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Orchestrating when and how the cutaneous innate immune
system should respond to commensal or pathogenic microbes is
a critical function of the epithelium. The cutaneous innate
immune system is a key determinant of the physical, chemical,
microbial, and immunologic barrier functions of the epidermis.
A malfunction in this system can lead to an inadequate host
response to a pathogen or a persistent inflammatory state.
Atopic dermatitis is the most common inflammatory skin
disorder and characterized by abnormalities in both skin
barrier structures (stratum corneum and tight junctions), a
robust Ty2 response to environmental antigens, defects in
innate immunity, and an altered microbiome. Many of these
abnormalities may occur as the consequence of epidermal
dysfunction. The epidermis directly interfaces with the
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environment and, not surprisingly, expresses many pattern
recognition receptors that make it a key player in cutaneous
innate immune responses to skin infections and injury. This
review will discuss the role epidermal innate receptors play in
regulation of skin barriers and, where possible, discuss the
relevance of these findings for patients with atopic dermatitis.
(J Allergy Clin Immunol 2013;131:266-78.)

Key words: Atopic dermatitis, tight junction, pattern recognition
receptors, single nucleotide polymorphisms, innate immunity

Our skin acts as a sentinel, determining when and how to
respond to a broad array of environmental insults during both
homeostatic and pathologic states. It is quite remarkable that
recurrent infections or unchecked inflammatory responses are so
infrequent. The decision to either unleash a full assault or covertly
deal with the intruder is a tightly orchestrated symphony involv-
ing at least 4 epidermal elements. The first of these elements is the
physical barrier, which consists of both the stratum corneum (SC),
with its brick-and-mortar structure, and the tight junctions (TJs),
which are directly below the SC in the stratum granulosum. The
second element is the chemical barrier, consisting of a broad
range of antimicrobial proteins, including classical antimicrobial
peptides (AMPs), S100 family members, and even filaggrin
breakdown products. The third element is the skin microbial
flora commonly referred to as the microbiome, which consists of
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Abbreviations used
AD: Atopic dermatitis
AMP: Antimicrobial peptide
CARD: Caspase activation and recruitment domain
CLR: C-type lectin receptor
DC: Dendritic cell
HBD: Human B-defensin
KACL: Keratinocyte-associated C-type lectin
LRR: Leucine-rich repeat
LTA: Lipoteichoic acid
MDA: Melanoma differentiation-associated gene
MyD88: Myeloid differentiation primary response gene—88
NF-kB: Nuclear factor kB
NK: Natural killer
NLR: NOD-like receptor
NLRP: NOD-like receptor protein
NOD: Nucleotide-binding oligomerization domain—containing
protein
PAMP: Pathogen-associated molecular pattern
PGLYRP: Peptidoglycan recognition protein
PGN: Peptidoglycan
PRR: Pattern recognition receptor
REG3a: Regenerating islet-derived protein 3o
RIG-I: Retinoic acid—inducible gene 1
RLR: RIG-like receptor
SC: Stratum corneum
SNP: Single nucleotide polymorphism
TJ: Tight junction
TLR: Toll-like receptor
TSLP: Thymic stromal lymphopoietin

many bacterial, fungal, and viral phyla and subphyla. These
microorganisms play a key role in the initiation, prevention, or
both of skin inflammation and immune responses and protect the
host from pathogens such as Staphylococcus aureus. Finally,
there is the immunologic barrier, which has an immediate but
somewhat nonspecific arm (ie, innate immunity) and a highly spe-
cific and long-lasting arm (ie, adaptive immunity). Much of the
character of the adaptive immune response (eg, antigen-specific
tolerance or recall responses) is determined by the interplay of
the innate immune system with the other epidermal elements.
For example, a breach in the physical barrier would favor the en-
try and immunologic recognition of antigens, pathogens, or both,
but the character and magnitude of this response will be modu-
lated by the epidermal innate immune response, barrier repair re-
sponse, and host-microbe micro-environment.

