: Physicians and researchers within the field of allergic

disease.
Accreditation/Provider Statements and Credit Designation: The

American Academy of Allergy, Asthma & Immunology (AAAAI) is ac-
credited by the Accreditation Council for Continuing Medical Education
(ACCME) to provide continuing medical education for physicians. The
AAAAI designates these educational activities for a maximum of 1 AMA
PRA Category 1 Credit". Physicians should only claim credit commensu-
rate with the extent of their participation in the activity.

List of Design CommitteeMembers: Authors:Mark Boguniewicz, MD
and Donald Y. M. Leung, MD, PhD

Activity Objectives

1. To better understand the various epidermal abnormalities and
immune dysregulation in atopic dermatitis (AD).

2. To better understand the immunologic components of the
itch-scratch cycle.

3. To better understand the role of microbial organisms in AD severity
and associated infections.

4. To better understand the effects of topical therapy on the skin barrier
and novel directions for new therapies for AD.

Recognition of Commercial Support: This CME activity has not
received external commercial support.

Disclosure of Significant Relationships with Relevant Commercial
Companies/Organizations:M. Boguniewicz has received research sup-

port from the National Institutes of Health/National Institute of Allergy and
Infectious Diseases. D. Y. M. Leung has declared that he has no relevant
conflict of interest.

From the Division of Pediatric Allergy-Immunology, Department of Pediatrics, National
Jewish Health and University of Colorado School of Medicine.

Supported by National Institutes of Health/National Institute of Allergy and Infectious
Diseases contracts N01 AI 40029 and 40030, as well as AR41256.

Received for publication October 26, 2009; revised November 19, 2009; accepted for
publication November 19, 2009.

Reprint requests: Mark Boguniewicz, MD, National Jewish Health, 1400 Jackson St, Rm
J310, Denver, CO 80206. E-mail: boguniewiczm@njhealth.org.

0091-6749/$36.00
! 2010 American Academy of Allergy, Asthma & Immunology
doi:10.1016/j.jaci.2009.11.027

Abbreviations used
AD: Atopic dermatitis

ADVN: Atopic Dermatitis and Vaccinia Network
agr: Accessory gene regulator
AIP: Autoinducing peptide
CA: Community acquired

CLA: Cutaneous lymphocyte–associated antigen
EH: Eczema herpeticum

FLG: Filaggrin gene
FoxP3: Forkhead box protein 3
HBD: Human b-defensin
H4R: H4 histamine receptor
HSV: Herpes simplex virus
IVIG: Intravenous immunoglobulin
LTA: Lipoteichoic acid

MRSA: Methicillin-resistant Staphylococcus aureus
SAg: Superantigen
SEB: Staphylococcal enterotoxin B

TEWL: Transepidermal water loss
Treg: Regulatory T
VV: Vaccinia virus

4

http://www.jacionline.org
mailto:boguniewiczm@njhealth.org
http://www.jacionline.org


high prevalence rates have also been observed in a number of
other countries.4 Most recently, data on eczema symptoms from
more than a million children in 97 countries showed that AD is
a major problem in developing, as well as developed, countries.5

Atopy remains an important association, with an incidence of ap-
proximately 80% in infants with AD recently reported in Aus-
tralia and the United Kingdom.6 Importantly, a high percentage
of children with AD (approximately 66%) have asthma, allergies,
or both, typically by 3 years of age.7

Patients with severe or persistent disease and their families
experience significant impairment in their quality of life, which
can contribute to poor outcomes with prescribed treatment.8 In
addition, AD places a heavy economic burden not only on patients
and their families but also on society as a whole.9,10 This review
will highlight some of the recent studies that provide insights
into the pathophysiology of AD, with emphasis on the unique
role that microbial organisms play in this disease and implications
for therapy.

EPIDERMAL ABNORMALITIES AND IMMUNE
DYSREGULATION IN PATIENTS WITH AD:
RECONCILING THE OUTSIDE-IN AND INSIDE-OUT
HYPOTHESES

The pathophysiology of AD remains incompletely understood,
although gene-environment interactions in genetically predis-
posed individuals (see the article by Barnes11 in this issue) play
a central role.12 A number of critical systemic and skin immune
abnormalities, including increased serum IgE levels and sensitiza-
tion to allergens, increased TH2-type cytokine expression in acute
lesions, increased numbers of T cells expressing cutaneous lym-
phocyte–associated antigen (CLA; the homing receptor for the
skin), increased expression of FceRI on both Langerhans cells
and inflammatory dendritic epidermal cells, and decreased expres-
sion of antimicrobial peptides, have been seen.13,14 A growing
number of studies have shown a highly significant association be-
tween abnormalities in the epidermal barrier and the risk of early-
onset, severe, persistent AD.15-17 Of note, these might be due to
both mutations of genes encoding proteins, such as filaggrin,14

and modulation of epidermal protein levels by TH2-type cyto-
kines.18,19 Although some researchers have argued that the pri-
mary defect in AD resides in the epidermal barrier,20 it is
important to recognize that a significant number of patients with
AD do not have any of the known filaggrin gene (FLG)mutations,
and conversely, approximately 40% of patients with FLG-null
alleles do not have AD.21 In addition, although the natural history
of patients with AD and FLG mutations has not been fully eluci-
dated, many of these patients outgrow their disease or experience
an extended remission, although they tend to have a more pro-
longed course than those without FLG mutations.22 A critical
link between the barrier defect in patients with AD with FLG mu-
tations and TH2 polarization could be explained in part by en-
hanced allergen penetration through the damaged epidermis
accompanied by increased production of thymic stromal lympho-
poietin by keratinocytes, leading to a TH2-type milieu.23 Impor-
tantly, patients with FLG mutations are at increased risk for
asthma but only in the context of having AD, pointing to the im-
portance of allergic sensitization through a damaged skin barrier.24

