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Atopic Dermatitis Complicated by Recurrent
Eczema Herpeticum Is Characterized by
Multiple, Concurrent Epidermal Inflammatory
Endotypes

Nathan D. Jackson1,5, Nathan Dyjack1,5, Elena Goleva2,5, Lianghua Bin2, Michael T. Montgomery1,
Cydney Rios1, Jamie L. Everman1, Patricia Taylor2, Caroline Bronchick2, Brittany N. Richers2,
Donald Y.M. Leung2,3,6 and Max A. Seibold1,2,4,6
A subgroup of patients with atopic dermatitis (AD) suffers from recurrent, disseminated herpes simplex virus
skin infection, termed eczema herpeticum. To determine the transcriptional mechanisms of the skin and im-
mune system pathobiology that underlie development of AD with eczema herpeticum (ADEH), we performed
RNA-sequencing analysis of nonlesional skin (epidermis, dermis) from AD patients with and without a history
of ADEH (ADEHþ, n ¼ 15; ADEH�, n ¼ 13) along with healthy controls (n ¼ 15). We also performed RNA
sequencing on participants’ plasmacytoid dendritic cells infected in vitro with herpes simplex virus 1. ADEHþ

patients exhibited dysregulated gene expression, limited in the dermis (14 differentially expressed genes) and
more widespread in the epidermis (129 differentially expressed genes). ADEHþ-upregulated epidermal differ-
entially expressed genes were enriched in type 2 cytokine (IL4R, CCL22, CRLF2, IL7R), interferon (CXCL10,
ICAM1, IFI44, IRF7), and IL-36g (IL36G) inflammatory gene pathways. All ADEHþ participants exhibited type 2
cytokine and inteferon endotypes, and 87% were IL36G-high. In contrast, these endotypes were more variably
expressed among ADEH� participants. ADEHþ skin also had dysregulated epidermal differentiation complex
gene expression of the late-cornified envelope, S100A, and small proline-rich gene families, which are involved
in skin barrier function and antimicrobial activities. Plasmacytoid dendritic cell transcriptional responses to
herpes simplex virus 1 infection were unaltered by ADEH status. The study concluded that the pathobiology
underlying ADEHþ risk is associated with a unique, multifaceted epidermal inflammation that accompanies
dysregulation of epidermal differentiation complex genes. These findings will help direct future studies that
define how these inflammatory patterns may drive risk of eczema herpeticum in AD.
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INTRODUCTION
Atopic dermatitis (AD) is a common chronic inflammatory
disease of the skin, with a complex etiology driven by inter-
acting genetic and environmental factors, culminating in
both immune and skin barrier dysfunction. Despite these
broad uniting factors, the clinical phenotype of AD is het-
erogeneous, with patients exhibiting different levels of
severity, age of onset, symptoms, and duration of illness as
well as differing in their comorbidities and disease compli-
cations (Czarnowicki et al, 2019).

One important AD complication is increased susceptibility
to bacterial and viral skin infections (Ong and Leung, 2016;
Wang et al, 2021). Aside from Staphylococcus aureus, the
most common pathogen for AD skin is herpes simplex virus
(HSV) 1 (Ong and Leung, 2016; Wang et al, 2021), which can
lead to disseminated HSV1 infection, termed eczema her-
peticum (EH) (Beck et al, 2009). EH is a devastating exacer-
bation of AD that requires immediate antiviral therapy.
The etiology of EH is an epidemiological quandary: whereas
62% of adults are HSV1 seropositive, only 3% of patients
with AD develop EH-like symptoms (Bin et al, 2021;
stigative Dermatology. This is an open
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Leung et al, 2011). Moreover, there is a remarkable bimo-
dality in the recurrence of HSV infection; most individuals
have only a single episode, but a small subgroup of patients
with AD is susceptible to multiple recurrent episodes (AD
with EH [ADEH]epositive patients). The discrepancy be-
tween probable HSV1 exposure and EH emergence suggests
that intrinsic host factors may determine the risk for EH
development and that those with ADEHþ disease may exhibit
unique AD pathobiology.

Multiple studies support intrinsic differences in the
pathobiology of ADEHþ patients compared with that of pa-
tients without a history of EH (ADEH�). For example, studies
have found that ADEHþ patients have more severe disease,
with early age disease onset, more frequent history of other
atopic disorders, and high rate of skin S aureus infections
(Beck et al, 2009). In addition, ADEHþ patients have been
shown to exhibit higher frequencies of both FLG, TSLP, and
IL7R genetic risk variants than ADEH� patients (Bin et al,
2021; Gao et al, 2010, 2009). A study of PBMCs and CD8þ

T cells from ADEHþ individuals also found diminished ca-
pacity to produce interferon-gamma (IFN-g) in response to
HSV1 compared with that in ADEH� individuals, suggesting
that systemic immune responses may differ in ADEHþ pa-
tients (Bin et al, 2014).

Few studies have evaluated skin dysregulation in ADEHþ

patients, but the occurrence of EH regardless of humoral
immunity to HSV suggests that skin innate immunity may
play a critical role in ADEHþ susceptibility. For example,
type 2 cytokine (T2) inflammation is a strong regulator of
innate immunity, and biomarkers of T2 inflammation (blood
eosinophils and serum IgE) have been found to be upregu-
lated in ADEHþ patients (Beck et al, 2009). Moreover, mul-
tiple skin transcriptomic studies of AD have documented
different inflammatory AD endotypes, including those driven
by type 2, type 1, type 17, and IL-36g cytokines (Brunner
et al, 2017; Chan et al, 2018; Czarnowicki et al, 2019;
Dyjack et al, 2018; Noda et al, 2015; Sanyal et al, 2019). Of
particular interest are the dysregulated processes, such as
those related to innate immunity, that are present in the skin
of ADEHþ patients, which predispose their skin to this
pathology.