Atopic dermatitis (AD) is the most common inflammatory skin
disease, affecting up to 15% to 25% of children and 3% of adults
in the United States.'* Impaired skin barriers, reduced expression
of epidermally derived antimicrobial products, Ty2-skewed in-
flammation, a defect in innate receptor functions, and restricted
cutaneous microbial diversity are critical biological features ob-
served in the majority of patients with AD. For many years, AD
was considered primarily an immunologic disease, but more re-
cently, epithelial barrier dysfunction has emerged as another
key feature.>* There is consensus that the leaky epithelial barrier
promotes allergen sensitization and susceptibility to microbial
colonization and even infections.’” The controversy emerges
when one considers which of these defects initiate the disease.
In other words, do barrier defects predate the immune abnormal-
ities or vice versa?
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Both possibilities can be supported by a number of observa-
tional and mechanistic studies. For example, T2 cytokines found
in nonlesional AD skin adversely affect skin barrier protein ex-
pression and function and are strongly associated with risk of
S aureus colonization or eczema herpeticum.3’8’11 Mice lacking
the SC protein filaggrin (f#/ft) are more susceptible to epicutane-
ous allergen sensitization, but somewhat unexpectedly, the
CD4" T-cell response is mixed (Ty17 > Ty2 = THI).12 One won-
ders whether the relative contribution of these 2 abnormalities
will ultimately help explain some of the heterogeneity observed
in human subjects with this disease. Possibly this might help us
predict the magnitude of allergen sensitization, age of onset, nat-
ural history, comorbidities, treatment responses, and susceptibil-
ity to cutaneous pathogens to name just a few unexplained
variables noted in patients with AD #0315

The innate immune system is a defense strategy used by
plants, fungi, invertebrates, and vertebrates that has evolved
over millions of years. It provides a rapid and first-line response
to pathogens before the host initiates and/or reactivates the
adaptive response, which is more specific and has long-lasting
memory. Keratinocytes express a number of innate immune
receptors collectively referred to as pattern recognition recep-
tors (PRRs) that enable them to respond to microbes or tissue
damage by releasing a broad range of inflammatory mediators
(eg, cytokines, chemokines, and AMPs). These PRRs can also
affect TJ integrity. For example, Toll-like receptor (TLR) 2
agonists enhance the tightness of TJs and arguably limit
penetration of surface proteins/microbes.'®!” Therefore a defect
in this innate immune-mediated epidermal barrier repair process
might lead to chronic inflammation from PRR signaling, as seen
in patients with AD who are colonized with S aureus. The in-
nate immune response is also shaped by the skin microbiome
and vice versa. The balance between symbiotic and pathogenic
microbial populations is determined by the local ecosystem
which varies in different anatomical locations for reasons we
do not yet understand.'® The epidermal contributions to this ec-
osystem that determine the local microbiome are areas of active
research that hold much promise.

An effective innate immune system plays a critical role in
orchestrating skin barrier functions, eliciting the proper adaptive
immune response, and determining the character of the skin
microbiome. Abnormal epithelial homeostasis, reduced AMP
production, skewed adaptive immune responses, and changes in
the local microbiome, which are known features of AD, could
all be due in part to a diminished innate immune response (Fig
1). This review will highlight the importance of epidermal PRRs
in AD pathogenesis. We will review what is known about epi-
dermal PRR expression, function, and localization in the skin
and how this can affect the 4 other epidermal barriers (the phys-
ical barrier, chemical barrier, microbiome, and immunologic
barrier).

EXPRESSION AND FUNCTION OF PRRs IN HUMAN
KERATINOCYTES

PRRs have been divided into 4 subclasses: TLRs, NOD-like
receptors (NLRs), retinoic acid—inducible gene (RIG)-like re-
ceptors (RLRs), and C-type lectin receptors (CLRs)." Although
not included in this classification, peptidoglycan recognition pro-
teins (PGLYRPs) are also recognized as PRRs and are thought to
be important for bacterial infections.
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FIG 1. The skin as an impenetrable shield. The SC is the first physical barrier protecting the skin from the
environment. Once this barrier has been breached, TJs found at the level of the stratum granulosum (SG) pro-
vide an additional barrier. Disruption of both physical barriers is thought to enable the uptake of allergens,
irritants, and microbes by Langerhans cells (LC)/DCs. Keratinocytes produce AMPs as a chemical barrier in
response to pathogen colonization/infection and tissue wounding to maintain skin homeostasis. The skin
surface is colonized with a diverse array of microorganisms (microbiome barrier), which is thought to regu-
late local immune responses and to inhibit pathologic microbes. The itch-scratch cycle and cutaneous mi-
crobes first promote immune responses from keratinocytes and, only if needed, from a number of
hematopoietic cells, including T cells, neutrophils (Neut cells), eosinophils (Eos), LCs/DCs, NK cells, and
mast cells. Collectively, these cells constitute the cutaneous immunologic barrier. PRRs regulate the function
of all of these barriers (physical, chemical, microbiome, and immunologic). SB, Stratum basale; SG, stratum
granulosum; SS, stratum spinosum. The figure is modified from Swindle EJ, Collins JE, Davies DE. Break-
down in epithelia barrier function in patients with asthma: identification of novel therapeutic approaches.
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TLR family

