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Abstract
Background—A subset of atopic dermatitis (AD) subjectsare susceptible to serious infections
with herpes simplex virus, called eczema herpeticum or vaccina virus, called eczema vaccinatum.

Objective—This National Institute of Allergy and Infectious Disease-funded, multicenter study
was performed to establish a database of clinical information and biological samples on subjects
with AD with and without a history of eczema herpeticum (ADEH+ and ADEH-, respectively)
and healthy controls (CTL). Carefully phenotyping of AD subsets may suggest mechanisms
responsible for disseminated viral infections and help identify at-risk individuals.

Methods—We analyzed the data from 901 subjects (ADEH+ n=134, ADEH- n=419, CTL
n=348) enrolled between 5.11.2006 and 9.16.2008 at seven US medical centers.

Results—ADEH+ subjects had more severe disease based on scoring systems (Eczema Area and
Severity Index and Rajka-Langeland), body surface area affected and biomarkers (circulating
eosinophil counts, serum IgE, TARC and CTACK) than ADEH- subjects (p<0.001). ADEH+
subjects were also more likely to have a history of food allergy (69 vs 40%; p<0.001) or asthma
(64 vs 44%; p<0.001) and were more commonly sensitized to many common allergens (p<0.001).
Cutaneous infections with S. aureus or molluscum contagiosum virus were more common in
ADEH+ (78% and 8%, respectively) than in ADEH-subjects (29% and 2%; p<0.001).
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Conclusion—AD subjects who develop ADEH have more severe, Th2-polarized disease with
greater allergen sensitization and more commonly have food allergy and/or asthma. They are also
much more likely to experience cutaneous infections with S. aureus or molluscum contagiosum.

Keywords
Atopic dermatitis; herpes simplex virus; eczema herpeticum; eczema vaccinatum; biomarkers;
staphylococcus aureus

Introduction
The overall objective of the National Institute of Allergy and Infectious Diseases (NIAID)-
funded Atopic Dermatitis and Vaccinia Immunization Network (ADVN) is to investigate the
mechanism(s) responsible for the susceptibility of atopic dermatitis (AD) subjects to viral
infections. The most severe example is eczema vaccinatum (EV), which occurs following
exposure to the smallpox vaccine.2 Fortunately, cases of EV have occurred only rarely since
the risk of vaccinating high-risk subjects was appreciated. However, 7 to 10% of AD
subjects have difficulty containing other cutaneous viral infections caused by herpes simplex
virus (HSV) and molluscum contagiosum virus (MCV).1 The most commonly recognized
viral complication in AD subjects is eczema herpeticum (EH) caused by an extensive
cutaneous infection with HSV. EH can be complicated by keratoconjunctivitis and viremia,
and sometimes leads to multiple organ involvement with meningitis and encephalitis.3 The
central hypothesis of the ADVN Registry study is that AD subjects who have had EH
(ADEH+) have a unique phenotype that can be recognized by a careful history and physical
exam and/or by serum biomarkers. This information may also be useful to identify AD
subjects who are at risk for EV, the more life-threatening viral complication that would be
highly relevant if variola was weaponized and obligatory smallpox vaccination strategies
had to be employed.2 This is the first study to characterize the phenotype and biomarkers of
two ethnically diverse American ADEH+ populations and is the most comprehensive study
performed to date based on both the number of subjects recruited, serum/plasma collected
and detailed disease characterization (including the completion of a 29 page case report
form).

Most cases of EH are caused by HSV-1. Because HSV seropositivity is high in the general
population (∼20% of children and ∼60% of the adult population) it is unlikely that EH
episodes are simply a function of viral exposure.4 An analysis of AD cases with a history of
eczema herpeticum (ADEH+) examined at a single German University between 1959 to
1986 demonstrates a significant increase in the incidence of this complication, from a rate of
0.6 cases/year to greater than 15 cases/year.5 This increase is not likely explained by an
increased prevalence of AD, since this would predict a mere doubling or tripling of the
cases. Rather, it suggests that AD has evolved into a disease with greater susceptibility to
infection than was observed previously, which may be the result of changes in the
environment, susceptibility genes or treatment approaches. Consequently, there is growing
concern that smallpox vaccination would pose a greater problem than would be explained by
the increasing AD prevalence data alone.

The increased susceptibility of AD subjects to EH may be determined by multiple factors
including a Th2 predominance and relative Th1 deficiency. Collectively this leads to the
diminished production of antimicrobial peptides (AMP) and reduced skin barrier proteins,
which is more pronounced in AD subjects with severe, allergen-driven (or extrinsic) disease.
To more definitively characterize the epidemiological, clinical and laboratory characteristics
of African American (AA) and European American (EA) AD subjects with a history of EH,
we established a Registry of ADEH+, ADEH- and healthy controls (CTL) and are reporting
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our findings from 901 subjects that have been recruited at seven academic centers within the
United States.

Methods
The study was approved by the institutional review boards at seven US Academic centers.
Information about the ADVN structure, statistical and data coordinating center (SDCC), and
a more detailed study outline can be found in the Online Repository.