Conversely, patients with AD with more polarized TH2-type dis-
ease with allergies and asthma and increased biomarker levels, in-
cluding serum IgE, thymic stromal lymphopoietin, and cutaneous

T cell–attracting chemokines, were also more likely to have severe
skin disease complicated by eczema herpeticum (EH), Staphylo-
coccus aureus, or molluscum infections.25 In addition, patients
with FLG mutations have been found to have an increased risk
for EH, a serious complication of AD.26 It is worth noting that
the epidermal differentiation complex, a candidate gene region
for AD localized on chromosome 1q21, includes a number of
other genes encoding structural proteins of epidermal cornifica-
tion, including S100A proteins, small proline-rich region proteins,
and late envelope proteins.27 Using a proteomics approach, Ho-
well et al28 identified S100/A11 as a target in TH2 cytokine–medi-
ated inhibition of filaggrin and the antimicrobial peptide human
b-defensin (HBD) 3 expression in AD skin, pointing to immune
dysregulation affecting both epidermal barrier integrity and innate
immune response. Still, the relationship of the skin barrier and im-
mune abnormalities to the increased susceptibility to microbial
colonization and infections remains to be fully elucidated.29 Of in-
terest, emerging observations that topical calcineurin inhibitors
can in part correct the barrier defect in patients with AD and
that gentamicin can restore the production of functional filaggrin
chains provides further evidence of the complex relationship of
the epidermal barrier and the immune system.30 Although future
studies might shed further light on unique AD phenotypes and a
more individualized approach to care, at present, a comprehensive,
multipronged treatment approach addressing both the epidermal
barrier and immune dysregulation is most likely to result in dis-
ease control for our patients.31

AD: IS PREVENTION POSSIBLE?
A recent review addressed the subject of therapeutic attempts to

shift the presumed TH2 response early in life to a TH1 response
through the administration of probiotics to pregnant women and
subsequently to at-risk newborns either to prevent AD or even
to treat established AD.30 Although 1 meta-analysis suggested a
modest role for probiotics in children with moderately severe dis-
ease in reducing the Scoring of Atopic Dermatitis Severity Index
score,32 another found that current evidence is more convincing
for the efficacy of probiotics in the prevention rather than treat-
ment of pediatric AD.33 In contrast, a study designed to replicate
an earlier one that showed beneficial effects of probiotics in pa-
tients with AD found that supplementation with Lactobacillus
GG during pregnancy and early infancy neither reduced the inci-
dence of AD nor altered the severity of AD in affected children but
was associated with an increased rate of recurrent episodes of
wheezing bronchitis.34 Furthermore, a recent Cochrane review
concluded that probiotics are not an effective treatment for eczema
in children and that probiotic treatment carries a small risk of ad-
verse events.35 Salfeld and Kopp36 recently reviewed this subject,
pointing to flaws in the methodology of some of the analyses and
the heterogeneity of treatment protocols. They concluded that
selection of the most beneficial probiotic strain or strains, use of
probiotics with or without prebiotics, and timing of supplementa-
tion, along with optimal dose and delivery, remain to be
determined. Thus probiotics for the prevention of AD remain
investigational and, at present, cannot be recommended for
primary prevention.

AD: MOVING BEYOND THE TH1/TH2 PARADIGM
A role for new subsets of T cells in patients with AD is being

increasingly appreciated. Naturally occurring CD41CD251
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forkhead box protein 3 (FoxP3)–expressing regulatory T (Treg)
cells with normal immunosuppressive activity appear to be ex-
panded in the peripheral blood of patients with AD.37 However,
after stimulation by the superantigen (SAg) staphylococcal enter-
otoxin B (SEB), Treg cells lose their immunosuppressive activity,
suggesting a novel mechanism by which SAgs could augment T-
cell activation in patients with AD.38 Hijen et al39 recently con-
firmed increased numbers of Treg cells found in the peripheral
blood of patients with AD and hypothesized that this was due
to strong inflammatory signals, with Treg cell suppressive activity
subverted by proinflammatory mediators. Verhagen et al40

showed CD41CD251FoxP31 Treg cells were not found in
lesional AD skin or in atopy patch test sites of patients with
AD. Thus a dysregulation of disease causing effector T cells is ob-
served in AD lesions in association with an impaired
CD41CD251FoxP31 Treg cell infiltration.
In addition, IL-17–secreting TH17 cells in patients with AD

have been investigated in several studies. IL-17 was first shown
to be preferentially increased in acute versus chronic AD lesions.41

In a murine epicutaneous antigen challenge model analogous to
human AD, IL-17 expression was induced not only in the skin
but also in the airways.42 Using a murine model of filaggrin defi-
ciency to examinewhether this abnormality predisposes to skin in-
flammation and epicutaneous sensitization with protein antigen,
this group also showed that filaggrin-deficient mice exhibited
TH17-dominated skin inflammation and eczematous changes
with increased expression of IL-17 in the epidermis and increased
antigen-specific IgE levels in their serum.43 In an atopy patch test
model IL-17 secretion was shown to be enhanced by SEB.44 In-
duced IL-17 upregulated the antimicrobial peptide HBD-2 in hu-
man keratinocytes in vivo, although coexpressed IL-4/IL-13
partially inhibited this effect. Thus although IL-17–secreting T
cells appear to infiltrate acute AD lesions and IL-17 secretion
can be triggered by SAgs, subsequent ineffective IL-17–dependent
upregulation of HBD-2 in patients with ADmight result from par-
tial inhibition by the TH2 cytokine milieu. A study in IL-4 and
IL-13 knockout mice supports a role for IL-4 as a TH2 cytokine
that downregulates the IL-17 response in epicutaneously sensi-
tized mice.45 This in turn could be one reason why patients with
AD remain colonized by S aureus. Other investigators have also
found that compared with skin of patients with psoriasis, TH17
cells appear to have a diminished role in AD skin and that the as-
sociated reduced expression of innate defense genes might con-
tribute to the increased skin infections seen in patients with AD.46