TLRs are the most extensively studied innate receptors, with 10
identified to date in human subjects. TLRs are transmembrane
proteins with a leucine-rich extracellular domain and a highly
conserved intracellular signaling domain called the Toll-IL-1
receptor domain. They recognize a wide range of pathogen-
associated molecular patterns (PAMPs), including LPS, lipopro-
teins, flagellin, and lipoteichoic acid (LTA) from bacteria and
dsRNA, dsDNA, and unmethylated CpG DNA from bacteria and
viruses (Table I)."®'*** In addition to exogenous ligands, TLRs
also recognize endogenous ligands released in response to tissue
damage, which are collectively referred to as danger-associated
molecular patterns (DAMPs). For example, fragmented hyalur-
onic acid and heat shock proteins can trigger TLR2 signaling,*’
and self-RNA can signal through TLR3.** Most TLRs signal
through a myeloid differentiation primary response gene—88
(MyD88)—dependent pathway, activating nuclear factor B
(NF-«B) and resulting in the production of proinflammatory cyto-
kines. Exceptions are TLR3 and TLR4, which use a MyD88-
independent pathway that activates interferon regulatory factor
3 and results in IFN-3 gene expression.19 Human keratinocytes
express functional TLR1, TLR2, TLR3, TLRS, and TLR6,*"*
whereas there is some controversy about the expression of
TLR4,%2*5 TLR7, and TLR9.?"*>#"3* TLR10 expression has
been reported in human keratinocytes, but its function is unclear.”®

Genetic variants in several TLRs have been associated with AD
and disease severity, but only TLR2 has been studied in different
ethnic populations (Table 1).2?*57 TLR2 was a major focus be-
cause it recognizes a number of S aureus cell-wall products,
and patients with AD have a remarkable susceptibility for

cutaneous colonization (up to 90% compared with only 10% in
healthy subjects®) and infection with S aureus. Several groups
have shown reduced TLR2 expression in circulating monocytes
and keratinocytes from patients with AD.>* One group identi-
fied a TLR2 missense mutation (R753Q) in AD subjects with a
history of S aureus infections and increased total serum IgE
levels.”>” The fact that the R753Q single nucleotide polymor-
phism (SNP) localizes to the C-terminal end (cytoplasmic Toll-
IL-1 receptor domain) of TLR2 suggests that this variant might
prevent the interaction of MyD88 and NF-kB activation, which
would severely inhibit the host response to bacterial coloniza-
tion/infection. In line with this observation, the monocytes from
patients with AD with the TLR2 R753Q mutation have reduced
expression of interferon-inducible protein 10, IL-8, IL-1f3, and
TNF-.%® Recently, an SNP in the TLR2 promoter region (A-
16934T), which inhibits TLR2 transcription, was identified that
associates with disease severity, asthma, and family history of at-
opy in a subgroup of adult Japanese patients with AD with high
total serum IgE levels.”® In a German AD population the
A allele in position — 16934 was significantly associated with se-
vere AD (scoring atopic dermatitis [SCORAD], >50).%° In sum-
mary, these findings suggest that mutations in 7LR2 might play
arole in patients with AD or certain AD subsets, but further stud-
ies are needed to clarify what the operative mutations are and
whether they can be validated in more than 1 AD populations.
We observed reduced epidermal TLR2 immunoreactivity in
skin biopsy specimens from patients with AD, which was more
pronounced in lesional compared with nonlesional samples.17 As
part of the Atopic Dermatitis Research Network, we examined 11
haplotype-tagging SNPs in the TLR2 gene, including 1 associated
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TABLE I. Summary of epidermal PRR functions and their relevance for AD

