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Abstract Atopic dermatitis (AD) is the most common aller-
gic skin disease in the general population. It is a chronic
inflammatory skin disease complicated by recurrent bacterial
and viral infections that, when left untreated, can lead to sig-
nificant complications. The current article will review immu-
nologic and molecular mechanisms underlying the propensity
of AD patients to microbial infections. These infections
include Staphylococcus aureus (S. aureus) skin infections,
eczema herpeticum, eczema vaccinatum, and eczema
coxsackium. Previous studies have shown that skin barrier
defects, a decrease in antimicrobial peptides, increased skin
pH, or Th2 cytokines such as IL-4 and IL-13 are potential
contributing factors for the increased risk of skin infections
in AD. In addition, bacterial virulence such as methicillin-
resistant S. aureus (MRSA) produces significantly higher
number of superantigens that increase their potential in caus-
ing infection and more severe cutaneous inflammation in AD
patients. More recent studies suggest that skin microbiome
including Staphylococcus epidermidis or other coagulase-
negative staphylococci may play an important role in
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controlling S. aureus skin infections in AD. Other studies also
suggest that genetic variants in the innate immune response
may predispose AD patients to increased risk of viral skin
infections. These genetic variants include thymic stromal
lymphopoietin (TSLP), type I interferon (e, B, w), type II
interferon (y), and molecular pathways that lead to the
production of interferons (interferon regulatory factor 2). A
common staphylococcal toxin, x-toxin, may also play a role
in enhancing herpes simplex virus skin infections in AD.
Further understanding of these disease processes may have
important clinical implications for the prevention and treat-
ment of skin infections in this common skin disease.

Keywords Atopic dermatitis - Eczema - Infection -
Staphylococcus aureus - Herpes simplex virus

Introduction

Atopic dermatitis (AD) is the most common chronic inflam-
matory skin disease in the general population. It is associated
with chronic itching; sleep loss; and disruption in daily,
school, and work activities [1]. Patients with AD are also at
increased risk for bacterial and viral skin infections that, left
untreated, can lead to invasive infections. In this review, we
will summarize recent advances in the pathogenesis of AD
and the mechanisms of infections in AD.

Pathogenesis of AD

The pathogenesis of AD consists of complex interactions be-
tween skin barrier defects, the immune response, and environ-
mental exposures including allergens and microbes. Barrier
defects in AD facilitate penetration of allergens and microbes
into the skin. Loss-of-function filaggrin gene mutations and
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chronic skin inflammation lead to reduced skin hydration as
measured by trans-epidermal water loss (TEWL). AD skin
lesions and normal-looking AD skin are known to have signif-
icantly greater TEWL as compared to healthy skin [2]. The
interplay between the cutaneous immune response and envi-
ronmental triggers, enhanced by skin barrier defects, results in
a vicious cycle of cutaneous inflammation in AD. The basis of
barrier defects in AD is due to a deficiency of vital components
of the stratum corneum and lack of keratinocyte differentiation in
the epidermis. This leads to reduced protein levels of involcrin,
filaggrin, loricrin, claudins, and lipid molecules including cer-
amide, cholesterol, and fatty acids. Various genetic causes of skin
barrier defects have recently been elucidated. The loss-of-
function mutations in the filaggrin genes (FLG) was initially
associated with ichthyosis vulgaris, a dry skin condition that is
characterized by scaly lesions on the lower extremities and
hyperlinear palms, and was subsequently associated with AD
[3]. De Benedetto et al. showed a deficiency of tight junction
proteins in AD, including single-nucleotide polymorphisms in
claudin-1, an important component of tight junctions [4]. In
patients with AD, barrier defects may also be acquired. Th2
cytokines, IL-4 and IL-13, are present in both lesional and
non-lesional AD skin. These cytokines have been shown to
suppress the expression of filaggrin [3]. More recently, Omori-
Miyake et al. showed that IL-4 and IL-13 are also capable of
suppressing the expression of filaggrin and occludin in the late
stage of keratinocyte differentiation (stratum granulosum), as
well as keratins, desmogleins, and desmocollins at the early
stage of keratinocyte differentiation (stratum spinosum)[5].
Keratins are the structural proteins derived from keratinocytes.
They form the cytoskeleton of the epidermis. Desmogleins and
desmocollins link the intracellular network of keratins and con-
nect neighboring keratinocytes. Defects in these proteins may
contribute to barrier dysfunction in AD. In addition to IL-4 and
IL-13, IL-22, which is highly expressed in AD lesions, is also
capable of suppressing filaggrin expression [6] and contributes
to an immune-mediated suppression of barrier function in AD.