Standard Diagnostic Criteria and Study Procedures
Standard diagnostic criteria were developed for this Registry study where all subjects were
between 1 to 80 years of age (see Table E1 in the Online Repository). AD was diagnosed by
standard criteria with the additional requirement for subjects less than 4 years of age that the
disease needed to be present for at least six months prior to study enrollment to minimize the
likelihood of recruiting children with other eczematous disorders that commonly mimic AD.
7 ADEH+ was defined as AD subjects with at least one EH episode that had a diameter ≥ 5
cm documented either 1) by a physician at an ADVN study site or 2) by an outside provider
and HSV infection was confirmed by either polymerase chain reaction (PCR), Tzanck
smear, immunofluorescence and/or culture. ADEH- was defined as AD subjects with no
history of EH as obtained from patient and/or caregiver. AD subjects whose EH history was
equivocal were not enrolled. Healthy CTL subjects were defined as having no personal or
family history of atopic diseases and no personal history of chronic skin or systemic
diseases.

All study participants underwent a detailed history, physical examination, disease severity
assessments and blood draw. Disease severity was assessed by the Rajka-Langeland and the
Eczema Area and Severity Index (EASI) scoring systems. EASI is a standardized grading
system (range of score, 0-72) that assesses erythema, excoriation, lichenification, infiltration
and/or papulation.8 The Rajka-Langeland score (RLS) rates extent, course, and itch intensity
separately and yields a score from 0-9).9 The RLS system provides a broad and somewhat
historical view of a subject's AD severity, whereas the EASI provides a more sensitive
measure of disease severity at the time of enrollment. Blood samples were sent to Quest
Diagnostics Laboratory for a complete blood count (CBC) with differential and to the
Dermatology, Allergy and Clinical Immunology Laboratory (DACI) at JHAAC for a serum
total IgE, multiallergen and individual using the UniCap 250 system (Pharmacia and
Upjohn). All remaining serum and plasma samples were catologued and stored at URMC at
-80°C.

Biomarker Analysis
The DACI laboratory performed the following tests on serum samples from all ADEH+ and
ADEH- subjects: total IgE (kU/L) and allergen-specific Phadia ImmunoCAP® including
food (FX5E), mite-roach (HX2), animal dander (EX2), weed (WX1), grass (GX2), tree
(TX3), tree (RTX10), mold (MX2), and specific Phadia ImmunoCAP® including staph
enterotoxin A (SEA; AM80), staph enterotoxin B (SEB; BM81) and staph toxic shock
syndrome toxin-1 (TSST-1; RM226). CTL subjects had total IgE levels and a multiallergen
RAST called a Phadiatop™ performed. Total and allergen-specific IgE levels were
determined from serum samples using the UniCap 250 system (Pharmacia and Upjohn,
Kalamazoo, MI); samples were measured in duplicate. The total eosinophil count (cells/
mm3) was calculated from the CBC with differential.

Serum concentrations of cutaneous T cell-attracting chemokine (CTACK/CCL27), thymus
and activation-regulated chemokine (TARC/CCL17), IP-10 (CXCL10) and IFNβ were
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measured in a subset of ADEH+ and ADEH-subjects who were age- and gender-matched
(see below). Each sample was run by enzyme-linked immunosorbant assay (ELISA) (R & D
Systems) in duplicate and the minimum detectable concentration for these cytokines was
1.6, 7.0, 1.7 and 12.5 pg/ml, respectively.

HSV-1 and -2 Serology
HSV-1 IgG and HSV-2 IgG antibody testing was performed on serum samples (Quest
Diagnostics Laboratory). The reference ranges for the tests are as follows: <0.90 = Negative,
0.90 – 1.10 = Equivocal and >1.10 = Positive.

Statistical Analysis
All analyses utilized the full sample of ADVN Registry subjects, for the indicated diagnostic
groups, who completed the ADVN Registry protocol by 9.16.08, unless otherwise specified.
Comparisons between ADEH+ and ADEH-groups for categorical endpoints were assessed
using Fisher's Exact Test. These included categorical demographic variables (e.g., gender),
categorical IgE antibody results (classified based on values above or below 0.35 kUA/L, the
lower limit of detection), self-reported history of asthma or food allergy, and categorical
body surface area affected by eczema (more or less than 35%). History of S. aureus
infection was collected as “Any previous infection (Y/N)?” combined with the text entered
into the follow up question indicating specific infections. Similarly, comparisons of
categorical endpoints across ADEH+, ADEH- and CTL groups were made using pairwise
Fisher's Exact Tests, including self-reported history of human papilloma virus (HPV),
molluscum contagiosum skin infections, HSV eye and skin infections, and history of S.
aureus infection. Comparisons across the ADEH+, ADEH- and CTL groups for continuous
endpoints were made with the full sample using two-sample t-tests. These endpoints
included allergen-specific IgE values > 0.35 kUA/L, total IgE and eosinophil count and
disease severity measures. Additionally, correlations of the EASI score with total IgE and
eosinophil count were calculated via Pearson's correlation coefficients and presented in
scatterplots. Log10 transformations of continuous endpoints were applied when necessary.