PRRs Ligands Keratinocyte expression Function SNPs in AD
TLRs TLR2 Lipoprotein from bacteria, viruses, J 1 AMPs production®® R753Q (intracellular signaling
parasites (triacyl lipoprotein: Skin: membrane staining 1 TJ barrier'® domain)?*>>-%7
TLR1/2; diacyl lipoprotein: (from SB to SG); A-16934 T (promoter region)*>°
TLR2/6) cytosolic staining (SC)
PGN from bacteria
Endogenous ligands (Low molecular
weight [<200 kDa] Hyaluronic
acid; HSP; HBD3: TLR1/2;
HMGBI1)
TLR3 dsRNA from virus N, 1 TNF-a production in —
Endogenous ligands (self-RNA) Skin: cytosolic staining wounded skin®
(from SB to SG)
TLR4 LPS from bacteria X 1 AMP, cytokine, and D299G (extracellular domain)23
Envelope proteins of RSV chemokine production®!
Endogenous ligands (HBD2, HSP,
S100A8/A9, fibrinogen)
TLR9 CpG DNA from bacteria or virus X 1 Type I interferons>> C-1237T (promoter region)>*
1 wound healing*?
NLRs NOD1 PGN from gram-negative bacteria J 1 Cytokines®' CARD domain, NOD domain, and
LRR domain®
NOD2 PGN from gram-positive bacteria J 1 AMPs* G2722C (LRR recognition domain)*
NLRP1 MDP, anthrax lethal toxin 3/ T IL-18% Promoter region®*
NLRP3 Uric acid crystal, silica, zymosan, \/ T IL-1B, IL-18%%% —
ATP, asbestos
RLRs RIG-I Short dsRNA (<300 bp polyl:C), J 1 IL-8 and IFN-B*! —
5’ triphosphate dsRNA
MDAS5 Long dsRNA J 1 IL-8 and IFN-B>! —
CLRs Dectin-1 B-glucan from fungi J 1 IL-6, IL-8, IL-1a’ —
7 AMPs™*!
PGLYRPs PGLYRP3, 4 PGN from bacteria \/ Bactericidal activities™* —

ATP, Adenosine triphosphate; HMGBI, high-mobility group box 1 protein; HSP, heat shock protein; MDP, muramyl dipeptide; polyl:C, polyinosinic-polycytidylic acid; RSV,

respiratory syncytial virus; SB, stratum basale; SG, stratum granulosum.
, Expressed in keratinocytes; X, keratinocyte expression unclear.

with AD (R753Q), and observed no associations with AD in
2 American cohorts (European American and African American,
unpublished data). Collectively, these findings suggest that local
inflammatory mediators present in the skin of patients with AD
play a role in the reduced epidermal TLR2 expression that we
have observed. This contrasts with psoriasis, a Tyl/Tyl7-
polarized disease, in which there is greater epidermal TLR2 stain-
ing.>® Recently, pathogens have been shown to induce epigenetic
changes in epithelial cells, and several microRNAs that affect
TLR2 expression or function have been indentified.®"°* For ex-
ample, silencing of microRNA-146a in Langerhans cells en-
hances TLR2-dependent NF-«B signaling.63 Similarly, blocking
the translation of microRNA-105 in human oral keratinocytes
prevents TLR2 translation.®* To date, none of these microRNAs
have been investigated in patients with AD. In summary, these
findings strongly suggest that genetic, acquired/epigenetic, or
both TLR2 defects can contribute to the increased susceptibility
of patients with AD to S aureus colonization/infection. Restoring
TLR2 expression, function, or both might be a worthy therapeutic
goal, but more studies need to be done to understand the basis for
this defect.

NLR family
Nucleotide-binding oligomerization domain—con-
taining protein. Nucleotide-binding  oligomerization

domain—containing protein (NOD) 1 (or caspase activation and
recruitment domain [CARD] 4) and NOD2 (or CARD15) are
intracellular receptors. They recognize bacterial products through
the C-terminal leucine-rich repeat (LRR) region and initiate
downstream signaling cascades through their N-terminal CARDs
that primarily involve the NF-kB pathway.®> Both NOD1 and
NOD2 sense bacterial cell degradation peptidoglycan (PGN)
fragments. However, NODI1 responds selectively to gram-
negative bacteria, whereas NOD2 recognizes a motif common
to all bacteria, making it more relevant for AD (Table 1).6
NOD?2 also uses a PGN-independent mechanism to respond to
both parasites and RNA viruses.®” Human keratinocytes express
NODI and NOD2, suggesting that they can recognize and elicit
defense responses to intracellular bacterial products.30’31

NODI is located on chromosome 7p14-p15, a region linked to
atopy, whereas NOD? is located on chromosome 16q12, a locus
associated with several autoimmune diseases.®® NOD2 SNPs
have been associated with susceptibility to Crohn disease, a
Ty1/Tyl7-driven inflammatory bowel disease.®’! The rele-
vance of the NOD family in patients with Ty2-driven inflamma-
tory diseases, such as AD, has been recently suggested. In a
German AD population-based and parent-offspring trio cohort,
NODI SNPs were associated with increased IgE levels, and
more weakly with AD.*? In a similar population, a polymorphic
NOD? allele was associated with an almost 2-fold risk of AD
and modestly associated with increased IgE levels.* Lastly, a
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NOD?2 variant, R702W, and a rare NODI haplotype were ob-
served more frequently in patients with AD than in control sub-
jects in a German population.>* The functional consequences of
these SNPs have not been investigated, but the fact that several
of these SNPs are located within the LRR region where bacterial
ligands are recognized, suggests that these SNPs may affect NOD
function. Interestingly, NOD2-deficient mice have impaired
clearance of S aureus after subcutaneous or intraperitoneal infec-
tion,”*”* suggesting that NOD2 plays a critical role in clearance
of S aureus infections in these locations. Whether NOD2 SNPs
are correlated with increased susceptibility to epicutaneous S au-
reus infections in patients with AD will need to be addressed. We
have found that epidermal mRNA expression of NOD2 in AD
nonlesional skin is similar to that seen in control subjects,17
whereas a recent publication shows a slight increase in NOD2
mRNA expression in keratinocytes isolated from AD nonlesional
and lesional skin.”*