Thus, to investigate the intrinsic pathobiological risk factors
and susceptibility mechanisms that predispose patients with
AD to developing ADEHþ disease, we characterized the
molecular differences between the skin of ADEHþ in-
dividuals with a prior history of multiple EH episodes and the
skin of ADEH� individuals on the basis of transcriptomic
profiling of nonlesional skin biopsies from these patient
groups, matched by disease severity. Nonlesional skin was
chosen for characterization because it has been recently
shown that AD nonlesional skin exhibits inflammation and
early pathobiology, allowing a window into the mechanisms
that underlie predisposition to the development of disease
(Dyjack et al, 2018; Leung et al, 2019; Pavel et al, 2021;
Suárez-Fariñas et al, 2011). In doing so, we assayed both
epidermal tissue, the primary origin of barrier function in the
skin, and dermal tissue, wherein many tissue-resident im-
mune cells reside. On the basis of these data, we define the
distinct inflammatory pathways that underlie ADEHþ disease
risk. We also examined HSV1-stimulated blood-circulating
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plasmacytoid dendritic cells (pDCs) from these individuals,
which secrete type I and type III interferons (IFNs) and play an
important role in antiviral host responses in the skin and thus
may contribute to the increased susceptibility to infection
exhibited by ADEHþ patients.

RESULTS
ADEHD patients exhibit more severe dysregulation of
common AD skin disease pathobiology

To identify ADEH disease mechanisms, we generated whole-
transcriptome sequencing on skin samples and blood-derived
pDCs from ADEHþ (n ¼ 15), ADEH� (n ¼ 13) and healthy
control (HC) (n ¼ 13) participants. First, exploring the mech-
anisms related to dysregulated HSV1 viral responses, we
examined whole-transcriptome sequencing from patient pDCs
stimulated with live HSV1 virus or untreated cells (mock
control). We then modeled pDC gene expression as a function
of HSV1 treatment, testing the interaction between infection
and ADEHþ status. Although we found 9079 differentially
expressed genes (DEGs) in pDCs by HSV1 infection
(Supplementary Table S1), there were no significant in-
teractions with ADEH status. We also performed weighted
gene coexpression network analysis on the pDC samples,
finding that 19 of 23 pDC coexpression networks were asso-
ciated with HSV1 infection (Supplementary Figure S1 and
Supplementary Table S2). However, similar to the single-gene
differential expression analysis, HSV1-associated changes in
the expression of these 19 networks were not significantly
different on the basis of ADEH status (Supplementary
Figure S1). In summary, we found no evidence that pDC
response to HSV1 infection is unique among ADEHþ patients.

We next explored whether ADEHþ skin exhibits gene
expression changes, performing whole-transcriptome
sequencing on nonlesional epidermal and dermal skin
(separated from skin biopsies) of the same ADEHþ, ADEH�,
and HC participants (Supplementary Figure S2). To examine
this, we performed single-gene differential expression anal-
ysis between ADEHþ and HC participants, finding 14 ADEHþ

DEGs in the dermis (Figure 1a and Supplementary Table S3).
Upregulated dermal DEGs included known AD genes:
CCL18 chemokine, the inflammatory tissue protease, matrix
metalloproteinase 12 MMP12, and fibroblast growth factor
receptor FGFR3. Lesser known dermal DEGs included
collagen (COL6A6) and cytokeratin (KRT2) genes and a
serine protease inhibitor gene (SERPINB12). Interestingly, we
found 2 genomically adjacent (11p11) genes, TNNI2 and
SYT8, both upregulated in ADEHþ participants. Comparing
epidermal expression in ADEHþ with that in HC participants,
we observed 129 DEGs (Figure 1a and Supplementary
Table S3), many of which have known roles in innate and
adaptive immunity, inflammation, and cytotoxic immune
functions as well as contain multiple epidermal differentia-
tion complex (EDC) genes and genes involved in epidermal
growth and maintenance (Figure 1a).

In contrast, when comparing skin gene expression in
ADEH� with that in HC participants, we observed no sig-
nificant DEGs in dermal tissue and only 5 significant DEGs in
the epidermis, where only 1 epidermal DEG (IFI44) was
shared between ADEHþ and ADEH� groups (Figure 1a and
Supplementary Table S3). However, when comparing fold
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Figure 1. Multitissue transcriptome analysis of nonlesional skin from subjects with AD with and without EH reveals dysregulated epidermal expression among

subjects. (a) Heat maps showing LFC in expression between ADEHþ (top row) or ADEH� (bottom row) participants compared with HCs for genes differentially

expressed in 1 or the other disease group or both (from left to right) in epidermis (top) or dermis (bottom). The genes are organized into broad functional groups.

Symbols above heat maps indicate whether (þ) or not (�) each gene has been previously associated with AD in nonlesional skin. (b) Scatter plot comparing LFCs

between ADEH� and HC epidermal skin with those between ADEHþ and HC epidermal skin on the basis of genes with significantly modified expression in

ADEHþ epidermis compared with that in HCs. Pearson correlation between the 2 sets of LFCs is indicated and demonstrates that genes dysregulated in ADEHþ

skin are similarly dysregulated in ADEH� individuals. AD, atopic dermatitis; ADEH, atopic dermatitis with eczema herpeticum; EDC, epidermal differentiation

complex; EH, eczema herpeticum; HC, healthy control; LFC, log2 fold change.
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changes in expression of ADEHþ DEGs between ADEHþ and
HC and ADEH� and HC analyses, the direction of effect
(upregulation or downregulation) for the ADEHþ and ADEH�

analyses was concordant for 98 and 86% of the epidermal
and dermal DEGs, respectively. Furthermore, there was a
strong positive correlation between ADEHþ DEG fold
changes and fold changes observed for these genes in the
ADEH� group (Pearson r ¼ 0.89, P ¼ 2.13e-45) (Figure 1b),
with consistently less pronounced dysregulation observed
among ADEH� participants. To further explore whether
ADEHþ pathobiology is shared with ADEH� patients, we
examined the overlap between our ADEHþ DEGs and AD
genes reported in 5 published RNA-sequencing studies of AD
(Cole et al, 2014; Dyjack et al, 2018; He et al, 2020;
Nattkemper et al, 2018; Sanyal et al, 2019). In this study, we
found that the majority of ADEHþ epidermal DEGs (55 of 129
or 43% for nonlesional AD skin and 111 of 129 or 86% for
lesional AD skin) and dermal DEGs (5 of 14 or 36% for
nonlesional skin and 12 of 14 or 86% for lesional AD skin)
have been previously associated with AD in at least 1 of the 5
studies (Figure 1a). Together, these results suggest that skin
pathobiology underlying AD complicated by EH is similar in
kind but more severe in form than that exhibited by patients
with AD without EH history.
www.jidinnovations.org 3
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Dysregulation of EDC gene expression in the skin of ADEHD