To adjust for the effects of age and gender on comparisons between ADEH+ and ADEH-
subjects a matched sample was generated by selecting ADEH- subjects to gender- and age
(within 5 years) match a subset of ADEH+ subjects. Relationships between ADEH+ and
ADEH- for continuous endpoints were then assessed using paired t-tests, and binary
endpoints were tested using McNemar's tests. The correlations between EASI score and
CTACK, TARC and IP-10 were calculated using Pearson's correlation coefficients and
presented in scatterplots. Correlations between Rajka-Langeland scores and the biomarkers
listed above were also computed.

All p-values reported were considered descriptive. No adjustments for multiple comparisons
were made. SAS® version 9.1 was used for all analyses.

Results
Demographics

A total of 901 subjects were enrolled in the three diagnostic groups, ADEH+, ADEH- and
CTL (See Table E2 in the Online Repository). Both AD subgroups (ADEH+ and ADEH-)
were younger than the CTL group (p<0.001) and the ADEH+ group was younger than the
ADEH- group (p<0.001). There was a greater percentage of females in the ADEH- (68%;
p<0.001) compared to ADEH+ (50%) and CTL (54%) groups.
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Nearly 50% of ADEH+ subjects had more than one episode of EH and 4.5% reported
greater than five episodes. Ten percent of ADEH+ subjects reported that a first-degree
family member also had EH, compared to 1% of ADEH- and 0% of LCTL. The vast
majority (94%) of ADEH+ subjects developed AD before five years of age in contrast to
only 59% of ADEH- subjects (p<0.001). More ADEH+ subjects (58%) said “Yes” in
response to the question, “Do you have keratosis pilaris, hyperlinear palms or ichthyosis?”
compared to the ADEH-group (42%, p=0.005). Both groups (ADEH+ and ADEH-) reported
a similar frequency (4 to 5%) of alopecia areata.

EH and Disease Severity
Disease severity was significantly greater in ADEH+ compared to ADEH-subjects using
several objective measures of AD severity. Both the EASI and Rajka-Langeland scores were
higher in ADEH+ subjects, even after adjusting for age (p<0.001; Figure 1A,B). Greater
severity among the ADEH+ group was also reflected in serum IgE and circulating
eosinophil counts (cells/mm3) compared to both ADEH- and CTL and this difference was
also unaffected by age adjustment (p<0.001; Figure 1C,D). ADEH+ had greater surface area
of involvement with 32% having ≥ 35% BSA compared to only 9% of ADEH-subjects
(p<0.001). Not surprisingly, serum IgE and eosinophil counts from both ADEH+ and
ADEH- subjects correlated with EASI scores (r=0.54 and r=0.48 respectively, p<0.001;
Figure 2A,B) and Rajka-Langeland score (r=0.49 and r=0.41 respectively, p<0.001; data not
shown).

EH and History of Atopic Disorders
Significantly more ADEH+ subjects (69%) reported a history of food allergy than ADEH-
subjects (40%, p<0.001; Figure 3A). Remarkably similar findings were observed for asthma
with 64% of ADEH+ subjects reporting a positive history compared to 44% of ADEH-
subjects (p<0.001; Figure 3B).

EH and Allergen Sensitization
The fact that total serum IgE values were significantly higher in the ADEH+ compared to
ADEH- group (Figure 1C) suggested that there might be differences in allergen-specific
sensitization. To address this we measured the following on all AD subjects: multiallergen
ImmunoCAP® (Food/FX5E, mite/roach mix/HX2, animal dander/EX2, weed/WX1, grass/
GX), tree/TX3, tree/RTX10, mold/MX2), and specific ImmunoCAP® for staph enterotoxin
A (SEA; AM80), staph enterotoxin B (SEB; BM81) and staph toxic shock syndrome toxin-1
(TSST-1; RM226). The log10-transformed ImmunoCAP® values that were greater than
-0.4559 (log10 of 0.35 kUA/L) are shown as a Gaussian distribution for all of the
ImmunoCAP® results that were significantly different between AD subgroups (Figure 4).
The animal dander mix ImmunoCAP®, which measures reactivity to cat dander and
epithelium, dog dander, guinea pig, rat and mouse epithelium, was significantly greater in
ADEH+ (Log mean ± SD; 1.58 ± 0.88 kUA/L) than ADEH- subjects (0.96 ± 0.91 kUA/L;
p<0.001) (Figure 4A). The food ImmunoCAP® measures the reactivity to six food allergens
including egg-white, milk, fish, wheat, peanut and soybean and was significantly greater in
ADEH+ (1.13 ± 1.04 kUA/L) than ADEH- subjects (0.68 ± 0.98 kUA/L; p<0.001) (Figure
4B). The mite-cockroach ImmunoCAP®, which measures reactivity to house dust [Hollister
Stier], Dermatophagoides pteronyssinus, Dermatophagoides farinae and Blatella germanica
was significantly greater in ADEH+ (1.33 ± 0.90 kUA/L) than ADEH- subjects (1.02 ± 0.92
kUA/L; p=0.006) (Figure 4C). The grass ImmunoCAP® measures reactivity to Bermuda,
rye, timothy, Kentucky blue, Johnson grass and Bahia and was significantly greater in
ADEH+ (1.13 ± 0.80 kUA/L) than ADEH- subjects (0.91 ± 0.79 kUA/L; p=0.021) (Figure
4D). The weed mix ImmunoCAP® measures reactivity to common ragweed, mugwort,
English plantain, lamb's quarters and Russian thistle and was significantly greater in ADEH
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+ (0.71 ± 0.70 kUA/L) than ADEH- subjects (0.52 ± 0.64 kUA/Lp=0.029) (Figure 4E). The
mold mix ImmunoCAP® measures reactivity to Penicillium notatum, Cladosporium
herbarum (Hormodendrum), Aspergillus fumigatus, Candida albicans, Alternaria alternata/
tenuis, and Helminthosporium halodes and was significantly greater in ADEH+ (0.68 ± 0.60
kUA/L) than ADEH- subjects (0.51 ± 0.56 kUA/L; p=0.047) (Figure 4F). Using this
analytical approach there were no differences between ADEH+ and ADEH- subjects for the
two tree ImmunoCAPs® (TX3 and RTX10) or the S. aureus toxin (SEA, SEB and TSST-1)-
specific ImmunoCAPs® (data not shown).