NOD-like receptor protein. NOD-like receptor proteins
(NLRPs) belong to a recently discovered intracellular PRR
family, members of which respond to a broad array of ligands,
including a number of DAMPs (eg, ATP and urate crystals) and
exogenous agents (eg, nanoparticles, asbestos, and silica),
through their C-terminal LRR motif.”” Some NLRPs (eg,
NLRPI1, NLRP3, and NLR family apoptosis inhibitory protein)
form a multiprotein complex called the inflammasome.”” Inflam-
masome activation leads to the production of IL-1f3 and IL-18
through the actions of caspase-1. Gain-in-function mutations in
the NLRP3 gene and mutations in other inflammasome proteins
that collectively result in an enhancement in IL-1 processing are
the cause of a number of the autoinflammatory syndromes.”>"’® In-
creased epidermal expression of the inflammasome-derived cyto-
kine IL-1 has been observed in patients with AD with FLG null
mutations.””

To date, 14 NLRPs have been found in human subjects, but
their function has been most extensively studied in myeloid cells.
Primary human keratinocytes express NLRPs 1 to 8, 10, 11, 13,
and 14, whereas NLRP12 has only been detected in the human
keratinocyte cell line HaCaT.”®”® The role of these NLRPs in
cutaneous innate immune system is still unclear. In primary
human keratinocytes NLRP1 protein expression is enhanced by
UVB exposure, resulting in the induction of its target gene,
IL-1B.%° Recent studies of this gene in a German population iden-
tified a promoter polymorphism in NLRP that may affect expres-
sion of other NLR genes, suggesting that these genes might be
important collectively in AD pathogenesis.** In 2010, Grigoryev
et al®® found that NLRP! expression in the skin was inversely cor-
related with AD severity (based on Eczema Area and Severity
Index scores), suggesting that local inflammation might inhibit
NLRP1 expression or conversely that reduced expression of this
protein promotes skin inflammation.

NLRP3 polymorphisms have been linked to food-induced
anaphylaxis and aspirin-induced asthma in human subjects81 and
contact hypersensitivity to trinitrochlorobenzene in mice.”® Impor-
tantly, a number of AD triggers such as S aureus—derived hemoly-
sins and lipoproteinsgz’83 as well as protease-activated house dust
mite allergens36 have been shown to activate NLRP3. Collectively,
this suggests that activation of the NLRP3 inflammasome might
play a role in AD pathogenesis.

NLRP12, in contrast to many other NLRPs, inhibits activation
of noncanonical NF-kB, and as such, its function is still quite
elusive.®* An intronic SNP in NLRPI2 was weakly associated
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with AD (eg, insignificant after Bonferroni correction).>* Mice
deficient in NLRP12 exhibit attenuated inflammatory responses
in 2 contact dermatitis models but it had little effect in an OVA-
induced asthma model.***® The neutrophils and dendritic cells
(DCs) from these mice have reduced migratory capacity. These
findings suggest that NLRP12 is a unique NLR that might atten-
uvate inflammation and therefore loss-of-function mutations
would lead to chronic inflammation as is observed in patients
with AD. In summary, although there are suggestions that NOD
and NLR proteins might be relevant for AD pathogenesis, much
more work needs to be done to validate these preliminary
observations.

RLR family

RIG-I protein and melanoma differentiation-associated gene
(MDA) 5 are the best characterized members of the RLR family.
These are intracellular innate receptors, containing a C-terminal
helicase domain that recognizes viral genomic RNA and signals
through an N-terminal CARD domain.?® Activation of these re-
ceptors is crucial for eliciting antiviral responses, including induc-
tion of type I interferon gene expression. Human keratinocytes
constitutively express RIG-1 and MDAS, which are inducible on
stimulation with synthetic dsSRNA (polyinosinic-polycytidylic
acid).?""®” The expression of RIG-1 and MDA5 is significantly in-
creased in the skin of psoriasis subjects,gg’89 suggesting that these
patients might have enhanced sensitivity to viruses. However, to
the best of our knowledge, no study has evaluated whether
RLRs play a role in AD pathogenesis.