FLG has been associated with AD patients who have a
history of recurrent skin infections [7]. Compared to AD sub-
jects without FLG, patients with FLG mutations had a seven
times higher risk of having more than four episodes of skin
infections that required antibiotics in the past year. The role of
filaggrin in the prevention of skin infections may be twofold:
as a physical barrier, as well as a modulator of Staphylococcus
aureus (S. aureus) growth. In the skin, filaggrin is broken
down into hygroscopic amino acids including urocanic acid
(UCA) and pyrrolidone carboxylic acid (PCA). UCA and
PCA are components of the natural moisturizing factor
(NMF) that hydrate and maintain an acidic pH of the stra-
tum corneum. Acidic pH reduced the expression of two
staphylococcal surface proteins, clumping factor B and fibro-
nectin binding protein, which bind to host protein cytokeratin
10 and fibronectin, respectively. In addition, UCA and PCA
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may directly inhibit the proliferation of S. aureus [8]. The
decreased expression of filaggrin, and hence, decreased UCA
and PCA levels, may lead to the growth of S. aureus in
AD. Multiple studies have shown that FLG mutations pre-
dispose to allergic sensitization [9], which is associated with
increased skin infections in AD (discussed below). This con-
cept was initially demonstrated by skin barrier defects and an
increased allergic sensitization in the flaky tail mouse model
of AD [10]. However, it was subsequently shown that mu-
tation in the transmembrane protein 79 (Tmem79)/matt gene,
rather than filaggrin deficiency, was responsible for the spon-
taneous development of allergic sensitization and dermatitis
in the flaky tail AD mouse model [11, 12]. Tmem?79/matt
encodes for lamella granular proteins which are required for
the processing of filaggrin, lipid molecules, proteases, and
antimicrobial peptides (AMPs) [13]. A Tmem?79/matt single-
nucleotide polymorphism has been associated with AD in
human subjects [12]. Further studies of Tmem79/matt gene
are needed regarding its role in the pathogenesis of AD and
skin infections.

Barrier defects are a universal feature of all AD subjects. In
contrast, only a subset of AD subjects is known to be at in-
creased risk for skin infections. A case in point is eczema
herpeticum (EH), which is caused by herpes simplex virus
(HSV). HSV is a ubiquitous pathogen in the general popula-
tion (20 % of children and over 60 % of adults are seropositive
to HSV); however, only about 3 % of AD subjects develop
EH, suggesting that this skin infection in AD is a function of
host immune response [14]. Both ichthyosis vulgaris and pso-
riasis are chronic skin conditions with barrier defects; howev-
er, they are not known to have more skin infections than the
general population. These clinical observations further sup-
port the host immune response as playing a primary role in
determining the subsets of AD patients who are at increased
risk of skin infections. Recent whole genome sequencing from
the Atopic Dermatitis Research Network (ADRN), the largest
registry of AD subjects for the study of S. aureus colonization/
infection in AD, showed that S. aureus colonization in AD is
not associated with mutations in skin barrier genes, which
include FLG and other crucial skin barrier genes in the epi-
dermal differentiation complex (EDC) of chromosome 1 [15].
This was confirmed by only a modest association between
S. aureus colonization and the five most common FLG muta-
tions (2282del4, R501X, R2447X, 3702delG, S3247X)
among Caucasian Americans [16].