We alsoperformed descriptive analyses of each of the ImmunoCAP® measurements as a
binary trait with values reported as the proportion ≤ 0.35 kUa/L (or negative) shown in the
left aspect of each graph (Figure 4). The percentage of ADEH+ subjects with a negative
ImmunoCAP® was significantly less than ADEH- subjects for all ImmunoCAP® tests
performed except Grass (GX2; Figure 4D). Although not shown, when using this statistical
approach the S. aureus-specific ImmunoCAPs® [SEA (AM80), SEB (BM81) and TSST-1
(RM226)] were positive in a greater proportion of ADEH+ compared to ADEH-subjects
(p<0.001).

Serum IgE and Phadiatop™ results on CTL population
As shown in Figure 1C, CTL had a mean total IgE of 36.4 ± 1.2 kU/Lwhich was
significantly (p<0.001) lower than both ADEH+ (1041.5 ± 83.6 kU/L) and ADEH- (175.3 ±
7.6 kU/L) populations with and without age-adjustment. The Phadiatop™ was the only
RAST assay performed on the CTL group and measures 15 common allergens covering
weeds, grasses, trees, epidermals, mites and molds with results reported in kUA/L. The
Phadiatop™ was positive (>0.35 kUA/L) in 165/346 (48%) of CTL subjects with a mean (±
SD) value in those with positive results of 10.6 ± 17.6 kUA/L.

EH and History of Cutaneous Infections
ADEH+ subjects more frequently reported a history of cutaneous infections with S. aureus
(78%) and molluscum contagiosum (8%) than either ADEH- (29% and 2%, respectively) or
CTL (1% and 0%, respectively) populations (Figure 5B,D). Human papilloma virus (HPV)
infections were more frequent in both AD subgroups compared to CTL but there was no
difference between ADEH+ and ADEH- subjects (Figure 5C). Approximately one year after
initiating the Registry study we added a question to the CRF to evaluate subjects history of
HSV ocular infections. We found that significantly more ADEH+ subjects (16%; p<0.001)
reported a history of ocular infection(s) compared to ADEH- (1%) and CTL (0%; Figure
5A). We reviewed subjects' dental histories focusing on gingivitis, periodontal disease,
extractions, root canals and number of cavities and found no significant difference among
our three groups (ADEH+, ADEH- and CTL) based on any of these parameters of oral
health and hygiene.

EH and HSV serology
A higher proportion of the ADEH+ group had seropositive results for HSV-1 (92.9%) than
either ADEH- (52.1%, p < 0.001) or CTL (54.2%, p < 0.001). HSV-1 positivity was slightly
higher for ADEH+ subjects with > 1 episode (95.5%) when compared to subjects with 1
episode (81.8%) but this did not reach statistical significance (p= 0.178). The ADEH+ group
had lower proportion of HSV-2 seropositive subjects (8.8%) than either ADEH- (36.3%, p <
0.001) or CTL (31.3%, p < 0.001), which likely reflects the differences in mean age of these
groups. For overall HSV status, the ADEH+ group had higher proportion of seropositive
results (94.7%) than either ADEH- (65.9%, p < 0.001) or CTL (66.4%, p < 0.001)(See Table
E3 in the Online Repository). The ADEH- and CTL groups were not statistically different
from each other. Six ADEH+ subjects were not seropositive for either HSV-1 or -2.
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HSV-1 and -2 status was also treated as a binary trait and compared in ADEH+ and ADEH-
groups using 51 age- and gender-matched pairs and McNemar's test (see Table E4 in the
Online Repository). There was significant discordance (p<0.0001) between ADEH+ and
ADEH- members of the pairs with respect to HSV status (including HSV-1, HSV-2 and both
HSV-1 and -2).