CLR family

DC-associated C-type lectin 1 (dectin-1). CLRs, as the
name implies, contain 1 or more C-type lectin—like domains and
recognize a broad array of structurally unrelated molecules from
viruses, bacteria, and fungi. Most of the CLRs are expressed on
hematopoietic cells, but dectin-1 and a member of the CLEC2
(C-type lectin domain family 2) family of CLRs called
keratinocyte-associated C-type lectin (KACL) are expressed
on human keratinocytes.’”*** The transmembrane receptor
dectin-1 is a receptor for B-glucans’' found on fungal cell walls.
Dectin-1 activates Src and Syk kinases, which leads to activation
of NF-kB and secretion of proinflammatory cytokines.”” Hista-
mine enhances dectin-1-induced cytokine and chemokine pro-
duction.*”*° Interestingly, mast cells isolated from patients with
AD had less upregulation of dectin-1 mRNA in response to the
yeast Malessezia sympodialis than those from healthy control
subjects.”® Ty1/Ty17 cytokines (IFN-vy, IFN-q, and IL17A) en-
hance the expression of dectin-1 on keratinocytes.*® This is con-
sistent with the observation that epidermal dectin-1 is highly
expressed in skin biopsy specimens from chronic psoriatic
lesions.*® Costimulation of dectin-1 and TLRS5 ligands on kerati-
nocytes induces the production of IL-23, suggesting that this PRR
might help initiate the immune cascade observed in patients with
psoriasis.*® The expression and function of dectin-1 in patients
with AD have not been evaluated.

KACL. KACL belongs to the CLEC2 family, which is a
subfamily of CLRs encoded by the human orphan gene
CLEC2A.°* KACL expression is largely limited to the skin
where, and as the name implies, it is primarily expressed by
the keratinocyte. KACL binds to NKp65, triggering natural
killer (NK) cell cytolytic activity and cytokine secretion.
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Interestingly, in both patients with psoriasis and those with AD,
circulating NK cell numbers appear to be reduced, but only pa-
tients with AD have a defect in NK natural cytotoxicity.”> These
observations suggest that this newly identified innate receptor-
ligand pair may contribute to NK cell-mediated skin immuno-
surveillance and that this pathway might be defective in patients
with AD.

PGLYRPs

PGLYRPs are secreted proteins that function as bacterial PGN
scavengers. Human subjects have 4 PGLYRPs (1-4), some of
which have direct bactericidal activity mediated by their interac-
tion with PGN on bacterial cell walls or by scavenging dissociated
PGN. One function of bacterial PGN is to counteract the high
osmotic pressure of the bacterial protoplast. Consequently, bind-
ing of a PGLYRP to the bacteria results in osmotic lysis.
PGLYRP-1 is expressed primarily in the granules of polymor-
phonuclear leukocytes. PGLYRP-2 is an amidase that hydrolyses
bacterial PGN and reduces its proinflammatory activity.
PGLYRP-2 is expressed in keratinocytes in response to bacteria
(eg, Bacillus subtilis and Enterobacter cloacae) or cytokines (eg,
IL-18 and TNF-a).”® PGLYRP-3 and PGLYRP-4 are mainly ex-
pressed in tissues that are directly exposed to the environment,
such as epithelial surfaces (eg, eyes, oral cavity, intestinal tract,
and skin).”””® We have found that S aureus—derived LTA en-
hances the expression of PGLYRP-3 in human keratinocytes.”
Interestingly, PGLYRP3 and PGLYRP4 are located in the epider-
mal differentiation complex gene cluster on chromosome 1q21,
where linkage has been observed for both psoriasis (PSOR4)
and atopic dermatitis (ATOD2).'® Several SNPs in PGLYRP3
and PGLYRP4 have been associated with psoriasis in a small
family-based analysis, but the function of these SNPs is
unknown.'®

Both PGLYRP3 and PGLYRP4 knockout (pglyrpSil -
and pglyrp4~'") mice have a more dramatic response to
oxazolone-induced contact dermatitis.'®" In this model the
knockout mice had reduced regulatory T-cell recruitment, en-
hanced Ty17 inflammation, and histology suggestive of greater
keratinocyte proliferation.'® The mechanisms responsible for
these observations are unclear. We have found that patients with
AD have similar epidermal PGLYRP3 and PGLYRP4 expression
compared with control subjects.'” Clearly much more work needs
to be done to understand the importance of PGLYRP3 and
PGLYRP4 in patients with AD.