patients corresponds with T2 inflammation

Examining the functional basis of ADEHþ differential
expression observed in the epidermis, we found strongly
increased expression of terminal skin differentiation path-
ways. Specifically, we found 10 EDC genes with significantly
higher expression in the ADEHþ group, including 5 among
the top 10 ADEHþ DEGs (on the basis of false discovery rate
[FDR]). These upregulated EDC genes included 5 small
proline-rich protein genes (SPRR2C, SPRR2D, SPRR2E,
SPRR2F, and SPRR2G), 2 late-cornified envelope genes
(LCE3D and LCE3E), and 3 S100A-type calcium binding
protein genes (S100A7, S100A8, and S100A9) (Figure 2a).
We also found strong downregulation of the epidermal
structural gene, trichohyalin, TCHH, among ADEHþ subjects.
Although none of these 10 EDC DEGs exhibited a discordant
direction of effect between ADEHþ and ADEH� differential
expression comparisons, the magnitude of dysregulation was
consistently lower, although not significantly, in the ADEH�

group (Figure 2a).
Potentially relevant to this upregulation of EDC genes is

previous work showing that T2 inflammation, particularly IL-
4/IL-13 stimulation of keratinocytes, can elicit characteristic
gene signatures in the skin, including dysregulated expression
of EDC genes (Howell et al, 2009). Supporting this, we found
that 2 of the strongest skin biomarkers of T2 inflammation,
IL4R and CCL22, were both upregulated in the epidermis of
ADEHþ participants (Figure 2b and Supplementary Table S3).
In addition, we found that both gene subunits of the TSLP
receptor (CRLF2 and IL7R) were significantly or nearly
significantly upregulated in the dermis and epidermis of
ADEHþ participants (Figure 2b and Supplementary Table S3).
To further explore ADEHþ upregulation in T2 inflammation,
we used gene set enrichment analysis (GSEA) to test whether
the 99 upregulated ADEHþ DEGs were enriched among
genes previously found to characterize subjects with T2-high
AD (Dyjack et al, 2018) (Supplementary Table S4), finding
strong enrichment of ADEHþ DEGs among genes most
upregulated in T2-high subjects (P < .001) (Figure 2c).
Notably, 8 of the 10 EDC genes upregulated with ADEHþ

disease were among the leading-edge genes responsible for
the T2-high enrichment. Together, these findings show that T2
inflammation is elevated among ADEHþ participants as a
group and that this increased inflammation may contribute to
observed dysregulation in EDC expression in the skin of
ADEHþ patients.

ADEHD skin exhibits enhanced IFN and IL-36g
inflammation

Further examination of ADEHþ-upregulated DEGs revealed
multiple genes known to be upregulated by the epidermis in
response to viral infection or IFN stimulation (Figure 3a).
Included among these was IRF7, which drives the expression
of type I IFNs and other viral response genes, and 3 members
of the 20-50-oligoadenylate synthetase gene family (OAS1,
OAS2, and OASL), which are IFN-inducible antiviral and
innate immunity genes (Figure 3a). To specifically address
whether ADEHþ epidermal DEGs were more enriched in
viral infection response genes, we leveraged published data
identifying the transcriptomic response of keratinocytes to
JID Innovations (2024), Volume 4
the viral mimetic, polyinosinic:polycytidylic acid (Poly[I:C])
(Zhu et al, 2017) (Supplementary Table S4). GSEA revealed
strong enrichment of ADEHþ-upregulated epidermal DEGs
among the genes most induced by Poly(I:C) treatment of
keratinocytes (P < .001) (Figure 3b), including CXCL10,
ICAM1, IFI44, and IRF7. Overall, these results support sig-
nificant antiviral/IFN inflammation in the skin of ADEHþ

patients.
In addition, ADEHþ patients exhibited upregulation in

expression of the inflammatory cytokine gene, IL36G (FDR ¼
0.01) (Figure 4a). IL-36g is a member of the IL-1 family and
has been reported to be prominently upregulated in psoriatic
skin but also in some AD cohorts, where it can drive the
expression of other chemokines and disrupt skin cornifica-
tion. To capture the transcriptional consequences of IL-36g
stimulation on the epidermis, we used an in vitro human
epidermal keratinocyte, neonatal (HEKn) culture system to
differentiate keratinocytes in the presence and absence of IL-
36g protein. Whole-transcriptome RNA-sequencing analyses
revealed that IL-36g treatment altered the expression of 5596
genes (FDR < 0.05) (Supplementary Table S4) in differenti-
ated keratinocytes. Of 129 genes modified in ADEHþ

epidermal skin, over half (53%) were among these IL-
36gestimulated DEGs, and log fold changes associated with
ADEHþ disease and IL-36g stimulation were significantly
correlated (P ¼ 2.02e-5, r ¼ 0.38) (Figure 4b). Remarkably,
among the genes strongly upregulated in both datasets were
all 10 of the ADEHþ-upregulated EDC genes (LCE3D and
LCE3E; SPRR2C, SPRR2D, SPRR2E, SPRR2F, and SPRR2G;
and S100A7, S100A8, and S100A9). Moreover, on the basis
of GSEA, we found strong enrichment of the set of ADEHþ-
upregulated DEGs among the genes most induced by IL-36g
treatment of keratinocytes (P < .001) (Figure 4c). All 10
ADEHþ-upregulated EDC genes were among the 33 leading-
edge genes identified in the IL-36g enrichment analysis
(Figure 4c). The only EDC gene that was downregulated
among ADEHþ subjects, TCHH, was also strongly down-
regulated by IL-36g treatment (FDR ¼ 1.36e-34) (Figure 4b).
Taken together, these results strongly suggest that both IFN
and IL-36gedriven inflammation are elevated in the
epidermis of ADEHþ subjects.