EH and Biomarkers
Little is known about the effect of age and gender on serum levels of CTACK (CCL27) and
TARC (CCL17). Therefore we evaluated only age-matched (within 5 years) and gender-
matched samples from the AD subgroups. We found that serum levels of CTACK (CCL27)
were significantly increased in the ADEH+ compared to ADEH- subjects (mean ± SD;
1233.0 ± 2298.9 vs 595.2 ± 310.5 pg/ml, respectively; p=0.019) (Figure 6A). Similarly,
serum TARC (CCL17) levels were elevated in ADEH+ subjects (3211.5 ± 5741.2 vs 805.5
± 806.4 pg/ml, respectively; p=0.019) (Figure 6B). CTACK and TARC values correlated
with measures of AD severity including EASI (p<0.001; Figure 6C,D) and Rajka-Langeland
scores (data not shown). We noted no differences in serum levels of IP-10 (CXCL10; n=13
per group) and IFNβ (n=46 per group; see Figure E1 in the Online Repository). Only serum
IP-10 levels weakly correlated with AD severity as assessed by either EASI (r=0.22, p=0.04)
or Rajka-Langeland (r=0.24, p=0.02) (see Figure E1 in the Online Repository).

Discussion
This is the largest study to date and the only study conducted in the US to comprehensively
characterize AD subjects who develop EH (ADEH+). Ours is the first to report that ADEH+
subjects have an enhanced susceptiblity for developing infections with microbes that
commonly affect the skin and eye. Not surprisingly, almost half of the ADEH+ subjects had
a specific IgE to one or more of the S. aureus toxins (SEA, SEB or TSST-1) compared to
one-fifth of the ADEH- group. This was consistent with our observation that ADEH+
patients had a higher prevalence of Staphylococcus aureus skin infections than the ADEH-
subjects. In general, ADEH+ subjects were poly-sensitized and mounted greater IgE
responses per allergen than ADEH- subjects, which were also reflected in their total IgE
levels and the fact that they commonly suffered from other atopic diseases. Based on a
current hypothesis that argues that allergen sensitization in AD subjects occurs primarily
through the skin and is enhanced by epidermal barrier defects our findings strongly
implicate epidermal barrier and innate immune defects as risk factors for EH.10,11 Our study
also found that ADEH+ subjects have more severe disease, characterized by earlier age of
onset. We have strengthened the evidence that EH subjects have more Th2-polarized disease
(or less Th1 cytokines) by demonstrating their serum levels of the Th2 chemokine, TARC/
CCL17 are higher and their peripheral eosinophilia is greater. The greater Th2 polarity noted
in ADEH+ subjects was also reflected in their greater allergen sensitization.

The demographics of the subgroups (ADEH+, ADEH- and CTL) revealed significant
differences in age and gender (see Table E2 in the Online Repository). Therefore, where
appropriate, we adjusted for age and gender in our analysis (e.g. EASI, RL, total IgE, total
eosinophil count, serum biomarkers). All diagnostic groups had the same age restrictions (1
to 80 yrs), although the ADEH+ subjects were significantly younger than the ADEH- and
CTL (p<0.001; see Table E2 in the Online Repository), is likely the consequence of two
factors. The first being that EH episodes typically occur early in life and therefore it was
easier to find the necessary documentation of EH if the subject had experienced this
complication more recently (see Table E1 in the Online Repository). The second factor was
that the ADVN Genetics study that followed the Registy study restricted the age of ADEH-
and CTL groups to 18 to 80 yrs to provide greater assurance that these populations had been
exposed to HSV and minimizing the possibility that the difference between ADEH+ and
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ADEH-subjects simply reflected viral exposure. Most ADVN sites tried to enroll subjects in
both Registry and Genetic studies and that would result in older subjects in ADEH- and CTL
groups (see Table E2 in the Online Repository). We believe that having recruited older
ADEH- subjects was a strength in that their likelihood of being misclassified would be
diminished because most episodes of EH occur within the first three decades of life.5 There
were no restrictions on gender and the ADEH+ group was equally represented by males and
females. This result is consistent with previous reports showing no gender bias in EH.3 It is
unclear why ADEH- subjects were more commonly female (p<0.001; see Table E2 in the
Online Repository). The differences in ethnicity and race observed are likely due to the
restrictions placed on the ADEH- and CTL groups that were enacted approximately one year
after commencement of Registry recruitment to ensure that these two groups would also
qualify for the ADVN Genetics study. For both studies, the ADEH- and CTL subjects had to
self-report as non-Hispanic and either AA or EA to meet enrollment criteria. These
restrictions were put in place because the ADVN Genetics study focused its initial analysis
on these ethnic and racial groups to allow for smaller sample sizes while maintaining power
to detect differences between ADEH+ and ADEH- populations (manuscript submitted).