PRRs REGULATE THE OTHER BARRIER ELEMENTS
PRRs and the physical barrier

The epidermal physical barrier is made up of the SC and TJs. It
is assumed but still not proved that these 2 barrier structures
interact dynamically. Whether these interactions will be com-
pensatory is speculative because this would seem to confer an
evolutionary advantage. 192 A number of SC defects have been ob-
served in patients with AD, and they occur on both an acquired
and genetic basis.' 1% Our group recently found that patients
with AD also have a defect in TJ barrier function and composi-
tion.'%'% The role that these barrier defects play in AD subphe-
notypes has been addressed in part for the SC protein filaggrin.
For example, patients with AD with an FLG mutation have
more severe and persistent disease,'’’ greater susceptibility to
skin infections with herpes simplex virus,'® and higher
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likelihood of having comorbid asthma.'®® For further informa-
tion, please see the comprehensive overview of filaggrin and
AD within this same Journal of Allergy and Clinical Immunology
series by McAleer and Irvine.''”

A critical feature of an effective innate immune response is the
maintenance and repair of epithelial barriers. Very recently, it has
been recognized that this might be mediated by the activations of
PRRs expressed on epithelial cells. This was first shown in 2004,
when Cario et al''""''? demonstrated that TLR2 expressed on in-
testinal epithelial cells was critical for the maintenance of the TJ
barrier in a murine model of irritant-induced colitis. Several
groups have confirmed this in human full-thickness epidermis
(ex vivo) and in primary human keratinocytes (in vitro).'¢7
This does not appear to be generalizable to all TLRs expressed
in all epithelial beds, as TLR3 ligands disrupt TJ function in
lung epithelium.'”® Cutaneous wound repair is impaired in
MyD887/7, Tir3~'~, and T1r9~'~ mice.""* """ Our group ob-
served that TIr2~'~ mice have delayed and incomplete skin bar-
rier recovery after tape stripping, a mechanical injury that
mimics the itch-scratch cycle commonly observed in patients
with AD.'” Importantly, a number of endogenous PRR ligands,
including fragmented hyaluronic acid and heat shock proteins,
are released in wound models such as tape stripping.’ '® The rela-
tive importance of wound-induced danger-associated molecular
patterns versus the PAMPs from skin microbiota in these models
is still unclear. Nevertheless, these findings suggest a dynamic
crosstalk between the epidermal innate immune system and the
physical barrier.

These studies raise a number of questions. Will all PRRs
expressed on epithelial cells have an effect on barrier function
and in what direction? Do PRRs affect barrier function only
under pathologic conditions (eg, wound or pathogen), or do
they also have a role in barrier homeostasis? What effect do
these PRRs have on SC function? Will the barrier effects
differ in different epithelium? Are PRR-mediated changes in
barrier function a direct outcome of PRR signaling or
secondary to downstream paracrine actions of innate immune
mediators?

An innate immune response must be tightly controlled to
achieve the right balance between the immediate response while
limiting chronic inflammation, which is often more harmful
than beneficial. Epithelial cells have developed several strate-
gies to address these issues. One strategy is to control the
subcellular and epithelial localization of PRRs within mature
epithelium and thus determine where and when innate immune
signals are initiated. Additionally, epithelial cells become
tolerant in response to repeated or continuous exposure to
TLR ligands. Intestinal epithelial cells exposed to either TLR2
or TLR4 ligands become hyporesponsive to both TLR2 and
TLR4 ligands‘119 This functional change was associated with
decreased surface expression, with no change in total cellular
expression.The internalization of innate receptors typically
found on the cell membrane (eg, TLR1, 2, 4, 5 and 6) is another
way to limit their activation. For example, TLR2 and TLR4 are
primarily expressed in the cytoplasm of keratinocytes grown in
culture and only migrate to the membrane after TNF-a and IFN-
v stimulation.> Similar findings were observed in lung and in-
testinal epithelial cells."?*2! The cellular localization of TLRs
is also tightly controlled in mature epithelial structures. In hu-
man intestinal epithelium TLRS is present on the basolateral
membrane below the TJs, and consequently, it is activated
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FIG 2. TLR2 and TLR3 are expressed below the TJs. Photomicrographs demonstrating the spatial
relationship between TJs denoted by the presence of immunoreactivity for occludin (red) and 2 innate im-
mune receptors highly relevant for AD (ie, TLR2 [left panel, green] and TLR3 [right panel, green]) are shown.
Nuclei (4’-6-diamidino-2-penylindole dihydrochloride) are denoted by blue staining in these whole mounts
of adult human epidermis (bars = 40 nm). In the bottom panel Z-stack images through the stratum granu-
losum (SG) to the stratum basale (SB) are rotated 90° (thickness = 15 wm). The image to the right summa-
rizes the staining patterns and their intensity. Cell membrane expression of TLR2 is only observed below the
TJs at the level of the stratum spinosum (SS) and SB. Faint cytosolic TLR2 immunoreactivity is observed in
SG keratinocytes. The biologic significance of this intracellular staining is unclear. Similarly, the intracellu-
lar innate immune receptor TLR3 is found only in the cytoplasm of keratinocytes below the TJs (at the level

of the SS and SB).