THE ITCH-SCRATCH CYCLE IN PATIENTS WITH AD
Pruritus is a major symptom of AD and affects the quality of life

of patients in a significant manner. The clinical observation that
pruritus in patients with AD is often not relieved by antihistamines
suggests that mediators other than histamine, such as cytokines
and neuropeptides, might be involved.47 IL-31, a cytokine that is
increased in AD skin lesions,48 has been implicated in the devel-
opment of chronic dermatitis in transgenic mice that overexpress
IL-31 through induction of severe pruritus.49 Proposed sources
of IL-31 include skin-infiltrating CLA1 T cells and peripheral
blood CD45RO CLA1 T cells.50 Recent data provide evidence
that, irrespective of the atopic phenotype, serum IL-31 levels cor-
relate with disease activity in patients with AD.51 Importantly,
staphylococcal SAgs have been shown to rapidly induce IL31
mRNA expression in the skin of atopic subjects in vivo and in

PBMCs in vitro, suggesting that chronic colonization and superin-
fection by S aureus can contribute to pruritus and inflammatory
changes in patients with AD.48 Given that pruritus in patients
with AD is often resistant to antihistamines, IL-31 represents a po-
tential target for antipruritic and anti-inflammatorymeasures in the
treatment of AD. Gutzmer et al52 recently reported that the H4 his-
tamine receptor (H4R) is upregulated on TH2-type cells, suggest-
ing a role for the H4R in a TH2 milieu. Of note, they showed that
H4R stimulation led to upregulation of IL-31, and stimulation of
PBMCs with H4R ligand plus SEB resulted in higher IL31
mRNA levels. These observations suggest a link between hista-
mine and induction of pruritus, especially in patients with AD,
and that the H4R represents a potential therapeutic target.
Another mechanism for chronic inflammation in patients with

AD driven by immune dysregulation is an autoimmune model.
The itch-scratch cycle can lead to damage of the epidermal
keratinocytes and release of intracellular antigens, which in a
subset of patients with AD could lead to a chronic autoreactive
form of AD even without exposure to allergens.53 Altrichter
et al54 recently found that sera from 28% of patients with AD
showed IgE autoreactivity directed against epidermal or epithelial
cell line–derived proteins, including cytoplasmic and cell mem-
brane–associated moieties. This autoreactivity in patients with
AD was significantly correlated with the severity of the disease,
as defined by total serum IgE levels and clinical scoring indexes.

AD AND MICROBES
Patients with AD have a unique propensity to be colonized or

infected by a number of microbial organisms (Fig 1). Dysregula-
tion of the adaptive immune response with increased total and
specific IgE levels has been associated with disease severity and
infectious complications.2,55,56 More recently, the contribution
of innate immune system abnormalities, including reduction in
antimicrobial peptide levels, diminished recruitment of cells
(eg, neutrophils) to the skin, and Toll-like receptor defects57

and epidermal barrier abnormalities12 in microbial colonization
or infection in patients with AD, were the subjects of comprehen-
sive reviews. As one example of the relationship between innate
and adaptive immune responses and infectious complications of
AD, both mobilization of HBD-3 and killing of S aureus by kerat-
inocytes from patients with ADwere shown to be significantly in-
hibited by the TH2 cytokines IL-4 and IL-13, whereas
neutralization of these cytokines significantly improved these ac-
tivities.58 In another example, serum IgE levels in patients with
AD with herpes simplex virus (HSV) infections were found to
be inversely correlated with cathelicidin LL-37 expression.59

How aberrations in adaptive and innate immune responses and
barrier abnormalities all interact in patients with AD remains to
be fully investigated. Further insights might come from studies
of patients with immunodeficiency with an AD-type cutaneous
phenotype. Of interest, a recent study looking at a group of pa-
tients with poorly characterized combined immunodeficiency
whose clinical presentation included recurrent cutaneous infec-
tions with S aureus or HSV and who also had increased serum
IgE levels and eczematous rash found homozygous or compound
heterozygous deletions and point mutations in the gene encoding
the dedicator of cytokinesis 8 protein, leading to absence of ded-
icator of cytokinesis 8 protein in lymphocytes.60

S aureus can be cultured from 90% of skin lesions and impor-
tantly can colonize normal-appearing skin in patients with AD.61
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Patients with more severe disease have been shown to have higher
levels of S aureus in their home environments.62 S aureus can ex-
acerbate or contribute to persistent skin inflammation in patients
with AD by secreting toxins with superantigenic properties,

resulting in marked activation of T cells and other immune cells.
Application of SEB to the skin can induce eczematous changes
accompanied by infiltration of T cells selectively expanded in re-
sponse to the SAg.63 In addition, patients with AD can make