Our results show that EH recurs in about half of subjects, which is more than was noted in
previous publications which reported recurrence in 13 to 16% of cases.3,5 The mean age of
our ADEH+ subjects is comparable to previous publications and therefore this is unlikely to
explain this difference. About 95% of ADEH+ subjects had a positive serology for HSV-1
or -2 or both (see Table E3 in the Online Repository). The majority (91%) of ADEH+
subjects were positive for HSV-1 with only 9% positive for HSV-2, confirming that most
EH episodes are caused by HSV-1. This degree of HSV-1 seroprevalence is markedly higher
than the most recent US National Health and Nutrition Examination Surveys (NHANES)
data where the seroprevalence in the 20 to 30 years age group is only 52%.4 This also
suggests that EH is not likely due to a diminished immunoglobulin response to HSV and is
consistent with a prospective study demonstrating similar T cell and immunoglobulin
responses to a diptheria-tetanus-toxoid immunization in atopic compared to noatopic
subjects,=6 In contrast, only about half of ADEH- and CTL subjects were HSV-1 positive,
although 31 to 36% were HSV-2 positive, which likely reflects their older age (36.0 and
38.4 yrs, respectively). Only six ADEH+ subjects had a negative serology to both HSV-1
and -2. Whether this indicates that these subjects have been missclassified as ADEH+ or the
fact that some subjects were enrolled during their first EH episode and therefore their IgG
response had not yet developed is not known.

One of the more remarkable findings was that ADEH+ subjects also suffered from other
cutaneous infections, such as those caused by S. aureus (78% vs. 29%, ADEH+ vs. ADEH-;
p<0.001), molluscum contagiosum (8% vs. 2%, p=0.001), and history of HSV infection of
the eye (16% vs. 0.8%, p<0.001)(Figure 5). However, they did not have a greater incidence
of dental infections (gingivitis or periodontitis) or skin infections with human papilloma
virus. The frequency of S. aureus infections in ADEH+ subjects is much higher than the
30% reported in AD and observed in our ADEH- subgroup.12 This work suggests that some
global defect in cutaneous immune responses to microbes may be present in subjects with a
history of EH that is relevant for both viral and bacterial infections of the skin and possibly
the eyes. Interestingly, this susceptibility to S. aureus infections was also reflected in the
frequency of positive Immunocap® tests to specific staphylococcal toxins ([SEA: 43% vs.
19%, ADEH+ vs. ADEH-; p=0.001], [SEB: 43% vs. 20%, -; p=0.001], [TSST-1: 44% vs.
21%, p=0.001]).

Another signature of the ADEH+ subgroup was the breadth and magnitude of their allergen
responsiveness. AD subjects underwent eight Immunocap® teststo animal dander, food,
mite-cockroach, grass, weed, mold, tree in addition to the S. aureus toxins. When
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Immunocap® results were evaluated as Gaussian curves, ADEH+ had greater reactivity to
six out of the eight allergen-specific Immunocaps® compared to ADEH- subjects (Figure 4).
When Immunocap® results were analyzed as binary traits (positive vs negative), all
allergens were more frequently positive in ADEH+ subjects except grass (Figure 4). The
most significant differences were observed for food and perennial allergens (animal dander
and mite-cockroach) suggesting that these allergens would be most predictive of ADEH+
subjects. Importantly, the greater reactivity to food allergens observed in ADEH+ subjects
corroborates self-reported histories of food allergy, which were higher in this group (Figure
3). Although this is the most extensive assessment of allergen sensitization in ADEH+
subjects, a smaller study by Peng et al., showed similar findings for five allergen-specific
RASTs.13

The greater allergen sensitization observed in ADEH+ subjects likely reflects greater Th2
polarity. To address this we evaluated several Th2 biomarkers including total IgE,
eosinophil count and TARC/CCL17 (Figure 1 and 6).14, 15 TARC is a Th2-chemokine
which binds to CCR4 which is highly expressed on skin-homing lymphocytes. AD subjects
express high levels of TARC in lesional skin and serum levels may reach the ng/ml range as
was the case in our subjects.16, 17 CTACK/CCL27 plays a role in the homeostatic migration
of memory T cells to the skin. But CTACK is not selective for a T cell subset as serum
levels are elevated in both AD and psoriasis, although CTACK levels have only been shown
to correlate with disease severity in AD as was the case in our subjects (Figure 6).18, 19 All
three Th2 biomarkers were elevated in ADEH+ compared to ADEH- subjects (p≤0.02),
firmly establishing the importance of Th2 cytokines as a risk factor for widespread HSV
infections in AD subjects. Wollenberg et al, demonstrated that high IgE levels were a risk
factor for EH among 45 ADEH+ cases.3 Furthermore, the strong correlation between total
IgE, eosinophilia and TARC with disease severity suggests that the degree of Th2
polarization is an important predictor of AD disease activity.