Keratinocytes are key skin cells that are in direct contact
with the outside environment. They play an important role as a
sentinel and regulator of the cutaneous innate immunity. They
are the key producers of AMPs, which are crucial in the cuta-
neous immune response against bacterial and viral infections.
It has been shown that stimulated keratinocytes from AD pa-
tients produced significantly less AMPs than those from
healthy and psoriasis subjects [17]. The mechanisms of
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decreased AMP production in AD are not fully understood.
Interactions between microbial pathogens and pattern recog-
nition receptors (PRR) on keratinocytes may play a role in the
decreased immune response of these cells in AD patients [18].
This is supported by the presence of genetic polymorphisms
of TLR-2, a key PRR for S. aureus, in a subset of severe AD
patients who have increased skin infections [19, 20]. TLR-2
expression may also be downregulated in AD [21], leading to
an attenuated innate immune response against microbial path-
ogens. In contrast, it has recently been shown that the activa-
tion of TLR-2 and TLR-6 heterodimers leads to increased
keratinocyte expression of IL-6, which in turn induces an in-
flux of myeloid-derived suppressor cells (MDSC) in the skin
[22]. MDSC suppress T cell-mediated immunity, leading to
increased risk of skin infections. Further studies of TLR func-
tions and MDSC are needed in AD. Stimulation of TLR-3 by
double-stranded RNA released from damaged epithelial cells
leads to an increased production of thymic stromal
lymphopoietin (TSLP) from keratinocytes [23]. TSLP is an
IL-7-like cytokine that is highly expressed in AD lesions
[24]. TSLP activates dermal dendritic cells (DC) to produce
the chemokines, thymus, and activation-regulated chemokine
(TARC/CCL17) and macrophage-derived chemokine (MDC/
CCL22), which are chemokines that attract Th2 cells to AD
lesions [25]. This leads to an increased expression of IL-4 and
IL-13, which are known to suppress AMPs [26]. TSLP also
activates group two innate lymphoid cells (ILC-2), which pro-
duce IL-13, IL-5, and/or 1L-4 [27, 28], which may further
suppress AMPs. ILC-2 cells are also activated by IL-33 and
IL-25, both of which are highly expressed in AD lesions [29,
30]. IL-25 has been shown to enhance HSV and vaccinia virus
(VV) replication by inhibiting filaggrin expression [31]. On
the other hand, IL-33 has been shown to downregulate the
expression of AMPs in keratinocytes [32].

Bacterial Infections

The most common skin infections in AD are caused by
S. aureus (Fig. 1). Streptococcus pyogenes (S. pyogenes) skin

Fig. 1 S. aureus impetigo in a child with atopic dermatitis

infection is also relatively common in AD [33]. Both types of
bacterial skin infections may lead to invasive infections in
AD. The risk factors for severe or invasive bacterial infections
in AD are not fully understood. It likely involves a complex
interaction between host immune response and bacterial viru-
lence. Benson et al. compiled a case series of AD patients who
had bacteremia, infectious endocarditis, septic arthritis, and
osteomyelitis. In that study, it was shown that invasive bacte-
rial infections were associated with moderate to severe AD
[34]. Such patients are generally known to have more allergic
tendency with higher skin expression of Th2 cytokines, serum
total IgE, and specific IgE. Multiple studies have confirmed
that decreased expression of AMPs in AD lesions, as com-
pared to psoriasis, and that the decrease in AMPs may be
partly explained by the suppressive effect of Th2 cytokines.
In addition, a relative decrease in IL-17, which is a known
inducer of AMPs in keratinocytes, may also contribute to the
decreased expression of AMPs in AD [35]. The relatively low
expression of IL-17 in AD lesions may be partly explained by
the low expression of IL-17 in CX3CR1+ T cells in AD pa-
tients [36]. CX3CR1 is the chemokine receptor for CX3CL1
(fractalkine), which has been shown to be highly expressed in
AD lesions [37]. IFN-y and IL-13 are present at a higher level
than IL-17 in CD4+CX3CR1+ T cells of AD patients. An
infiltration of these cells into AD lesions leads to a more dom-
inant Th1 and Th2 profile, which are characteristics of chronic
and acute AD lesions, respectively.