FIG 1. A, Child with AD superinfected with toxin-secreting Staphylococcus aureus. B, Child with AD with
course complicated by EH.
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specific IgE antibodies directed against the toxins found on their
skin, with basophils from these patients releasing histamine on
exposure to the relevant toxin.64,65 This suggests that SAgs can in-
duce mast cell degranulation after penetrating the epidermal bar-
rier and contribute to pruritus and acute inflammatory events
along with participating in chronic skin inflammation. S aureus
isolates from patients with steroid-resistant AD have been shown
to produce increased numbers of SAgs compared with isolates
from control subjects.66 Thus SAgs might offer a selective advan-
tage for colonization of patients.
Other products of S aureus likely contribute to disease in pa-

tients with AD. Recently, children with impetiginized AD were
found to have increased levels of lipoteichoic acid (LTA) that cor-
related with lesional Eczema Area and Severity Index scores and
S aureus colony-forming units.67 The amounts of LTA in the skin
lesions were sufficient to exert biologic effects on various cell
types in vitro, as well as epidermal cytokine gene expression
when skin was exposed to LTA ex vivo. This study provides a fur-
ther mechanism by which S aureus can exacerbate AD.
Methicillin-resistant Staphylococcus aureus (MRSA) has

emerged as an important pathogen that has rapidly evolved
from a cause of nosocomial to community-acquired infections
(see the review by Schlievert et al68 in this issue). MRSA invari-
ably produces SAgs. Wang et al69 identified a novel class of
secreted S aureus peptides, phenol-soluble modulins, that con-
tributes to the enhanced virulence of community-acquired (CA)
MRSA. These peptides appear to target neutrophils, recruiting,
activating, and then lysing these cells. They also showed that
the phenol-soluble modulins are under the regulatory control of
the accessory gene regulator (agr) quorum-sensing system, which
controls the expression of a number of staphylococcal virulence
factors. Patients with ADmight be particularly susceptible to col-
onization and infection by MRSA, as well as to the acute and
chronic consequences of the SAgs that these organisms produce,
because they are frequently treated, often for extended courses,
with anti-staphylococcal antibiotics.70 However, the question of
whether patients with AD serve as an important reservoir of
MRSA in the community has not been thoroughly investigated.71

Understanding the underlying mechanisms for infection and col-
onization by S aureus of the skin of patients with AD, including
differences between methicillin-sensitive S aureus versus
MRSA, is critical for developing more effective treatment strate-
gies for this serious public health problem.
The clinical course in patients with AD can also be complicated

by both localized and disseminated cutaneous viral infections,
most often caused by HSV, human papilloma virus, or molluscum
virus.72 EH is a potentially life-threatening disseminated HSV-
1 or less commonly HSV-2 infection that occurs in 10% to 20%
of patients with AD.73 Risk factors for EH include early onset
of AD, severe and untreated AD, head and neck dermatitis, previ-
ous EH or HSV infections, and increased total serum IgE levels
with higher levels of specific sensitizations, especially against
Malassezia sympodialis.73,74 Recent studies from the National In-
stitutes of Health/National Institute of Allergy and Infectious Dis-
eases Atopic Dermatitis and Vaccinia Network (ADVN) showed
that when compared with patients with AD without a history of
EH, patients with AD and EH have a more severe TH2-polarized
disease with greater allergen sensitization, including to staphylo-
coccal toxins, and are alsomore likely to experience cutaneous in-
fections with S aureus.25 In addition, patients with AD of both
European and African ancestry with the R501X mutation in

FLG have been found to have an even greater risk for EH, suggest-
ing that a defective skin barrier can also contribute to this serious
complication.26 Importantly, patients with AD are also at risk for
potentially life-threatening complications from both smallpox in-
fection and from vaccinia virus (VV; eczema vaccinatum) used to
prevent smallpox.75,76When skin biopsy specimens from patients
with AD are inoculated with VV, there is increased viral replica-
tion compared with that seen in healthy control subjects.77 In ad-
dition, levels of the antimicrobial cathelicidin LL-37 are low,
whereas expression of IL-4 and IL-13 is increased in AD skin,
and antibodies against these TH2 cytokines inhibit vaccinia
growth and enhance production of LL-37. Of clinical importance,
such studies might provide insights into identifying subjects who
are at greatest risk for complications from immunization with VV.

BACTERIAL COLONIZATION AND INFECTION IN
AD: TO TREAT OR NOT TO TREAT (WITH
ANTIBIOTICS)

It is important to recognize that S aureus is a common commen-
sal organism in human subjects and can be cultured from nonle-
sional skin in a significant number of patients with AD (see the
review by Schlievert et al68 in this issue). Colonization by
toxin-secreting S aureus can contribute to pruritus and persistent
inflammation.64 In addition, colonization is a risk factor for infec-
tion.78 Nevertheless, a number of factors contribute to difficulties
in implementing successful strategies to clear colonization. S au-
reus can be found in the house dust of most patients with AD, and
patients withmore severe disease have higher levels of S aureus in
their home environment.62 Patients treated with antibiotics
quickly become recolonized, often with the same toxin-secreting
organisms.70 Family members often serve as the source of rapid
recolonization.79 Of note, in the recent study by Huang et al,80

even after 3 months of twice-weekly dilute bleach bath therapy
and monthly 5-day courses of nasal mupirocin, patients were still
colonized by S aureus. Furthermore, the authors of a Cochrane
Database systematic review did not find clear evidence of benefit
for antimicrobial interventions in patients with AD. However,
they point out that the studies were small and poorly reported
and might not have shown the anticipated benefit.81

Given the complex pathophysiology of AD, a multipronged
approach directed at healing or protecting the skin barrier and
addressing the immune dysregulation will improve the likeli-
hood of successful outcomes. This includes proper skin hydra-
tion and identification and elimination of flare factors, such as
irritants, allergens, infectious agents, and emotional stressors,
addressing the itch-scratch cycle, as well as pharmacologic
therapy (reviewed in depth by Boguniewicz et al31). In theory,
use of topical inhibitors of proteases should be an effective treat-
ment strategy in patients with AD. To date, however, several
trials with these agents have yielded disappointing results.31