ADEHD disease is characterized by coexpression of multiple
inflammatory skin endotypes

We next investigated the shared genic aspects of the
epidermal T2, IFN, and IL-36g inflammatory expression sig-
natures, finding that 39% of signature genes were within 2 or
more of the 3 inflammatory programs (Figure 5a). Notably,
the T2/IL-36g overlapping genes included 8 of the 10
ADEHþ-upregulated EDC genes. Despite this shared inflam-
matory character, we also identified 9, 13, and 23 genes
specific to the IL-36g, IFN, and T2 inflammatory programs,
respectively (Figure 5a).

Although T2, IFN, and IL-36g inflammatory signatures
were upregulated on a group level among ADEHþ patients, it
is unclear whether this upregulation is uniform across all
ADEHþ patients or driven by a subset of participants with
high expression levels (ie, an inflammatory endotype group).
Supporting this possibility, prior studies have found
significant inflammatory heterogeneity across the AD
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between T2-high and T2-low AD. Top: running-sum ES profile (brown line) across T2-ranked genes, where the left-side peak of positive ES values indicates

particular enrichment of ADEHþ DEGs among the most T2-upregulated genes. A subset of genes belonging to the leading edge of enrichment (appearing

at/before the ES maximum and most strongly contributing to enrichment) are indicated. Middle: vertical black bars denote positions of ADEHþ DEGs along the

T2-ranked list of genes. Bottom: bar plot showing the ordered distribution of the gene ranking statistic (Wald test statistic from DESeq2). AD, atopic dermatitis;

ADEH, atopic dermatitis with eczema herpeticum; DE, differential expression; DEG, differentially expressed gene; EDC, epidermal differentiation complex; ES,

enrichment score; FDR, false discovery rate; GSEA, gene set enrichment analysis; HC, healthy control; LFC, log2 fold change; T2, type 2 cytokine.
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population (Brunner et al, 2017; Chan et al, 2018;
Czarnowicki et al, 2019; Dyjack et al, 2018; Noda et al,
2015; Sanyal et al, 2019). Therefore, we leveraged mean
expression of the T2, IFN, and IL-36gespecific gene sets to
dichotomously classify or endotype all participants for these
inflammation patterns, defining participants as inflammatory
www.jidinnovations.org 5
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endotype positive or negative on the basis of whether their
mean expression levels were greater or less than the 90th

percentile of the metric among HCs, respectively. Strikingly,
we found that all 15 ADEHþ subjects were positive for the T2
and IFN endotypes, whereas 87% were also positive for the
IL-36g endotype (Figure 5b). In contrast, the presence of
these endotypes was much more variable among ADEH�

patients, with 69, 69, and 46% of this group positive for the
T2, IFN, and IL-36g endotypes, respectively (Figure 5b).
These patterns show that multiple inflammatory endotypes
co-occur simultaneously in nonlesional AD skin, particularly
among ADEHþ patients, where all 3 endotypes are nearly
universally present, potentially underlying the more severe
AD disease among ADEHþ patients. Moreover, we found that
the expression levels for the pairwise combinations of in-
flammatory metrics were all strongly positively correlated
(Figure 5b and c) (r � 0.85), further suggesting a strong
relationship among these different inflammation types.

DISCUSSION
In this study, we considered whether molecular dysfunction
in the skin (epidermis and dermis) and/or in pDCs (an im-
mune cell population critical to antiviral responses) is a
predisposing factor for ADEHþ disease. We uncovered sig-
nificant transcriptional dysregulation in the epidermis of
ADEHþ patients. The ADEHþ disease profile, which included
upregulation of EDC genes, was similar in form to that
observed for ADEH� patients (in this study and in previously
published studies [Cole et al, 2014; Dyjack et al, 2018; He
et al, 2020; Nattkemper et al, 2018; Sanyal et al, 2019])
JID Innovations (2024), Volume 4
but was more intense in degree. These alterations in EDC
expression were accompanied by epidermal inflammation
consistent with stimulation by T2, IFN, and IL-36g cytokines.
Each of these inflammatory endotypes was observed among
subgroups of ADEH� patients; however, ADEHþ patients
were unique in their propensity to exhibit either 2 or all 3 of
these inflammatory endotypes simultaneously. These findings
suggest that ADEHþ disease is characterized by complex,
multifaceted inflammation of the epidermis, accompanied by
a dysregulated epidermal skin layer.

AD has traditionally been known as a T2-associated dis-
ease (Bieber, 2008; Weidinger and Novak, 2016), supported
by many studies (Dyjack et al, 2018; Möbus et al, 2021; Tsoi
et al, 2019). However, recent genomic profiling of skin
samples from patients with AD has revealed significant het-
erogeneity in disease mechanisms, where T2-dominated
inflammation is only observed in a subset of patients with
AD (Brunner et al, 2017; Chan et al, 2018; Dyjack et al,
2018; Noda et al, 2015; Sanyal et al, 2019). In this study,
we found that only a subgroup of ADEH� patients was T2-
high, whereas all 15 ADEHþ patients were T2-high, exhib-
iting increased expression of the skin T2 biomarker genes
IL4R and CCL22 and coreceptor genes for TSLP (an epithelial
T2 alarmin previously associated with AD [Soumelis et al,
2002]) (CRLF2 and IL7R). These findings suggest that exces-
sive T2 inflammation may play a significant role in the
development of ADEHþ disease, possibly through dysregu-
lation of the normal innate immune mechanisms that protect
skin from viral infection. Supporting this, patients with food
allergy who have AD with T2 skin inflammation exhibit
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Figure 4. ADEH skin exhibits enhanced IL-36gedriven inflammation. (a) Box plots of epidermal expression for IL36G in HC (gray), ADEH� (orange), and

ADEHþ (red). Asterisk (*) denotes nominally significant differences (P< .05); asterisks (**) denote significant differences (FDR < 0.05). (b) Scatter plot comparing