The best-studied bacterial virulence factors in AD are
staphylococcal enterotoxins (superantigens). Classic staphylo-
coccal enterotoxins include staphylococcal enterotoxin (SE)
A, SEB, SEC, SED, and toxic shock syndrome toxin-1
(TSST-1). Non-classical staphylococcal superantigens include
SEE and SEG to SEQ. More than 80 % of S. aureus isolated
from AD patients are superantigen-producing [38].
Staphylococcal superantigens are presented by antigen-
presenting cells to activate polyclonal T cells via the variable
beta chain of the T cell receptor, resulting in robust T cell-
mediated inflammation in AD lesions. Staphylococcal
superantigens are also capable of inducing host production
of specific IgE directed to superantigens, leading to basophil
release of histamines. Methicillin-resistant S. aureus (MRSA)
produces more superantigens than methicillin-sensitive
S. aureus (MSSA) [39]. The prevalence of MRSA coloniza-
tion in AD patients is as high as 12 %. This is tenfold higher
than the rate of MRSA colonization in the general population
(1-3 %) [40]. The presence of MRSA is significantly higher in
moderate to severe AD patients, as compared to mild AD
patients (90 vs 10 %)[41]. It has been shown that AD patients
who are colonized with MRS A are significantly more likely to
develop skin and soft tissue infection than AD patients who
are colonized with MSSA [42]. MRSA skin and soft tissue
infections often lead to a vicious cycle of AD flare and recur-
rent infections [43]. AD flare associated with MRSA skin
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infections often has inadequate response to topical anti-
inflammatory agents, including corticosteroids. This inade-
quate response may be due to corticosteroid resistance in-
duced by staphylococcal superantigens [44]. S. aureus strains
isolated from more severe AD patients produce significantly
more superantigen types, as compared to those isolated from a
general population of AD patients [39].

SEB has been shown to increase IL-31 expression in AD
[45]. This cytokine is best known for causing pruritus in AD.
In addition, IL-31 has also been shown to suppress filaggrin
expression [46]. IL-31 may also suppress the S. aureus-in-
duced expression of the AMPs [47], human (3-defensin-2
and 3, and RNAse7, contributing to an increase in S. aureus
colonization in AD. The suppression of these AMPs by IL-31
seems to be specific, as this cytokine did not suppress the
expression of psoriasin, another AMP produced by
keratinocytes. In addition to staphylococcal superantigens,
S. aureus also produces o-toxin, which causes keratinocyte
cytotoxicity and lymphocyte apoptosis [48, 49]. Filaggrin-
deficient keratinocytes are particularly susceptible to the tox-
icity of «-toxin, as these cells lack sphingomyelinase, which is
required to cleave the o-toxin receptor, sphingomyelin [50].
IL-4 and IL-13 also further increase the susceptibility of
keratinocytes to «-toxin toxicity [51]. Using lactate dehydro-
genase release as a marker of x-toxin-induced cell death, it
was shown that undifferentiated keratinocytes are particularly
susceptible to x-toxin-induced cell death. The toxicity of «-
toxin on undifferentiated keratinocytes is further enhanced by
IL-4/IL-13. IFN-y, on the other hand, protects undifferentiat-
ed keratinocytes from o-toxin-induced cell death. Calcium-
induced differentiation of keratinocytes also protects these
cells from the toxicity of «-toxin. However, calcium-
induced differentiation of keratinocytes did not protect these
cells from «-toxin-induced cytotoxicity when incubated with
IL-4/IL-13. The potentiation of IL-4/IL-13 on «-toxin-
induced keratinocyte cytotoxicity was abolished using
siRNA knockdown of signal transducer and activator of tran-
scription 6 (STAT6), providing further evidence for the spec-
ificity of these cytokines in enhancing the cytotoxicity of -
toxin in keratinocytes. Interestingly, exogenous supplementa-
tion of sphingomyelinase protects 1L-4/IL-13-treated
keratinocytes from «-toxin-induced cytotoxicity.
Endogenous expression of sphingomyelinase was shown to
be significantly inhibited by IL-4/IL-13. Therefore, the mech-
anisms for the potentiation IL-4/IL-13 on «-toxin-induced
cytotoxicity of keratinocytes are twofold: by suppressing both
filaggrin and sphingomyelinase expression.