An important concept with therapeutic implications is the recog-
nition that normal-appearing skin in patients with AD is not im-
munologically normal.82 Furthermore, increased binding of S
aureus to AD skin is related to underlying skin inflammation,61

and anti-inflammatory treatment with topical steroids and calci-
neurin inhibitors reduces S aureus colonization.83 One approach
to patients whose eczema tends to relapse in the same location is
that of proactive therapy. After a period of stabilization, topical
steroids84,85 or calcineurin inhibitors86-88 are applied to areas
of previously involved but normal-appearing skin rather than
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waiting for eczema to flare. Importantly, proactive therapy is an
attempt to control residual disease because even normal-appear-
ing skin in patients with AD might be colonized by S aureus and
is characterized by immunologic abnormalities and not the appli-
cation of an active drug to nonaffected skin.89 Other approaches
include silver-impregnated clothing, which has been shown to re-
duce staphylococcal colonization, improve clinical parameters,
and reduce topical steroid use in patients with AD.90,91 High-
dose intravenous immunoglobulin (IVIG) could have immuno-
modulatory effects in patients with AD, and in addition, IVIG
could interact directly with microbes or toxins involved in the
pathogenesis of AD. IVIG has been shown to contain high con-
centrations of staphylococcal toxin–specific antibodies that in-
hibit the in vitro activation of T cells by staphylococcal
toxins.92 Treatment of severe refractory AD with IVIG has
yielded conflicting results. Studies have not been controlled
and have involved small numbers of patients.93 Children appear
to have a better response than adults. However, controlled studies
are needed to answer the question of efficacy in a more definitive
manner. New strategies might evolve from an important ongoing
project looking at skin microbial flora with molecular rather than
traditional microbiologic tools.94

Abscesses associated with MRSA generally respond to drain-
age, and most CA-MRSA isolates are susceptible to trimetho-
prim-sulfamethoxazole or tetracycline, although obtaining
cultures and sensitivities is important. Rifampin has been used
in combination with other antibiotics but should never be used
alone to treat staphylococcal infection. Other options include
vancomycin, fluoroquinolones, daptomycin, newer-generation
carbapenems, and linezolid.95 In a study of children with culture-
proved CA-MRSA, treatment with incision and drainage without
adjunctive antibiotic therapy was effective management of skin
and soft tissue abscesses with a diameter of less than 5 cm in im-
munocompetent children.96 Extensive practical information on
isolation of patients with MRSA and other practical issues can
be found on the Center for Disease Control and Prevention’s
Web site (www.cdc.gov/ncidod/dhqp/ar_mrsa.html).

EFFECTS OF TOPICAL THERAPY ON SKIN BARRIER
IN AD

A recent study looking at children with AD versus children
with other atopic diseases and nonatopic control subjects con-
firmed that skin barrier function, as assessed by transepidermal
water loss (TEWL), is intrinsically compromised in children with
AD but not in children with other allergic conditions.97 In addi-
tion, the authors showed that TEWL was higher in white children
than in African American children with AD and that the magni-
tude of skin barrier dysfunction correlated with disease severity.
Although TEWL might be a useful biomarker in patients with
AD, racial and pigmentation differences will need to be consid-
ered. More recently, Jensen et al98 looked at TEWL, as well as
several other parameters of the epidermal barrier, including
stratum corneum hydration and dye penetration, and showed im-
provement in all parameters when patients with AD were treated
with both a topical steroid (betamethasone valerate 0.1% cream)
and a topical calcineurin inhibitor (pimecrolimus 1% cream)
applied to paired lesions of the upper extremities. Electron micro-
scopic evaluation of barrier structure showed prevalently ordered
stratum corneum lipid layers and regular lamellar body extrusion
in the calcineurin inhibitor–treated skin but inconsistent

extracellular lipid bilayers and only partially filled lamellar bod-
ies in the steroid treated skin. Both treatments normalized epider-
mal differentiation and reduced epidermal hyperproliferation.
Betamethasone valerate was superior in reducing clinical symp-
toms and epidermal proliferation, but twice-daily use over the
3-week period of the study led to epidermal thinning. The authors
concluded that because pimecrolimus improved the epidermal
barrier and did not cause atrophy, it might be more suitable for
long-term treatment of AD. However, the fact that the topical ste-
roid was more effective in reducing clinical symptoms and in-
flammation supports the use of topical steroids for acute
intervention of AD flares.99

DEALING WITH VIRAL AND FUNGAL
COMPLICATIONS

It is important for clinicians to be aware of the possibility of
HSV complicating AD, especially EH. Vesicular lesions are
umbilicated, tend to occur in crops, and often become hemor-
rhagic and crusted. Lesions can coalesce into large denuded areas.
HSV might be misdiagnosed as impetigo, although herpetic
lesions can become superinfected.100 The presence of punched-
out erosions, vesicles, and/or infected skin lesions that do not
respond to oral antibiotics should prompt a search for HSV by
using PCR, viral culture, or Giemsa-stained Tzanck smear of cells
scraped from the base of a freshly unroofed vesicle. Treatment
might be with oral acyclovir or other antiviral agents, such as
valacyclovir for less severe infections or intravenous acyclovir
for widely disseminated disease or toxic-appearing patients.72

Ophthalmologic consultation should be obtained for patients
with periocular or suspected eye involvement. Lumbar puncture
should be considered if meningitis is suspected, but the presence
of infected lesions over the lumbar areas precludes this procedure.
Antiviral prophylaxis might be necessary for patients with recur-
rent herpetic outbreaks.
Fungi can also play a role in the chronic inflammation seen in

patients with AD. IgE antibodies againstM sympodialis are found
in patients with AD, most frequently in patients with a head and
neck distribution of dermatitis.2 However, even patients with
IgE antibodies to M sympodialis often respond better to topical
steroids than to topical antifungal therapy, and systemic antifun-
gal therapy might benefit patients with AD through anti-inflam-
matory properties.

