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Atopic dermatitis (AD) is the most common chronic inflammatory skin disease of humans, affecting 
approximately 17% of children. AD patien ts are especially susceptible to cutaneou s bacterial and viral 
infections, and may develop severe or fatal herpes simplex virus (HSV) infecti on (eczema herpeticum,
EH), requiring intensive antiviral therapy. However, even though a majority of adults show serologic evi- 
dence of previous HSV exposure, EH occurs in less than 3% of AD patients. The unexpecte d rarity of AD
patients with EH (ADEH+) suggests that multiple host factors play a role in the clinical expression of this 
complex phenotype. Recent studies comparing ADEH+ versus ADEH � patients reveal that patients prone 
to ADEH+ have more severe AD skin disease, biomarkers associated with Th2 helper cell responses 
(reduced interferon levels, circulati ng eosinophil counts, increased serum IgE and allergen sensitization)
and decreased epidermal expression of filaggrin and antimicrobial peptides. ADEH+ subjects are also 
more likely to have a history of food allergy or asthma, early onset of AD and a history of other cutaneous 
infections with Staphylococ cus aureus or molluscum contagi osum.

� 2013 Elsevier B.V. All rights reserved.
Atopic dermatitis (AD) is a highly pruritic, complex genetic skin 
disease (Table 1) that often precedes the developmen t of food al- 
lergy, asthma and allergic rhinitis (Boguniewic z and Leung, 2011;
Guttman-Yas sky et al., 2011 ; Table 1). It is the most common 
chronic inflammatory skin disease in the general population affect- 
ing approximat ely 17% of children in the United States (Laughter
et al., 2000 ). Recent findings in the pathobiology of AD point to
an important role of genetic abnormalities in epidermal barrier 
function, environmental exposures as well as immune dysregula- 
tion in contributing to the severity of this complex genetic skin dis- 
ease (Fig. 1; Barnes, 2010 ).

AD is complicated by recurrent bacterial and viral skin infec- 
tions (Boguniew icz and Leung, 2010 ). Eczema herpeticum (EH) is
a particularly serious complicati on of AD that requires prompt 
and effective antiviral therapy (Wollenberg, 2012 ). EH presents 
as a disseminated eruption of dome-shaped monomorphic vesicles 
that contain multi-nucleate d giant cells infected with herpes sim- 
plex virus (HSV) (Fig. 2). It is associated with viremia, fever, mal- 
aise, lymphadenop athy and significant systemic complications 
including keratoconjunct ivitis that can result in blindness, as well 
as multi-organ involvement leading to meningitis and encephalitis.
Prior to effective antiviral therapy, death was not uncommon in pa- 
tients suffering from acute EH.

The primary requisite for development of EH is HSV-1 exposure.
HSV is ubiquitous in the general population e.g., approximately 
20% of children and over 60% of adults are seropositive (Xu et al.,
2006) however, only approximat ely 3% of AD patients develop dis- 
seminate d cutaneous HSV infections (ADEH+) despite the high 
likelihoo d of HSV-1 exposure (Beck et al., 2009 ). This suggests that 
ADEH+ is not a function of environm ental exposure alone, and host 
factors play an important role in its developmen t. Recent studies 
indicate that a combination of immunologic and genetic determi- 
nants make a small subset of AD patients especiall y vulnerable to
severe viral infections such as EH. We speculate that this complex 
phenotyp e that increases propensity of ADEH+ likely also accounts 
for the infrequent occurrence of eczema vaccinatum following 
smallpox vaccination (Reed et al., 2012; Kempe, 1968 ). However,
it is very difficult to study mechanism s of EV since smallpox vacci- 
nation is contraindica ted in patients with AD.

Multi-cen ter studies by The Atopic Dermatitis Research Net- 
work funded by The National Institute of Allergy and Infectiou s
Diseases (NIAID) have played a key role in establishing a database 
of clinical information and repository of biological samples for the 
study of this rare ADEH+ phenotype allowing considerabl e pro- 
gress to be made in our understand ing of mechanis ms underlying 
this condition (Beck et al., 2009 ). A comparison of the clinical 
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Table 1
Features of atopic dermatitis.