Other staphylococcal toxins/virulent factors include delta
toxin, which increases mast cell degranulation; staphylococcal
protein A, which acts via TNFR1; and lipoteichoic acid
(LTA), which signals through TLR2 and platelet-activating
factor receptor [52]. LTA and its lipoproteins are TLR2 ago-
nists that are capable of exacerbating acute AD and convert
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acute AD into chronic AD [53]. The effect of TLR2 agonists
may be mediated via TLR2 on cutaneous DC. The combined
effect of TLR2 agonists and IL-4 leads to an increased expres-
sion of IL-12 and a decreased expression of IL-10 in skin DC.
The decreased expression of IL-10, a well-known suppressive
cytokine of inflammation, allows the development and perpet-
uation of cutaneous inflammation in AD. Diacylated lipopro-
teins of S. aureus also trigger TLR2, in association with
TLR6, on keratinocytes to produce TSLP [54]. TSLP activates
skin DC and ILC-2, which leads to further production of Th2
cytokines.

Skin microbiome may play a role in the pathogenesis of
bacterial infections in AD. Grice et al. used 16S rRNA gene to
study the microbial diversity on the flexural elbows of five
healthy individuals [55]. They found a predominance of
Pseudomonas and Janthinobacterium species, rather than
Staphylococcus species. These results did not differ whether
the analyses were obtained by swabs, scrapings, or skin biop-
sies. They postulated that a change in the integrity of the skin
barrier may change the microbial diversity and lead to disease
like AD. In a follow-up study, they analyzed the microbiome
from the flexural elbows of 12 children with moderate to se-
vere AD [56]. They found that increased AD severity inverse-
ly correlated with decreased microbial diversity, as measured
by the Shannon diversity index. The decrease in microbial
diversity was also observed in AD patients who did not use
any treatment prior to an eczema flare. On the other hand, AD
patients who used topical corticosteroids (TCS) had a signif-
icantly higher microbial diversity, even during an eczema
flare. Staphylococcus was the predominant species during an
AD flare. S. aureus was found to be the most abundant species
during AD flare in patients who were not on any treatment.
They did not find any association between AD flare and any
specific strains of S. aureus. Interestingly, they also observed a
parallel increase in the proportion of S. epidermidis during AD
flare in patients who did not receive treatment. Given the
potential competitive role of S. epidermidis or other
coagulase-negative staphylococci via the production of their
own AMPs [57], this increase in S. epidermidis during AD
flare may represent an attempt to control S. aureus.