LFCs for epidermal ADEHþ versus HC DEGs (x-axis) with LFCs of these same genes on the basis of comparing IL-36gestimulated keratinocytes with controls

(y-axis). Gray ¼ DEG only in the ADEHþ versus HC comparison; purple ¼ DEG in both comparisons. (c) ES plot from GSEA visualizing enrichment of ADEHþ

epidermal DEGs within a gene set preranked on the basis of IL-36gestimulated keratinocytes versus controls. Top: running-sum ES profile (brown line) across the

IL-36geranked genes. A subset of leading-edge genes is shown. Middle: positions of ADEHþ DEGs along the IL-36geranked gene list. Bottom: ordered

distribution of the gene-ranking statistic (Wald test statistic from DESeq2). ADEH, atopic dermatitis with eczema herpeticum; DEG, differentially expressed gene;

ES, enrichment score; FDR, false discovery rate; GSEA, gene set enrichment analysis; HC, healthy control; LFC, log2 fold change.

ND Jackson et al.
Atopic Dermatitis with Eczema Herpeticum
enhanced transepidermal water loss (Leung et al, 2019).
Moreover, IL-4 and IL-13 stimulation of the skin down-
regulates loricrin and involucrin expressions, critical skin
barrier genes, and increases S aureus infection risk (Kim et al,
2008; Leyva-Castillo et al, 2013). In addition, T2 cytokines
decrease skin production of multiple antimicrobial peptides,
including human b-defensin 2 and 3 and the cathelicidin
LL37 (Howell et al, 2006; Ong et al, 2002).

In this study, we found that 8 of the ADEHþ-upregulated
DEGs were EDC genes, all previously shown to be upre-
gulated among T2-high patients with AD (Dyjack et al,
2018). These EDC genes (LCE3D, LCE3E, SPRR2C,
SPRR2D, SPRR2E, SPRR2F, S100A8, and S100A9) encode
proteins that contribute to structural stability of the cornified
envelope and function as skin antimicrobial peptides. LCE
genes have long been recognized to contribute to the for-
mation of a healthy skin barrier because the proteins they
encode are cross-linked into the cornified epithelium
(Niehues et al, 2022). The 18 human LCE genes are arranged
into 6 groups on the basis of sequence and expression
similarity. LCE genes in groups 1, 2, 5, and 6 are expressed
in normal skin (Bergboer et al, 2011), whereas group 3 LCE
genes, which we found to be upregulated among ADEHþ

patients (LCE3D/3E), are induced by injury and are strongly
upregulated in lesional psoriatic skin (Bergboer et al, 2011).
Furthermore, multiple genetic studies have confirmed that
LCE3B/3C deletion is associated with psoriasis risk (Liu et al,
2008; Zhang et al, 2009). Importantly, LCE proteins have
recently been shown to exert potent antimicrobial activity,
including against S aureus and Pseudomonas aeruginosa;
the species selectivity and strength of this antimicrobial
activity vary by LCE group (Niehues et al, 2022). Further
supporting this differential antimicrobial activity of LCE
group proteins, patients with the LCE3B/3C genetic deletion
exhibit a unique microbiome profile (Niehues et al, 2022).
In addition, among the ADEHþ-upregulated EDC genes
were the inflammatory alarmins S100A7, S100A8 and
S100A9. S100A8 and S100A9 proteins form a heterodimer
called calprotectin that exerts significant antimicrobial skin
activity through the sequestration of calcium (Abtin et al,
2010; Christmann et al, 2020). Although these genes have
been found to be upregulated in AD, they are better known
as psoriasis biomarkers and are induced by IL-17 stimulation
(Christmann et al, 2020; Matsunaga et al, 2021). The third
set of ADEHþ-upregulated EDC genes, SPRR2 genes, are
known to cross-link the cornified envelope of the skin
(Tarcsa et al, 1998) but more recently were found to act as
antimicrobial peptides by disrupting bacterial membranes
(Zhang et al, 2022). Moreover, mice lacking the Sprr2a gene
were found to be more susceptible to S aureus and P aer-
uginosa infections (Zhang et al, 2022). We hypothesize that
the selective upregulation of these EDC genes may alter both
the barrier function and skin microbiome of ADEHþ pa-
tients, rendering their epidermis more susceptible to viral
infection. We note that in 1-year follow-up cumulative
transepidermal water loss area under the curve measures
collected on a subset of these patients (n ¼ 23), ADEHþ

patients trended toward higher values (worse barrier
www.jidinnovations.org 7
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integrity) than ADEH� and healthy patients, but this trend
was not statistically significant (Supplementary Figure S3).

We also observed strong upregulation of IL36G expression
in the epidermis of ADEHþ patients, along with significant
enrichment of ADEHþ DEGs for genes upregulated by IL-36g
stimulation of keratinocytes, including all 8 of the ADEHþ-
upregulated EDC genes. IL-36g belongs to the IL-1 cytokine
superfamily and is strongly associated with development of
psoriasis (Ding et al, 2018), being elevated in skin lesions of
patients with psoriasis (D’Erme et al, 2015) and underlying T
helper 17edriven mouse models of psoriasis (Liu et al, 2017;
Nakagawa et al, 2017). Moreover, loss-of-function variants in
IL36RN (an IL-36 receptor antagonist) are strong risk factors
for development of pustular psoriasis (Farooq et al, 2013;
Onoufriadis et al, 2011; Sugiura et al, 2013). In comparison
with psoriasis, only a few studies have implicated IL-36g
inflammation in AD, showing increased IL-36g in AD skin
lesions (Brunner et al, 2018; Otobe et al, 2018). One possible
reason for elevated IL-36g in AD relates to S aureus infection,
a well-known feature of AD (Callewaert et al, 2020; Kim
et al, 2019; Leonard et al, 2020) that is also elevated in
ADEHþ disease (Beck et al, 2009). Recent studies using
JID Innovations (2024), Volume 4
topical application of S aureus on the skin surface of Il36r-
knockout mice demonstrated that IL36R-mediated signaling
was essential to skin inflammatory responses (Liu et al, 2017;
Nakagawa et al, 2017), suggesting that IL-36 cytokines may
be critical in S aureuseinduced skin inflammation in ADEHþ

patients. We note that in our dataset, although S aureus
positivity trended slightly higher among ADEHþ patients than
among ADEH� patients (73.3 vs 61.5%), these differences
were not statistically significant. Supporting the profound
influence of IL-36g signaling on skin biology, we found that
IL-36g stimulation of keratinocytes led to dysregulated
expression of thousands of genes, including those involved in
antimicrobial defense and epidermal barrier function.
Together, our findings support an important role for IL-
36gedriven inflammation in ADEHþ pathobiology.