NOVEL DIRECTIONS IN THERAPY
Vitamin D deficiency is being increasingly recognized in the

US population and might play a role in allergic illnesses.101 Im-
portantly, vitaminDmight play an important role in the regulation
of antimicrobial peptides in keratinocytes.102 A trial with oral vi-
tamin D in patients with AD supports this hypothesis.103 In addi-
tion, in one small pediatric study children with AD treated with
oral vitamin D in a randomized controlled trial showed improve-
ment in the Investigator Global Assessment score in 4 of 5 sub-
jects treated with vitamin D versus 1 of 6 subjects receiving
placebo.104 Similar changes favoring vitamin D therapy were
also seen in the Eczema Area and Severity Index score. Larger
ADVN-sponsored trials with oral vitamin D are currently in
progress.
The emergence of CA-MRSA has created an urgency to

develop novel strategies to combat this microbial organism. The
best studied and probably most important virulence regulator in
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staphylococci is the accessory gene regulator agr.105 Of note,
strong expression of agr appears to be an important characteristic
of CA-MRSA strains.106 Agr signals through an exported autoin-
ducing peptide (AIP), and administration of an inhibiting AIP to-
gether with an infectious strain leads to a significant reduction in S
aureus infectivity in a murine subcutaneous infection model.107 In
a novel approach Park et al108 reported on the use of anti-AIP
antibodies to inhibit agr function, demonstrating that antibodies
designed against the AIP of one S aureus agr subgroup specifically
prevent agr expression and S aureus disease in an animal model of
abscess formation. These antibodies also provided protection
when used for passive immunization (ie, when administered be-
fore infection). Although these findings provide cautious optimism
in describing a successful strategy versus this key staphylococcal
virulence regulator, it is worth noting that inhibition of the agr reg-
ulator in staphylococcal organisms results in upregulation of other
virulence factors that are under opposite regulation by agr.109 An
important consideration in devising new therapeutic strategies
against S aureus is recognizing that protective immunity to staph-
ylococcal infections does not appear to exist to any significant de-
gree, partly because of the fact that our immune system is in
constant contact with staphylococcal antigens and because many
strains are commensal organisms. In addition, S aureus produces
protein A to help it evade acquired host defense. Although several
attempts to develop protective vaccines have met with failure in
clinical trials (eg, StaphVax), promising results based on using a
combination of systematically selected antigens have been re-
ported.105 These combinatory vaccines target microbial surface
components recognizing adhesive matrix molecules, a family of
bacterial proteins that bind to human extracellular matrix compo-
nents. Stranger-Jones et al110 developed a vaccine based on a com-
bination of antigens that provided complete protection from lethal
doses of S aureus in a murine challenge model. Importantly, mi-
crobial surface components recognizing adhesive matrix molecule
vaccines have been shown to prevent colonization.111Whether this
will result in decreased infection rates remains to be determined.
Another potential antigenic target for vaccine development against
S aureus is teichoic acid, which has been implicated in nasal
colonization and biofilm formation.112 Of note, a recent study in
children with impetiginized AD found significant levels of LTA
in infected lesions that were able to induce epidermal cytokine
gene expression ex vivo.67 A new conjugated vaccine (PentaStaph;
Nabi Biopharmaceuticals, Rockville, Md) that includes both
a-toxin and Panton-Valentine leukocidin is currently in clinical
trials.
A novel approach in dealing with staphylococcal toxins

involves engineering binding affinity agents capable of neutral-
izing these SAgs. Soluble forms of the engineered Vb proteins
produced inEscherichia coliwere shown to be effective inhibitors
of SEB-mediated T-cell activation and completely neutralized the
lethal activity of SEB in animal models.113 More recently, the
same group was able to express Vb domains in tandem as a sin-
gle-chain protein and neutralized the clinically important SAgs
SEB and toxic shock syndrome toxin-1 with a single agent,
demonstrating the feasibility of engineering a broader spectrum
antagonist capable of neutralizing multiple toxins.114

NEW ANTIVIRAL STRATEGIES
Given the post-9/11 concerns about use of smallpox and other

agents as weapons of bioterrorism and the unique susceptibility of

patients with AD to serious adverse effects from vaccination with
VV, novel approaches in protecting or treating a vulnerable
population are urgently needed.75,76 With this goal, the National
Institutes of Health established the ADVN. The increased propen-
sity of patients with AD toward eczema vaccinatum might be re-
lated to a deficiency of antimicrobial peptides.77,115 Although
cathelicidins and HBD-3 exhibit potent antiviral activity against
VV,116 their use as anti-VVagents is limited due to rapid degrada-
tion by endogenous tissue proteases. Ceragenins are synthetic an-
timicrobial compounds designed to mimic the structure and
function of endogenous antimicrobial peptides.117 They have
been shown to disrupt bacterial membranes without damaging
mammalian cell membranes.118 Of note, because of their syn-
thetic nature, ceragenins are not subject to human protease degra-
dation and therefore have a longer tissue half-life. Recently,
investigators at National Jewish Health and Brigham Young Uni-
versity showed that one candidate compound (CSA-13) exhibits
potent antiviral activity against VV through direct antiviral effects
and through stimulation of the expression of endogenous antimi-
crobial peptides with known antiviral activity.119 They also dem-
onstrated that topical application of CSA-13 was able to reduce
satellite lesion formation, suggesting that treatment with CSA-
13 might be an intervention for patients with disseminated VV
skin infection.