Major characteristics 
Pruritus 
Eczematoid rash on face and/or extensors in young children 
Lichenification in flexural areas in older children and adults 
Chronic or chronically relapsing dermatitis 
Personal or family history of atopic disease such as food allergy, asthma,

allergic rhinitis 

Other findings
Dryness of skin and barrier dysfunction 
Allergic shiners (darkening beneath the eyes)
Keratosis pilaris 
Ichthyosis vulgaris 
Hyperlinearity of palms and soles 
Elevated serum immunoglobulin E
Immediate skin test reactivity to allergens 
Recurrent bacterial and viral skin infections 

Fig. 2. A Child with atopic dermatitis complicated by eczema herpeticum. From 
Boguniewicz and Leung (2010).
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features of ADEH+ versus ADEH � subjects reveal that patients who 
are ADEH+ have more severe AD (Fig. 3A and B), an earlier onset of
skin disease and a higher prevalence of associated allergic diseases 
such as food allergy or asthma. Nearly 50% of the ADEH+ group had 
more than one episode of EH and 4.5% reported greater than 5 epi- 
sodes. ADEH+ subjects more frequently reported a history of cuta- 
neous infections with S. aureus than ADEH � patients. Interestingly,
staphylococ cal toxins have been found to increase viral replicatio n
in skin cells (Bin et al., 2012 ) suggesting S. aureus colonization or
infection may increase propensi ty to viral skin infections .

Consistent with its increased association with other allergic dis- 
eases, ADEH+ subjects have significantly higher serum total IgE and 
circulating total eosinophil counts compare d to ADEH � subjects
and healthy controls (Fig. 3C and D) suggesting a higher level of
Th2 polarity in their immune responses (Beck et al., 2009; Wollen- 
berg et al., 2003 ). The high total serum IgE values in ADEH+ 
Fig. 1. Genes associated with AD in at least 1 published study. Genes are grouped accordin
the number of genes (corresponding to the yellow boxes) for each time that a positive 
compare d to ADEH � group was reflected in significant differenc es
in allergen specific sensitizati on between these 2 subsets of AD.
ADEH+ subjects demonst rated significantly higher levels of IgE di- 
rected to inhalant, food and staphylococ cal toxins. Beck et al.
(2009) also assessed TARC/CCL17 , a chemokine which binds to
CCR4 that is highly expressed on skin-hom ing Th2 lymphocytes 
and found serum TARC to be significantly increased in ADEH+, as
compare d to ADEH � subjects.

The finding that ADEH+ subjects have increased serum total IgE,
IgE directed to multiple allergens and TARC/CCL17 as well as
g to how many positive association studies have been reported. The y-axis indicates 
association was reported. From Barnes (2010).



Fig. 3. Boxplot graphs of AD severity scores [EASI (A) and Rajka and Langeland (B)] and biomarkers indicative of Th2 polarity [serum total IgE (C) and total eosinophil counts 
(D)]. From: Beck et al., 2009 .
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eosinophilia suggests that their clinical phenotyp e stems from 
polarized Th2 immune responses . Th2 cytokines, such as IL-4,
and IL-13, are known to play a key role in driving serum IgE syn- 
thesis. More importantly, these cytokine s have been found to dam- 
pen host antiviral immune responses on the basis of their 
inhibitory actions on the expression of antimicrobi al proteins in
the skin, epidermal barrier proteins and cell-mediate d immunity.
Keratinocyte expression of cationic peptides (beta-defensin 
[HBD-3] and cathelicidins [LL-37]) have been shown to exert anti- 
viral activity (Howell et al., 2006a ). AD lesions have increased lev- 
els of the Th2 cytokines, IL-4 and IL-13, and these cytokine s reduce 
expression of beta-defensi ns (HBD-2 and -3) and LL-37 by epider- 
mal keratinocytes (Ong et al., 2002 ). A correlation has been re- 
ported between serum IgE level and expression of LL-37, with 
the lowest levels of LL-37 found in the skin of ADEH+ subjects (Ho-
well et al., 2006b; Hata et al., 2010 ). Increased IL-4 is found in both 
clinically involved and uninvolved AD skin. This may explain why 
EH can develop in both symptom atic and asymptom atic AD sub- 
jects. Importan tly, gene variants of thymic stromal lymphopoietin 
(TSLP), a cytokine that markedly enhances Th2 cell differentiation ,
are strongly associated with the ADEH+ phenotyp e (Gao et al.,
2010). The actions of IL-4 and IL-13 are mediated by STAT6. There- 
fore the important role of Th2 cytokine s in driving the ADEH+ phe- 
notype is strengthene d by the observati on that STAT6 transgenic 
mice have increased eczema, their skin supports enhanced viral 
replication and there is an association of STAT6 gene variants with 
ADEH+ subjects (Howell et al., 2011 ).