On the basis of the previous observation that PBMCs from
ADEHþ subjects produced fewer type I and type II IFNs upon
HSV1 stimulation ex vivo (Bin et al, 2014; Leung et al, 2011),
we hypothesized that we might also observe diminished IFN
programming in (i) pDCs, one of the major type I and type III
IFN-producing peripheral immune cells (Swiecki and
Colonna, 2015), and/or (ii) the epidermis/dermis of ADEHþ
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individuals. However, we observed no reduced IFN signaling
among ADEHþ patients in either cell/tissue type, with (pDCs
only) or without HSV1 stimulation. Surprisingly, we instead
observed significantly increased IFN activation in ADEHþ

versus ADEH� epidermis. As a first line of defense against
virus infection (Samuel, 2001), an enhanced IFN program
would be expected to diminish viral infection risk. However,
in the context of coactivation with T2 and/or IL-36g pro-
grams, IFN responses to future viral infection may nonethe-
less be slowed or diminished (Durrani et al, 2012). In
addition to the unknown effects of this IFN inflammation on
skin function, it remains unclear by what mechanism this
inflammation is provoked. We note that IFN inflammation
has been observed in the epithelium of another atopic dis-
ease: the airway epithelium of a subset of patients with
asthma (Bhakta et al, 2018). In fact, T2 inflammation may
itself promote IFN inflammation, as suggested by reports that
IFN inflammation and cellular stress are induced in epithelial
cells stimulated with IL-13 (Jackson et al, 2020). Similarly,
whereas acute AD is most associated with elevated T2
inflammation, chronic AD may invoke an elevated IFN in-
flammatory profile (Bieber, 2010). Another intriguing possi-
bility is that recurrent HSV1 skin infections in ADEHþ

patients may epigenetically orient the epithelium toward an
IFN program, often referred to as inflammatory memory
(Larsen et al, 2021). For example, in the gut, inflammatory
epithelial remodeling originally prompted by a single infec-
tion persists, even after the infection resolves (Fonseca et al,
2015). We speculate that such inflammatory memory could
be encoded within skin stem cells, which then gives rise to
keratinocytes primed to express the IFN endotype. This
phenomenon was demonstrated in mice, where
inflammation-challenged epithelial skin stem cells showed
epigenetic memory of exposures by exhibiting enhanced re-
sponses to subsequent injury (Naik et al, 2017). Moreover,
dysregulated inflammatory memory resulting from prior
exposure in ADEHþ patients specifically was supported by
persistent long-term abnormalities in the sphingosine-1-
phosphate signaling system in the skin and plasma of these
patients (Berdyshev et al, 2022). Such epigenetic imprinting
may underlie the heightened inflammatory milieu of ADEHþ

disease and calls for further study.
Despite these exciting findings, we note several limitations

to this study. First, as a cross-sectional analysis performed in
the context of established disease, we are unable to deter-
mine the sequence by which these inflammatory and
epidermal profiles occurred over the course of ADEHþ dis-
ease development. Both longitudinal skin profiling studies of
ADEHþ patients and mouse models of ADEHþ disease
development are needed to delineate the stepwise ADEH
pathogenesis process. Second, although our results in this
study are significant, the cohort studied is limited in numbers
because ADEH is a rare AD endotype; therefore, additional
studies are needed to replicate our findings. Furthermore,
although our study implicates potential changes in skin bar-
rier function and microbial dysbiosis underlying ADEHþ

disease, mechanistic studies are needed to directly investi-
gate whether these hypotheses are correct. In addition, mo-
lecular risk factors for ADEH development that occur
distinctly in lesional skin might not have been captured by
our study. We focused on nonlesional skin given that it has
been shown that mechanisms underlying AD lesions can be
studied in nonlesional tissue, which is unobstructed from
gene expression patterns present in lesional skin that result
from tissue damage and do not underlie the initial develop-
ment of the pathobiology (Leung et al, 2019). Furthermore,
although EH eruptions often initiate at the site of a current
skin lesion (Wollenberg et al, 2003), EH can also infect or
spread to nonlesional skin (DermNet. Eczema herpeticum,
2023; Santmyire-Rosenberger and Nigra, 2005), which is
the ultimate source of all skin lesions, and indeed can occur
in individuals without any history of skin disease (Traidl et al,
2021). Thus, the ADEHþ expression profiles reported are
systemic inflammatory risk factors in skin that predispose
patients to developing ADEH and which are likely present in
both nonlesional and lesional skin. Finally, because our study
was designed to determine the pathobiological mechanisms
predisposing patients with AD to develop EH skin eruptions,
we explicitly matched ADEH� and ADEHþ patients by
eczema severity (as measured by Eczema Area and Severity
Index [EASI] and SCORing Atopic Dermatitis [SCORAD]).
Thus, our dataset is not particularly amenable to investigating
how AD severity may contribute to pathobiological activa-
tion in ADEHþ patients. However, when we investigated
genes that may be activated in patients with relatively high
EASI or SCORAD disease severity scores, no genes were
significantly upregulated among patients with high SCORAD
scores (6 below vs 9 above SCORAD ¼ 50), but there were
18 genes upregulated among 4 patients with EASI > 20
compared with those among 5 patients with EASI < 11;
among them were proinflammatory genes RAB31, GZMB,
and IGFBP3, all of which were among DEGs upregulated in
ADEHþ versus HC participants. Finally, when we divided
patients by those relatively low (<3, n ¼ 8) and relatively
high (>3, n ¼ 7) in variance stabilized transformation
expression of TARC (CCL17), a biomarker of AD severity
(Stutte et al., 2012), we found 127 genes upregulated among
the TARC-high group. These genes were enriched in antiviral
pathways such as IFN response (eg, IFNAR2, B2T2, IFI44,
IFIT3, CD47, APOL6, GBP4, HLA-DPA1) and neutrophil
chemotaxis (eg, CXCL11, CCL4, CCL19, ITGB2, S100A9,
S100A8) and in T2 activation genes (eg, TSLP, IL13RA1, IL7R,
ALOX15, CST7) as well as the group 3 LCE gene LCE3A.
These genes were also enriched in leading-edge genes from
each of the 3 GSEA analyses (T2, P ¼ 2.33e-14; viral, P ¼
8.40e-05; and IL36G, P ¼ 1.06e-04). In contrast, 68 genes
downregulated in the TARC-high groups were enriched for
skin development and keratinization pathways (eg, KAP11-1,
K31, K9, LCE2A, LCE2C, LCE6A, SCEL, KLK7). These findings
suggest that among ADEHþ patients, those at risk for more
severe AD disease may more highly express ADEHþ patho-
biological signatures and have more pronounced inhibition
of epidermal differentiation signatures, although more sam-
ples are needed to confirm this.