KEY TAKE-HOME MESSAGES FOR CLINICIANS
Clinicians caring for patients with AD need to understand the

important relationship between skin barrier abnormalities and
immune dysregulation in this common but complex disease. They
need to appreciate the strong association between FLGmutations
and early-onset, persistent severe AD and the association with al-
lergic sensitization and asthma. Furthermore, it is important to
recognize the unique propensity for patients with AD to be colo-
nized or infected by microbes, especially toxin-secreting
S aureus, including MRSA, as well as HSV. Management needs
to be directed at basic skin care, including repair and protection
of the skin barrier with proper hydration and topical therapy,
which includes both moisturizers and anti-inflammatory medica-
tions. Of note, these measures reduce microbial colonization and
decrease the need for specific antimicrobial therapy, even in pa-
tients colonized by MRSA. In patients suspected of having an in-
fectious complication of AD, obtaining culture and sensitivities
from patients with difficult-to-treat AD can help identify resistant
organisms and direct antimicrobial therapy, if needed. In addition,
culture or PCR can identify HSV, which is often missed, espe-
cially if superinfected by S aureus. Identification and avoidance
of irritants and proved allergens can further decrease skin inflam-
mation and lessen the need for medications. Breaking the
itch-scratch cycle and addressing sleep disturbance together
with education are critical components of successful management
of AD. Proactive treatment with topical steroids or calcineurin in-
hibitors in patients with recurrent AD involves application of
medication 2 to 3 times weekly to previously involved but nor-
mal-appearing skin, recognizing that normal-appearing skin in
patients with AD is not immunologically normal and is often col-
onized by S aureus. Although this approach has been shown to de-
crease flares over extended periods of time, it would currently be
considered off-label therapy. EH is potentially a medical emer-
gency, and patients might require intravenous antiviral therapy,
as well as assessment for ocular involvement. With the

J ALLERGY CLIN IMMUNOL

JANUARY 2010

10 BOGUNIEWICZ AND LEUNG



reintroduction of smallpox vaccination, clinicians should also be
vigilant of the possibility of eczema vaccinatum in any patient
with AD who has had recent close contact with another subject
who has been immunized with this live viral vaccine.

What do we know?

d AD is a global health problem strongly associated with
asthma and allergic sensitization.

d Compared with patients with AD without FLGmutations,
those patients with AD who have mutations in FLG have
disease that is earlier in onset, more severe, and more per-
sistent and more likely to be associated with asthma and
allergic sensitization.

d Most patients with AD are colonized by toxin-secreting
S aureus, even on normal-appearing skin.

d Patients with AD with FLG mutations have been found to
have an increased risk for eczema herpeticum.

d Topical anti-inflammatory measures can reduce S aureus
colonization.

What is still unknown?

d The exact relationship between barrier dysfunction and
immune dysregulation in patients with AD.

d What other skin barrier proteins besides filaggrin are es-
sential for normal barrier function?

d A full understanding of why patients with AD compared
with other inflammatory dermatoses have more problems
with microbial colonization and infection.

d Specific biomarkers for AD and unique phenotypes.

d Optimal individualized therapy.
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58. Kisich KO, Carspecken CW, Fiéve S, Boguniewicz M, Leung DY. Defective kill-
ing of Staphylococcus aureus in atopic dermatitis is associated with reduced mo-
bilization of human beta-defensin-3. J Allergy Clin Immunol 2008;122:62-8.

59. Howell MD, Wollenberg A, Gallo RL, Flaig M, Streib JE, Wong C, et al. Cath-
elicidin deficiency predisposes to eczema herpeticum. J Allergy Clin Immunol
2006;117:836-41.

60. Zhang Q, Davis JC, Lamborn IT, Freeman AF, Jing H, Favreau AJ, et al. Com-
bined immunodeficiency associated with DOCK8 mutation. N Engl J Med
2009;361:2046-55.

61. Cho SH, Strickland I, Boguniewicz M, Leung DY. Fibronectin and fibrinogen
contribute to the enhanced binding of Staphylococcus aureus to atopic skin. J Al-
lergy Clin Immunol 2001;108:269-74.

62. Leung AD, Schiltz AM, Hall CF, Liu AH. Severe atopic dermatitis is associated
with a high burden of environmental Staphylococcus aureus. Clin Exp Allergy
2008;38:789-93.

63. Skov L, Olsen JV, Giorno R, Schlievert PM, Baadsgaard O, Leung DY. Applica-
tion of Staphylococcal enterotoxin B on normal and atopic skin induces up-reg-
ulation of T cells by a superantigen-mediated mechanism. J Allergy Clin
Immunol 2000;105:820-6.

64. Leung DY, Harbeck R, Bina P, Reiser RF, Yang E, Norris DA, et al. Presence
of IgE antibodies to staphylococcal exotoxins on the skin of patients with
atopic dermatitis. Evidence for a new group of allergens. J Clin Invest
1993;92:1374-80.

65. Bunikowski R, Mielke ME, Skarabis H, Worm M, Anagnostopoulos I, Kolde G,
et al. Evidence for a disease-promoting effect of Staphylococcus aureus-derived
exotoxins in atopic dermatitis. J Allergy Clin Immunol 2000;105:814-9.

66. Schlievert PM, Case LC, Strandberg KL, Abrams BB, Leung DY. Superantigen
profile of Staphylococcus aureus isolates from patients with steroid-resistant
atopic dermatitis. Clin Infect Dis 2008;46:1562-7.

67. Travers JB, Kozman A, Mousdicas N, Saha C, Landis M, Al-Hassani M, et al.
Infected atopic dermatitis lesions contain pharmacologic amounts of lipoteichoic
acid. J Allergy Clin Immunol 2010;125:146-52.