Global transcriptional differences in peripheral blood mononu- 
clear cells (PBMCs) from ADEH+ subjects, compare d to ADEH � and
non-atopic control participants following stimulation with vac- 
cinia virus vs. sham treatment have been carried out. Expression 
analysis of 38,500 genes demonst rated significant association of
ADEH+ with transcriptomic s of the interferon (IFN) superfamily 
(Leung et al., 2011 ). Participants with the ADEH+ phenotype were 
found to have significantly decrease d gene expression of IFN-gam- 
ma (IFN-), as well as the receptors for IFN- and alpha IFN. Consis- 
tent with this finding, IFN- protein generation was reported to be
significantly decreased in PBMCs from ADEH+ participants, as com- 
pared to ADEH � participants and non-atopic individuals, after 
stimulati on with HSV ex vivo . These findings are highly relevant 
to development of the ADEH+ phenotyp e because IFN- plays criti- 
cal roles in the innate and acquired immune responses by activat- 
ing macrophages , enhancin g natural killer cell activation, and 
promoting antiviral T cell differentiation (Koluman et al., 2005 ).
Animal model studies have demonstrated that genetic disruption 
of IFN- or neutralizati on of IFN- increases the susceptibility of mice 
to HSV infection. The addition of IFN- in an epidermal explants 
model significantly reduced the number and size of viral cyto- 
pathic plaques (Mikloska and Cunningham, 2001 ). Therefore defi-
cient IFN- induction can contribute to increased susceptibility to
HSV infection in ADEH+ patients.

The mechanism for reduced IFN- generation in ADEH+ subjects 
is complex and related to both genetic, immunologic responses and 
environm ental exposures including allergen and infection. One 
mechanis m by which enhanced IL-4 responses may promote HSV 
infections is by inhibiting the release of antiviral interfero ns (IFNs).
AD subjects also have an impaired recruitment of plasmacytoi d
dendritic cells (DC) to skin (Wollenberg et al., 2002 ). This DC sub- 
population is recognized for its ability to produce type 1 IFNs, that 
are important for antiviral immunity. Finally, there have been sev- 
eral reports of pattern recognition receptor (PRR) polymorphi sms,
especiall y in toll-like receptor (TLR)2, to be associated with AD.
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Interestingl y, TLR2 recognizes S. aureus and HSV, which are patho- 
gens causing skin infections in AD patients. Moreover, patients 
with TLR2 polymorphism s have been reported to have more severe 
AD (Ahmad-N ejad et al., 2004 ), a condition that predisposes to
ADEH+ (Beck et al., 2009 ). These data are consistent with the con- 
cept that defective IFN- responses in PBMCs from ADEH+ patients 
could result from aberrant PRR signaling in antigen presenting 
cells.

Recent studies have postulated that IgE mediated allergen sen- 
sitization in AD subjects occurs primarily following allergen pene- 
tration through the skin where engagement of IgE + Langerha ns
cells in the presence of TSLP leads to increased Th2 responses. This 
process is enhanced by epidermal barrier defects and suggests that 
such defects could also be risk factors for EH. The skin has 2 epider- 
mal barrier structures: the first is represented by the stratum cor- 
neum, which is widely accepted to be dysfunctional in AD
(Broccardo et al., 2011 ). This was initially ascribed to mutations 
in the gene (FLG) encoding filaggrin, a critical protein involved in
the aggregation of keratins in the stratum corneum and critical 
for maintenanc e of skin barrier function (Irvine et al., 2011 ). FLG
mutations, have been consistently associated with risk of AD and 
related traits, including asthma, hay fever, rhinoconjunctivi tis,
and high level allergen-spe cific IgE production.