Despite these limitations, our study advances the under-
standing of ADEHþ disease pathobiology, uncovering a
multifaceted epidermal inflammation underlying this severe
AD phenotype group, which is associated with dysregulated
expression of cornified envelope genes critical to epidermal
innate defense. Given that a similar, albeit diminished,
www.jidinnovations.org 9

http://www.jidinnovations.org


ND Jackson et al.
Atopic Dermatitis with Eczema Herpeticum

10
pathobiology also characterizes ADEH� skin, understanding
of additional molecular and environmental factors that may
govern how and when these pathways may drive ADEHþ

disease awaits further study. Moreover, additional research is
needed to determine how these pathways may be further
altered in lesional ADEHþ skin. This work nevertheless helps
to reorient ADEHþ research toward these pathways and
genes and also suggests that ADEHþ patients may benefit
from therapeutics directed against these pathways.

MATERIALS AND METHODS
Human subject recruitment

Nonlesional skin samples were obtained from 15 adult patients with

AD with physician-confirmed history of recurrent EH (�3 episodes)

(ADEHþ patients) (6 male and 9 female patients; age [mean � SD] ¼
33.1 � 10.5 years), 13 adult patients with AD with no history of EH

(ADEH� patients) (4 male and 9 female patients; age [mean � SD] ¼
37.7 � 11.4 years), and 13 nonatopic HC subjects (3 male and 10

female subjects; age [mean � SD] ¼ 41.0 � 8.4 years) with neither a

personal nor family history of atopy and no skin disease. To identify

characteristic ADEHþ traits, ADEHþ and ADEH� participants were

matched by disease severity and were anti-HSV1 and anti-HSV2 IgG

seropositive. Furthermore, none of the patients had active HSV

infection at the time of evaluation. At the time of skin sample

collection, EASI, SCORAD, and RajkaeLangeland total scores were

collected, and serum IgE levels were measured. All study subjects

were HSV seropositive (per past documentation or current HSV test

performed for this study). Skin cultures were examined for the

presence of S aureus. Study subjects’ characteristics are summarized

in Table 1 (Supplementary Table S5 presents the full subject meta-

data). Study subjects did not receive topical corticosteroids, topical

calcineurin inhibitors, or topical/oral antibiotics for 1 week before

enrollment. Patients were not treated with systemic immunosup-

pressive medications for >1 month before enrollment in this study.

None of the patients in the study reported being on biologics. The

study was approved by the Western Institutional Review Board

(protocol number 20161695) and was conducted at National Jewish

Health (Denver, CO). All subjects provided written informed consent

before participation in the study.

Skin biopsy collection and RNA extraction

Skin punch biopsy specimens of 2 mm were collected from the

nonlesional skin area of the upper extremities. Nonlesional skin en-

ables characterization of the overall skin subinflammatory state in

ADEHþ patients, not just terminal inflammation reflected in lesional

skin. The biopsy specimens were dissected into the epidermis and

dermis after 1 hour of digestion at 37 �C in 5 U/ml dispase diluted in

PBS (catalog number 354235). Isolated epidermal and dermal sam-

ples were immediately submerged into RLT buffer with b-mercap-

toethanol (Qiagen) and frozen at �80 �C for future RNA isolation.

RNeasy Micro Kits (Qiagen) were used according to the manufac-

turer’s instructions to isolate RNA from the epidermis and dermis.

Peripheral blood pDCs isolation and HSV stimulation

Heparinized venous peripheral blood was collected from each study

participant. PBMCs were isolated using density gradient centrifuga-

tion in Ficoll. Immediately after purification, 5 � 107 PBMCs were

subjected to pDC purification using EasySepHuman pDC Isolation kit

(STEMCELL Technologies) according to the manufacturer’s in-

structions. pDCswere plated at 5� 104 cells/100 ml in complete RPMI
JID Innovations (2024), Volume 4
1640 medium (RPMI 1640, 10% fetal calf serum, supplemented with

L-glutamine, 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid,

and antibiotics) in 96-well plates, and mock or HSV1 treated (multi-

plicity of infection of 1) for 20 hours. After treatment, cells were har-

vested for RNA extraction. HSV1 (VR-733) strain was purchased from

ATCC.

Keratinocyte culture and stimulation

HEKns from a single donor were purchased from Thermo Fisher

Scientific and maintained in EpiLife medium containing 0.06 mM

calcium chloride and S7 supplement in 5% carbon dioxide at 37
�C. For HEKn differentiation, in triplicate, cells were cultured in

EpiLife medium containing 1.3 mM calcium chloride for 3 days

and then treated with 200 ng/ml of IL-36g (R&D Systems) for 2

days. After treatment, the cells were harvested for RNA extraction

using a Qiagen RNeasy Kit according to the manufacturer’s

instructions.