68. Schlievert PM, Strandberg KL, Lin Y-C, Peterson ML, Leung DY. Secreted vir-
ulence factor comparison between methicillin-resistant and methicillin-sensitive
Staphylococcus aureus, and its relevance to atopic dermatitis. J Allergy Clin
Immunol 2010;125:39-49.

69. Wang R, Braughton KR, Kretschmer D, Bach TH, Queck SY, Li M, et al. Iden-
tification of novel cytolytic peptides as key virulence determinants for commu-
nity-associated MRSA. Nat Med 2007;13:1510-4.

70. Boguniewicz M, Sampson H, Leung SB, Harbeck R, Leung DY. Effects of cefur-
oxime axetil on Staphylococcus aureus colonization and superantigen production
in atopic dermatitis. J Allergy Clin Immunol 2001;108:651-2.

71. Chung H-J, Jeon HS, Sung H, Kim MN, Hong SJ. Epidemiologic characteristics
of methicillin-resistant Staphylococcus aureus isolated from eczematous lesion of
atopic dermatitis children. J Clin Microbiol 2008;46:991-5.

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

73. Peng WM, Jenneck C, Bussmann C, Bogdanow M, Hart J, Leung DY, et al. Risk
factors of atopic dermatitis patients for eczema herpeticum. J Invest Dermatol
2007;127:1261-3.

74. Wollenberg A, Zoch C, Wetzel S, Plewig G, Przybilla B. Predisposing factors and
clinical features of eczema herpeticum: a retrospective analysis of 100 cases.
J Am Acad Dermatol 2003;49:198-205.

75. Engler R, Kenner J, Leung DY. Smallpox vaccination: risk considerations for pa-
tients with atopic dermatitis. J Allergy Clin Immunol 2002;110:357-65.

76. Vora S, Damon I, Fulginiti V, Weber SG, Kahana M, Stein SL, et al. Severe ec-
zema vaccinatum in a household contact of a smallpox vaccinee. Clin Infect Dis
2008;46:1555-61.

77. Howell MD, Gallo RL, Boguniewicz M, Jones JF, Wong C, Streib JE, et al. Cy-
tokine milieu of atopic dermatitis skin subverts the innate immune response to
vaccinia virus. Immunity 2006;24:341-8.

78. von Eiff C, Becker K, Machka K, Stammer H, Peters G. Nasal carriage as a
source of Staphylococcus aureus bacteremia. Study Group. N Engl J Med
2001;344:11-6.

79. Bonness S, Szekat C, Novak N, Bierbaum G. Pulsed-field gel electrophoresis of
Staphylococcus aureus isolates from atopic patients revealing presence of similar
strains in isolates from children and their parents. J Clin Microbiol 2008;46:
456-61.

80. Huang JT, Abrams M, Tlougan B, Rademaker A, Paller AS. Treatment of Staph-
ylococcus aureus colonization in atopic dermatitis decreases disease severity.
Pediatrics 2009;123:e808-14.

81. Birnie AJ, Bath-Hextall FJ, Ravenscroft JC, Williams HC. Interventions to reduce
Staphylococcus aureus in the management of atopic eczema. Cochrane Database
Syst Rev 2008;(3):CD003871.

82. Hamid Q, Boguniewicz M, Leung DY. Differential in situ cytokine gene expres-
sion in acute versus chronic atopic dermatitis. J Clin Invest 1994;94:870-6.

83. Hung SH, Lin YT, Chu CY, Lee CC, Liang TC, Yang YH, et al. Staphylococcus
colonization in atopic dermatitis treated with fluticasone or tacrolimus with or
without antibiotics. Ann Allergy Asthma Immunol 2007;98:51-6.

84. Berth-Jones J, Damstra RJ, Golsch S, Livden JK, Van Hooteghem O, Allegra F,
et al. Twice weekly fluticasone propionate added to emollient maintenance treat-
ment to reduce risk of relapse in atopic dermatitis: randomised, double blind, par-
allel group study. BMJ 2003;326:1367.

85. Peserico A, Stadtler G, Sebastian M, Fernandez RS, Vick K, Bieber T. Reduction
of relapses of atopic dermatitis with methylprednisolone aceponate cream twice
weekly in addition to maintenance treatment with emollient: a multicentre, ran-
domized, double-blind, controlled study. Br J Dermatol 2008;158:801-7.

86. Wollenberg A, Reitamo S, Girolomoni G, Lahfa M, Ruzicka T, Healy E, et al.
Proactive treatment of atopic dermatitis in adults with 0.1% tacrolimus ointment.
Allergy 2008;63:742-50.

87. Breneman D, Fleischer AB Jr, Abramovits W, Zeichner J, Gold MH, Kirsner RS,
et al. Intermittent therapy for flare prevention and long-term disease control in

J ALLERGY CLIN IMMUNOL

JANUARY 2010

12 BOGUNIEWICZ AND LEUNG



stabilized atopic dermatitis: a randomized comparison of 3-times-weekly appli-
cations of tacrolimus ointment versus vehicle. J Am Acad Dermatol 2008;58:
990-9.

88. Paller AS, Eichenfield LF, Kirsner RS, Shull T, Jaracz E, Simpson EL, et al. Three
times weekly tacrolimus ointment reduces relapse in stabilized atopic dermatitis:
a new paradigm for use. Pediatrics 2008;122:e1210-8.

89. Wollenberg A, Bieber T. Proactive therapy of atopic dermatitis—an emerging
concept. Allergy 2009;64:276-8.

90. Gauger A, Mempel M, Schekatz A, Schäfer T, Ring J, Abeck D. Silver-coated
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