FLG gene mutations represent the strongest and most replicated 
genetic risk factor for AD. Highly significant associations (Gao et al.,
2009) have been reported between FLG gene mutations and ADEH+ 
subjects (odds ratio = 10.1) at significance levels greater than ob- 
served for FLG gene mutations (Fig. 4) and ADEH � subjects (odds
ratio = 3.4). FLG mutations , however , account for only 50% of severe 
AD subjects. Importantly, enhanced Th2 cytokine responses affect- 
ing the majority of AD subjects also inhibit the production of skin 
epidermal barrier proteins, including filaggrin and involucrin (Ho-
well et al., 2007 ). FLG deficient mice have enhanced allergen pene- 
tration through their skin, increased serum IgE and demonstrates 
reduced capacity to control skin viral replication (Oyoshi et al.,
2009). Filaggrin breakdown products have also been found to re- 
duce S. aureus proliferation . Since staphylococ cal products promote 
viral replication and reduce skin barrier function, intact filaggrin
may reduce viral skin infections (Miajlovic et al., 2010 ; Leung 
et al., unpublished observations).

Tight junctions (TJs) are a second skin barrier structure (De
Benedetto et al., 2011a ). They are found on opposing membran es
Fig. 4. Summary of association tests among European American subjects showing 
significance for each FLG mutation. The �log10-transformed P values on the y axis 
for all genotyped markers are plotted against their genomic position in NCBI Build 
35 in megabase along the x axis. Red circles indicate associations for ADEH; green 
circles indicate associations for AD. The horizontal dotted line indicates nominal 
significance P < .05 (Gao et al., 2009 ).
of keratinocyte s in the stratum granulosum, directly below the 
stratum corneum. TJs consist of a complex of adhesive proteins 
controlling the passage of water, and solutes via the paracellular 
pathway in the skin. The susceptibility of human keratinocytes to
HSV-1 infection is inversely related to the degree of cell–cell con- 
tact and confluency (De Benedett o et al., 2011a ). Healthy junc- 
tional complexes are a key deterrent to the spread of HSV-1 from 
one keratinocyte to another. Gene knockdown of epidermal CLDN1 
has been found to enhance HSV-1 infectivity of human keratino- 
cytes. The AD epidermis has bioelectric abnormalities indicative 
of a TJ defect thought to be the consequence of reduced levels of
claudin-1 (CLDN1), a key TJ adhesive protein (De Benedetto et al.,
2011b). In AD, an inverse correlation was found between CLDN1 
expression and markers of TH2 polarity (total eosinoph il counts 
and serum total IgE). Preliminary studies also suggest that genetic 
variation s in CLDN1 contribute to risk of EH in AD subjects. Fur- 
thermore , excluding subjects with a FLG mutation strengthene d
the association of CLDN1 mutations with susceptibi lity to wide- 
spread HSV skin infections in subjects with AD. Overall these data 
suggest that both stratum corneum and TJ epiderma l barrier de- 
fects participate in mechanis ms that increase the susceptibility of
subjects with ADEH+ to widespread cutaneous infections with 
HSV, i.e. EH.

In conclusion, despite the high prevalence of AD in the general 
population and common HSV exposure, EH is unexpectedl y rare.
This is likely because ADEH+ is a complex phenotype requiring a
multitude of environmental and host factors, each alone being nec- 
essary but not sufficient. These include an impaired physical skin 
barrier involving the stratum corneum (e.g. filaggrin expression)
and stratum granulosum (e.g. decreased claudin), reduced chemi- 
cal barrier function (e.g. abnormal induction of antimicrobial pep- 
tides), decreased viral recognition receptors (e.g. decreased TLR2 
impairing innate immune response), increased severity of skin dis- 
ease, polarity of Th2 responses and reduced antiviral Th1 responses 
(lack of IFN generation). In contrast, expression of milder forms of
AD may only require 1–2 of these factors, with reduced skin barrier 
function potential ly being the only necessar y factor in mild AD
since eczema would be elicited following allergen penetrati on of
the skin. Identification of genetic variants and biomarkers for AD
subsets at risk for serious disseminate d skin infections including 
EH, molluscum contagiosum and eczema vaccinatum will be criti- 
cal in protectin g this group of patients against live viral vaccines 
and the developmen t of more effective antiviral strategie s in pre- 
venting this devastating complication of AD.
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