The Role of Viral Skin Infections in AD

Like bacterial skin infections, AD patients are also sus-
ceptible to viral skin infection [23]. However, as com-
pared to bacterial skin infections, viral skin infections
are relatively less common in AD patients. EH is one of
the most common viral infections in AD patients. This
skin infection may progress to systemic infection that
manifests as fever, malaise, keratoconjunctivitis, enceph-
alitis, and septic shock. The availability of anti-virals such
as acyclovir has decreased the mortality of EH significant-
ly. Identifying the risk factors among AD patients and the
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mechanisms of disease is also crucial in the prevention of
EH. Severe disease, early-onset AD, high total serum IgE/
peripheral eosinophils, and the presence of other allergic
diseases such as food allergy and asthma are among the
most important risk factors of AD patients in the devel-
opment of EH [58, 59]. The clinical observation that AD
patients with polarized Th2 response are more susceptible
to EH is consistent with laboratory findings that IL-4 and
IL-13 suppress keratinocyte expression of the AMP, LL-
37, which has potent anti-viral activity against HSV [60,
61]. AD patients with a history of EH have been found to
have the lowest levels of the cathelicidin, LL-37, in their
skin lesions [14]. Two genetic variants of TSLP,
rs1898671 and rs2416259, are significantly associated
with AD patients with history of EH [62]. STAT6 is an
important transcription factor for the expression of IL-4.
Four genetic variants of STAT6, rs167769, rs841718,
rs3024975, and rs703817, were found to be significantly
associated with AD patients with a history of EH [63].
Interferons (IFN) are crucial cytokines in the immunity
against HSV via cell-mediated response and direct anti-
viral activities. Leung et al. compared the gene transcrip-
tion profiles of peripheral blood mononuclear cells
(PBMC) of AD patients with and without history of EH
[64]. The receptors for type I IFN («, (3, and w) and type
IT IFN (y) were significantly downregulated in patients
with history of EH, as compared to those without EH.
In addition, the cytokine, IFN-y, was also significantly
downregulated in AD patients with history of EH. HSV-
stimulated PBMC from patients with history of EH also
produced significantly less IFN-y protein than that of pa-
tients without history of EH. Genetic analysis showed five
variants of IFN-y receptor 1 (IFNGR1), rs7749390,
1s10457655, 19376269, rs1327475, and rs3799488, were
significantly associated with AD patients with history of
EH, as compared to those without a history of EH.
Specifically, rs10457655 showed the largest difference
with more than tenfold difference in significance between
the two groups. Haplotype analysis of IFN-y cytokine
gene showed a significant difference in a four-marker
haplotype (rs2069727, rs2069718, rs2430561,
rs2069705) between the two groups. IFN-y production
from the PBMC of two of these variants (rs2069727 and
rs2430561) was found to be significantly lower than that
of wild types. On the other hand, PBMC from the genetic
variant in IFNGR1, rs7749390, was found to have a sig-
nificant increase in IFN-y production, as compared to that
of wild types. Another gene critical in the IFN-y response
pathway, interferon regulatory factor 2 (IRF2), has more
recently been found to be associated with AD patients
with history of EH [65]. IRF2 is an antagonist to IRF1
to block the IFN-y-mediated pathway; five genetic vari-
ants of IRF2, rs17488073, rs809909, rs11132242,

rs1342852, and rs1124191, were significantly associated
with Caucasian American AD patients with history of EH.
Of these variants, rs809909 showed the strongest associ-
ation. Two different genetic variants of IRF2 were also
found to be associated with African American AD pa-
tients with history of EH. This study suggests a potential
defect in the IFN-y pathway of AD patients with history
of EH, regardless of ethnicity. However, the sample size
for the African American patients was small in that study;
a larger cohort will therefore be needed for replication of
these results. More recent global transcriptomic analysis
using the next-generation RNA sequencing (RNA-seq)
technology showed that type I IFN-o4 and IFN-o5 gene
transcripts were significantly downregulated in AD pa-
tients with a history of EH [66]. These findings were
confirmed by quantitative PCR as well as at the protein
level. In addition, the type III IFN, IL-29, was found to be
significantly downregulated in AD patients with history of
EH. Consistent with these findings, IRF3 and IRF7,
which are transcription factors for the upregulation of
type 1 and type III IFN, were found to be significantly
downregulated in AD patients with history of EH.