RNA transcriptome gene expression and quality control

For skin biopsies and pDCs, RNA-sequencing libraries were con-

structed and barcoded using the Ion AmpliSeq Transcriptome Hu-

man Gene Expression Kit. Barcoded RNA-sequencing libraries were

pooled and sequenced on the Ion Torrent Proton sequencer using P1

chips. Sequencing reads were mapped to AmpliSeq transcriptome

target regions with the Torrent Mapping Alignment Program and

quantified with the Ion Torrent ampliSeqRNA plugin using the

uniquely mapping option. Duplicated sequences were removed

from the FASTA file, and incorrect amplicon locations were cor-

rected as previously reported (Poole et al, 2014). Two dermal

baseline samples that had <6 million assigned reads and 1

epidermal baseline sample that exhibited a clear dermal expression

signature on the basis of multidimensional scaling analysis were

removed from the dataset.

For HEKn cultures, whole-transcriptome libraries were con-

structed using the KAPA mRNA HyperPrep library kit (Roche

Sequencing and Life Science, Kapa Biosystems) from 250 ng of total

input RNA according to the manufacturer’s instructions. Barcoded

libraries were pooled and sequenced using 150 bp paired-end reads

on the Illumina HiSeq 2500 system (Illumina). Raw-sequencing

reads were trimmed using skewer (version 0.2.2) with the

following parameters: end quality ¼ 15, mean quality ¼ 25, min ¼
30. Read alignment to the human reference genome GRCh38 was

performed using HISAT2 (version 2.1.0) with default parameters.

Gene quantification was performed using htseq-count (version 0.9.1)

and GRCh38 Ensemble (version 84) gene transcript model with the

following parameters: stranded ¼ reverse, a ¼ 20, and mode ¼
intersection-nonempty.

Analysis of bulk RNA-sequencing data

To compare gene expression among disease groups in vivo, we

performed gene-level differential expression analysis using the

DESeq2 R package (version 1.3.0) (Love et al, 2014). We adjusted P-

values to control for FDR using the BenjaminieHochberg method.

DEGs were those with FDR < 0.05. Long intergenic noncoding

genes and genes of uncertain function (genes with an "LOC" prefix)

as well as lowly expressed genes (not reaching at least 10 counts in

3% of samples) were excluded from analysis. To compare gene

expression between paired pDC samples, which were mock or

HSV1 stimulated, we performed variance stabilized transformation

normalization of counts using DESeq2 and then used the lmerSeq R

package (version 0.1.6) (Vestal et al, 2022) to run a linear mixed



Table 1. Clinical Characteristics of the Study Subjects

Characteristic ADEHD n [ 15 ADEHL n [ 13 HC n [ 13 P-Value, Overall

Age, y

Mean (SD) 33.1 (10.5) 37.7 (11.4) 41.0 (8.4) .134

Gender, n (%)

Female 9 (60.0) 9 (69.2) 10 (76.9) .929

Male 6 (40.0) 4 (30.8) 3 (23.1)

Ethnicity, n (%)

Hispanic or Latino 1 (6.7) 1 (7.7) 1 (7.7) .993

Non-Hispanic or Latino 14 (93.3) 12 (92.3) 12 (92.3)

Race, n (%)

White 13 (86.7) 11 (84.6) 10 (76.9) .777

Black or African American 2 (13.3) 2 (15.4) 3 (23.1)

EASI score

Mean (SD) 17.5 (11.0) 15.9 (14.3) NA .749

SCORAD

Mean (SD) 50.8 (13.8) 43.1 (18.7) NA .224

RajkaeLangeland total score

Mean (SD) 7.3 (1.2) 6.8 (1.8) NA .459

Serum IgE

Median (1st, 3rd quartile] 1100 (118, 2400)1,2 300 (91.7, 841)3 29 (7.5, 44.5) .0002

Skin Staphylococcus aureus culture positive, n (%) 11 (73.3) 8 (61.5) 0 (0) .0002

Abbreviations: ADEH, atopic dermatitis with eczema herpeticum; EASI, Eczema Area and Severity Index; NA, not applicable; SCORAD, SCORing Atopic
Dermatitis.
1P ¼ .0003 compared with HC.
2P ¼ .08 compared with ADEH� participants.
3P ¼ .003 compared with HC.
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model that predicts variance stabilized transformation expression as

a function of treatment, including a random intercept for each

subject and an interaction term between treatment and disease status

to test whether response to treatment differs by disease status. To

compare keratinocyte samples stimulated with or without IL-36g, we

used DESeq2. Pathway enrichment analysis was performed

throughout using the EnrichR API (Chen et al, 2013) (libraries: Kyoto

Encyclopedia of Genes and Genomes, 2021; Reactome, 2016; and

Gene Ontology, 2021). Plots of gene expression were based on log10
counts normalized by size factor using DESeq2.

We carried out weighted gene coexpression network analysis on

ex vivo stimulated pDC samples to detect functional networks of

coexpressed genes (Zhang and Horvath, 2005) that may respond

differently to HSV1 on the basis of disease status. For analysis, we

used variance stabilized transformationenormalized counts,

excluding genes expressing <10 reads in 10% of samples. We ran

weighted gene coexpression network analysis using the WGCNA R

package (version 1.70) (Langfelder and Horvath, 2008) on the basis

of signed Pearson correlations, a soft-thresholding power of 37, a

minimum network size of 30, maxCoreScatter ¼ 0.70, minGap ¼
0.30, and cutHeight ¼ 1.

For GSEA, we ranked genes on the basis of Wald statistic as

calculated using DESeq2 for the T2 and IL-36gebased rankings. We

obtained these values for T2 (Dyjack et al, 2018) and generated them

ourselves for IL-36g on the basis of the transcriptomic responses of

the IL-36gestimulated HEKn cultures. For rankings based on

poly(I:C), we downloaded expression values for HEKns treated with

either poly(I:C) or vehicle from Gene Expression Omnibus (Zhu et al,

2017) (accession GSE92646) and then ranked genes on the basis of

shift in expression between vehicle and poly(I:C) (gene deltas). For
each GSEA, we ran 1000 permutations using GSEA (version 4.1.0)

(Mootha et al, 2003).
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