We found a history of food allergy and asthma was more frequently elicited from ADEH+
(69.4% and 64.3%, respectively) than ADEH- subjects (40.1% and 44.4%, respectively;
p<0.001)(Figure 3). Wollenberg et al., noted a similar trend with greater reports of asthma
and hay fever in EH subjects, but these were not statistically different from their control AD
population.3 The food allergy prevalence of our AD subjects (40 to 69%) was higher than
previous reports that estimate IgE-mediated food allergy prevalence in children with
moderate-to-severe AD to be about 30%.20 It is important to note that historical accounts of
food allergy significantly overestimate the true prevalence sometimes by as much as 2 to 3-
fold.22 Nevertheless, we had about 75% concordance with history of food allergy and food
FX5E Immunocap® result (as a binary trait). Asthma prevalence in this ADVN group are
also higher than the general U.S. population, where US prevalence estimates from 1995
were 5.7% with slightly greater values for children than adults, and higher among African
Americans compared to European Americans. Asthma prevalence in children with AD is
estimated to be about 25 to 30% which is less than what we observed in the ADVN AD
subgroups.21 This difference may reflect the inaccuracies of self-reporting or may suggest
that the AD subjects recruited out of tertiary referral centers may in fact have more severe
disease that is more frequently complicated by reactive airways. In summary, ADEH+ are
more likely to have other atopic diseases than ADEH- subjects. Additionally, both AD
groups report rates of food allergy and asthma that were greater than would have been
predicted from published studies. This latter point may reflect a recall bias by subjects and
their caregivers. We speculate that this may reflect greater disease severity of subjects
recruited from tertiary referral centers for AD. Future studies proposed as part of ADVN
will need to validate these historical findings.
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To evaluate whether EH susceptibility could be related to a relative reduction in Th1-
associated cytokines we measured IFNβ and the interferon-induced chemokine, IP-10 in age
and gender-matched serum samples (see Figure E1 in the Online Repository). IFNβ values
were highly variable but no difference was observed between the AD subgroups. Similarly,
there were no differences in IP-10 between the AD subgroups. Peng et al. found that IFNβ
was reduced in ADEH+ compared to ADEH- subjects using a similar sample size.13 They
did not find any differences in serum IFNα or IFNγ between AD subgroups. These findings
would suggest that the T cell defect in ADEH+ subjects is primarily the enhanced
expression of Th2 cytokines and not diminished Th1 cytokines. Th2 cytokines are thought to
be permissive to microbial invasion on the basis of their inhibitory actions on antimicrobial
proteins, epidermal barrier proteins and cell-mediated immunity.23-31

Our study confirmed and extended the finding that EH develops in AD subjects with greater
disease severity. We found that the vast majority (94%) of ADEH+ subjects developed AD
before 5 yrs of age. Multiple markers of AD severity including biomarkers (total IgE,
peripheral eosinophil counts, TARC and CTACK), two well-accepted clinical scoring
systems (EASI and RL) and BSA affected were all significantly greater in ADEH+ subjects.
Most of the biomarkers are thought to dynamically reflect disease severity with the
exception of total IgE which because of its long T1/2 is more reflective of chronic changes in
disease severity. Importantly, these observations were evident even after controlling for age
and gender (total IgE, eosinophil counts, TARC and CTACK). Two previous publications
have noted the association with early age of onset and IgE levels.3,13 Peng et al.
demonstrated that AD subjects with a history of EH had a slightly increased severity score
using the SCORAD assessment (p<0.05).13 In our study we found that a number of the
biomarkers such as TARC, CTACK, total IgE, eosinophil count and IP-10 correlated
significantly with EASI and are listed in order of the strength of this correlation (Figure 2, 6
and Supplemental Figure 1).

Landmark studies have demonstrated that AD subjects, particularly those with more severe
disease, may have a loss of function mutations in the filaggrin gene (FLG) as has been
observed in ichthyosis vulgaris (IV).32 For this reason we asked subjects or their caregivers
if they had a history of any of the features found in subjects with both IV and AD (e.g.
keratosis pilaris, hyperlinear palms or ichthyosis). More ADEH+ (58%) reported having one
or more of these features than ADEH- subjects (42%; p<0.005). Recent studies suggest that
IV, diagnosed by ichthyotic changes on the anterior tibial region, can be observed in up to
32% of AD subjects.33 Although keratosis pilaris and hyperlinear palms are less specific for
IV, they are more commonly observed in AD/IV subjects (53 and 81%, respectively) than
AD subjects without IV (28 and 43%; p<0.001).33