A history of skin infections with S. aureus is also a major
risk factor for the development of EH among AD patients
[58]. This is consistent with the clinical observation that EH
frequently occur concurrently with secondary S. aureus skin
infection in AD patients. It has been shown that x-toxin in-
creases the number of HSV in keratinocytes [67]. In contrast,
SEB or TSST-1 did not increase the replication of HSV in
keratinocytes. In addition to the lipid receptor sphingomyelin
for «-toxin, a disintegrin, and metalloprotease 10 (ADAM
10), a host cell protein has been found to mediate the binding
of «-toxin to host cells [68]. «-Toxin-enhanced replication of
HSV was blocked in ADAM-10-deficient keratinocytes, sug-
gesting that «-toxin-mediated viral enhancement is a receptor-
dependent event and requires its binding to keratinocytes.
Low expression of the AMP and LL-37 has been shown to
predispose AD patients to EH. Incubation of keratinocytes
with a-toxin did not decrease the gene expression of LL-37
and (3 defensins. However, «-toxin was shown to increase the
number of HSV DNA copies in keratinocytes, in the presence
of acyclovir, an HSV polymerase inhibitor that blocks HSV
replication. These findings suggest that x-toxin enhances the
entry of HSV into keratinocytes.

Another life-threatening viral infection in AD is eczema
vaccinatum (EV), which is caused by VV in smallpox vac-
cines. Since the eradication of smallpox virus in the early
1970s, routine vaccination with VV had been discontinued
in the general population in 1971 and in military personnel
in 1990. However, due to the concern that unknown sources of
smallpox virus may still exist and that it could be used as an
agent of bioterrorism, the US government has implemented
programs to vaccinate military personnel and public health
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workers. However, smallpox vaccines are contraindicated in
AD patients due to the potential development of EV. This is
one of the reasons that led CDC to revise its current recom-
mendations on conventional smallpox vaccinations for the
public and AD patients due to the risk of EV in case of a
postevent emergency [69]. AD patients who are at risk for
smallpox infection without known exposure to smallpox virus
will receive the new attenuated, modified vaccinia Ankara
virus vaccine, Imvamune, due to its safety profile in AD pa-
tients. On the other hand, AD patients who have been exposed
to smallpox virus will receive the live VV vaccine (smallpox
vaccine), ACAM2000. Due to the higher risk of the latter
vaccine in causing EV in AD patients, it is therefore essential
to understand the risk factors among AD patients in the devel-
opment of EV in order to prevent those who are at high risk for
EV from getting the live vaccines.

This was the main objective of Atopic Dermatitis Vaccinia
Network (ADVN) in identifying biomarkers and genetic var-
iants that lead to early identification of AD patients who are
prone to develop EV. Similar to EH, EV only affects a small
subset of AD patients. Data on AD patients with history of EH
in ADVN has been utilized as a model for EV. In vitro and
animal studies in ADVN have generated much needed infor-
mation on the mechanisms of VV infection in AD models.
IFN-y receptor knockout mice that received VV vaccine by
scarification developed disseminated V'V skin lesions, signif-
icant weight loss, and reduced survival, as compared to con-
trol mice [64]. Ex vivo studies using human skin explants for
microarray analyses of AD, psoriasis, and healthy subjects
suggest the importance of innate immunity genes in VV infec-
tion [70]. These genes include leukotriene B4 receptor
(LTB4R), orosomucoid 1 (ORM1), coagulation factor II
(thrombin) receptor (F2R), complement component 9 (C9),
and lipopolysaccharide binding protein (LBP), all of which
were found to be significantly downregulated in VV-treated
AD explants, as compared to that of healthy individuals or
psoriasis patients. In addition, downregulation of innate im-
mune response genes ORM1, TLR4, and NACHT leucine-
rich repeat protein 1 (NLRP1) correlated with the severity of
AD. Patera et al. first noted that IL-17 increased the virulence
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Fig. 2 Erosions in the buttock of a child with eczema coxsackium