Finally, we measured serum total IgE and a multi-allergen ImmunoCAP® assay called
Phadiatop™ on our CTL group, to provide some measure of the allergen sensitization and
Th2 polarity of this group that had no personal or family history of atopic disorders (see
Table E1 in the Online Repository). Although total IgE levels were within age-specific
normal values and substantially lower than the values seen in both AD subgroups (p<0.001),
48% of CTL subjects had a positive Phadiatop™. We did not perform a Phadiatop™ on AD
subjects so we cannot make direct comparisons with other Registry groups. This percentage
was higher than that reported in a large Italian and Swiss population where the prevalence of
positive Phadiatop™ ranged from 24 to 29%, respectively.34,35 Nevertheless, NHANES III
demonstrated that more than 50% of the population has a positive skin test response to at
least one allergen.36 Our findings agree with previous literature suggesting that total serum
IgE values are a more sensitive screening assay for atopic diseases in adults than
Phadiatop™.37
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In conclusion, we have found that AD subjects who are susceptible to EH are characterized
by more severe disease, early age of onset, more frequent history of other atopic disorders,
greater Th2 polarity, allergen sensitization to many common allergens and more frequent
skin infections with other microbes. Collectively, this provides a reasonable snapshot of the
at-risk AD subject and may help identify individuals who are at greatest risk for more life-
threatening infections with vaccinia (EV) or variola (smallpox). One of the most profound
findings is the remarkably high rate of skin infections with S. aureus reported by ADEH+
subjects. Further work is warranted to identify additional biomarkers that can be assessed
rapidly and will be both sensitive and specific for ADEH+ subjects.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AD atopic dermatitis

ADVN Atopic Dermatitis Vaccinia Network

ADEH+ atopic dermatitis with a history of eczema herpeticum

ADEH- atopic dermatitis without a history of eczema herpeticum

AMP antimicrobial peptide

ASC animal study consortium

BSA body surface area

CBC complete blood count

CRF case report form

CSC clinical study consortium

CTACK (CCL27) cutaneous T-cell attracting chemokine

CTL healthy controls

DACI Dermatology, Allergy and Clinical Immunology Laboratory

DAIT Division of Allergy, Immunology and Transplantation at NIAID
branch
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EASI Eczema Area and Severity Index

EDC electronic data capture

EH eczema herpeticum

ELISA enzyme-linked immunosorbant assay

EV eczema vaccinatum

FLG filaggrin gene

HBD human β-defensin

HPV human papilloma virus

HSV herpes simplex virus

IFN interferon

IgE immunoglobulin E

IL interleukin

IRB institutional review board

I-TAC (CXCL11) interferon-inducible T cell alpha chemoattractant

IP-10 (CXCL11) interferon-inducible protein

JHAAC Johns Hopkins Asthma and Allergy Center

JHU Johns Hopkins University

LF lactoferrin

MCV molluscum contagiosum virus

MIG (CXCL9) Monokine induced by IFN-gamma

MIP-3α (CCL20) macrophage inflammatory protein-3alpha

MRSA methicillin-resistant Staphylococcus aureus

MTA Material Transfer Agreement

NA nonatopic

NIAID National Institute of Allergy and Infectious Diseases

NIH National Institutes of Health

PBMC peripheral blood mononuclear cell

PCR polymerase chain reaction

PI principal investigator

RAST radioallergosorbent test

RLS Rajka-Langeland Score

SDCC statistical and data coordinating center

SEA Staphylococcus aureus enterotoxin A

SEB Staphylococcus aureus enterotoxin B

SCORAD severity scoring of atopic dermatitis

SSL secure sockets link
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TARC (CCL17) thymus- and activation-regulated chemokine

Th T helper cell

TSST-1 toxic shock syndrome toxin-1
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Figure 1.
Boxplots of EASI (A) and Rajka-Langeland (B) severity scores and serum total IgE (C) and
total eosinophil counts (D). The statistics are reported for all datapoints (as shown in these
graphs) as well as age-adjusted cohorts.
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Figure 2.
Correlations between the log10-transformed EASI scores and (A) serum IgE and (B) log10-
transformed total eosinophil counts in AD subjects. [(A) n=117 for ADEH+ (filled diamond)
and n=407 for ADEH- (open square); (B) n=128 for ADEH+ (filled diamond) and n=408 for
ADEH- (open square)].
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Figure 3.
Percentage of AD subjects or caregivers who self-report a history of or current food allergy
or asthma.
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Figure 4.
Six allergen-specific ImmunoCAPs® performed on AD subjects were depicted as a Gaussian
distribution with ADEH+ (red) curves shifted to the right compared to ADEH- (orange)
subjects are shown in A-E. On the far left of each graph is the proportion of ADEH-
(orange) and ADEH+ (red) with values ≤ 0.35 kUA/L. When ImmunoCAP® results
[(including SEA, SEB and TSST-1 (not shown)] were treated as a binary trait, a greater
proportion of ADEH+ had positive results than ADEH- subjects with the exception of Grass
(D). *p-value<0.001 for ADEH+ vs ADEH- on binary outcome (≤0.35, >0.35 kUA/L).
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Figure 5.
Percentage of subjects (ADEH+, ADEH- and CTL) who self-report a history of ocular
infections with herpes simplex virus (A), S. aureus skin infections (B), Human papilloma
virus skin infections (C) and molluscum contagiosum virus infections (D).
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Figure 6.
Boxplots of serum CTACK (CCL27; A) and TARC (CCL17; B) levels in age- and gender-
matched ADEH+ and ADEH- cohorts. Correlations between the log10-transformed EASI
scores and the (C) serum levels of CTACK and (D) TARC in AD subjects. [n=34 for ADEH
+ (filled diamond) and n=34 for ADEH-(open square)].
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