of VV [71]. In AD mouse model, increased IL-17 expression
was found to be associated with filaggrin-deficient flaky tail
mouse model [72] and was responsible for the dissemination
of VVin AD lesions [73]. The same mouse model was recent-
ly backcrossed onto Balb/c mice to generate flaky tail mice
without matt gene mutation for further studies of dissemina-
tion of VV in AD [74]. The study showed that flaky tail mice
without matt mutation developed similar disseminated VV
infections as flaky tail mice with matt mutation, suggesting
that matt gene does not play a role in VV infection. Topical
application of ovalbumin on flaky tail mice induced a Th2
response and led to a more severe disseminated VV infection
with larger lesions, higher number of satellite lesions, and
higher viral load. These mice also had higher expression of
IL-17a, IL-4, IL-13, and IFN-y mRNA. Flaky tail mice with
knockout IL-17a, on the other hand, developed less severe
skin lesions with VV infection. This study shows the impor-
tance of filaggrin deficiency, allergic inflammation, and IL-
17a in the dissemination of VV infection.

A more recently described viral skin infection of AD is
eczema coxsackium (EC) [75], which is caused by coxsackie
viruses in the enterovirus group. AD patients with EC may
present with oral sores and papules on palms and soles like
hand, foot, and mouth disease. Superinfected AD lesions on
the flexural or extensor areas may appear eroded and vesicu-
lar. In addition, these lesions may also appear on the buttock
areas (Fig. 2), which is not a typical distribution of AD. The

Table 1 Recent developments in
the understanding of the

pathogenesis of skin infections
atopic dermatitis

Mechanisms that lead to infection Type of infection Reference

IL-31 suppression of antimicrobial peptides S. aureus 46

IL-4 and IL-13 potentiate «-toxin-induced keratinocyte death via STAT6 S. aureus 50

Downregulation of IF, IFN-y, and receptors for IFN-o, IFN-3, IFN-w, and  Eczema 63-65

IFN-y. herpeticum

S. aureus «-toxin-induced replication of HSV Eczema 66
herpeticum

Defects in IFN~y and/or its receptor Eczema 63
vaccinatum

Increase in IL-4, IL-13, and 1L-17 Eczema 72,73
vaccinatum
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treatment for EC is not different from that for AD, which
includes skin hydration, moisturizer, and TCS [76]. The clin-
ical significance of EC is that it may be confused with EH. A
lesional PCR for enterovirus may be considered if clinical
signs are not apparent. EC has also been described in adults
recently [77].

Conclusion

Skin infections cause significant morbidity in AD patients. In
addition, infections such as EH and EV may be life-threaten-
ing. Therefore, there is a need to understand the mechanisms
and risk factors of infections in AD. Of interest, recent studies
suggest the lack of association between skin barrier genes and
S. aureus colonization in AD. These studies implicate a pri-
mary role of the host immune functions in the infections of
AD (summarized in Table 1). It is now well-established that
enhanced allergic responses (increased serum total IgE, spe-
cific IgE, and skin Th2 cytokine expression) are associated
with both bacterial and viral infections in AD [40, 58].
Understanding these mechanisms may lead to potential thera-
peutic interventions by suppressing Th2 response or by up-
regulating immunity that has been suppressed by Th2 inflam-
mation. These advances also emphasize the need to focus on
delineating the genetic basis of immune response against in-
fections in AD. Recent genetic data from ADRN indicate that
defects in IFN type I, II, and III and their receptors may be
involved in the pathogenesis of EH. Of note, IFN type I and 111
defects likely reside in the innate immune cells or antigen-
presenting cells [66]. These studies may provide a rationale
for the replacement of these cytokines to protect AD patients
who are at a higher risk of developing EH. Finally, further
understanding on the virulence of microbial pathogens is
needed in AD. Targeting MRSA or toxin-producing
S. aureus and microbiome may lead to the prevention of in-
vasive bacterial infections in AD.
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