only when its ligand is applied basally and not when it is ap-
plied to the apical surface.'”? It is believed that TJ integrity
plays a key role in determining when TLRS is activated by lu-
minal contents. TLR2 and TLR4 are predominately expressed in
the intestinal crypts, where the stem cells are located, and their
expression is decreased at the apical surface of mature intestinal
epithelium, where the contact with luminal bacterial is
greater.'”?

In the skin we and others have found that TLR1, TLR2, TLR3,
and TLRS are mainly expressed in basal or undifferentiated
keratinocytes (eg, well below the SC and even below TJs).'” To
more accurately visualize the subcellular localization of TLRs in
mature human epidermis obtained from healthy donors, we
examined Z-stack images taken with a 2-dimensional confocal
microscope. We observed intense epidermal TLRI1 (data not
shown) and TLR2 (green) membrane immunoreactivity only in
the epidermal layers beneath the TJs as indicated by occludin
(red) staining (Cover Image and Fig 2). In addition, TLR3
(stained green), which is an intracellular TLR, was also only ob-
served below the TJs and in fact was mainly detected in the basal
layer (Fig 2). This observation indicates that TLR1, TLR2, and
TLR3 in keratinocytes are primarily restricted to the stratum
spinosum and stratum basale in healthy human epidermis,
suggesting that activation of these innate immune pathways is
prevented by an intact physical barrier. Studies are underway
to look at the spatial relationship of other PRRs and TJs in
healthy and diseased skin samples. Consequently, innate immune
responses would only develop when there is a breach in both ep-
idermal physical barriers (ie, SC and TJs) that would allow
PAMPs to reach the PRRs. Patients with AD who have a chronic
disruption of their physical barriers (SC and TJs) and who also
have an impairment in the TLR2-mediated barrier repair process,
would likely suffer from persistent low level inflammation that
may in part explain the chronic inflammation observed in this
disorder.

PRRs and the epidermal chemical barrier

In addition to establishing a formidable physical barrier,
keratinocytes are the major producers of AMPs. This topic has
been reviewed recently, and therefore we will limit our discussion
to only those AMPs, which have been shown to affect epithelial
functions.''*-1%*

AMPs serve as a chemical defense against cutaneous pathogens
and are increasingly recognized for their effects on wound repair.
The classical human AMPs are LLL-37 (a cathelicidin) and the
B-defensin family. A number of other proteins produced by
keratinocytes, including ribonucleases (RNases), S100 family
proteins (eg, SI00A7, S100AS8, and S100A9), dermcidin, and
regenerating islet-derived protein 3o (REG3a), are also recog-
nized for their antimicrobial actions.''”'*> Human keratinocytes
constitutively express human B-defensin (HBD) 1, whereas
HBD2, HBD3, and LL-37 are produced in response to inflamma-
tory cytokines or PRR sig,gnaling.'%o’126’127 For example, TLR2 sig-
naling induced by microbes (S aureus,'*® Staphylococcus
epidermidis,*® and Malassezia furfur'*®) or skin injury results
in epidermal production of HBD2, HBD3, and LL-37."*" RNase7
has broad antimicrobial activity and is constitutively expressed by
human keratinocytes, but this is further enhanced by inflamma-
tion or bacterial exposure.]31 Psoriasin (S100A7) is produced
by differentiated keratinocytes and is most highly expressed
around hair follicles and sebaceous units. Its expression is en-
hanced by IL-1, TNF-a, IL-17A, and IL-22 and repressed by
IL-4 and histamine.'**'?* Keratinocytes also express S100A8
and S100A9 that can exist as monomers or heterodimers (calpro-
tectin).'* Calprotectin is induced by inflammation (TNF-a and
IFN-v), as well as exposure to S aureus or S epidermidis.3>'3°
Dermcidin is constitutively produced by eccrine glands with
broad antimicrobial activity.' 3 It has proinflammatory actions in-
ducing the epidermal production of cytokines and chemokines.'*’
REG3a is produced in response to wounding or IL.-17A exposure
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and not surprisingly is highly expressed in psoriatic skin le-
sions.'® Lastly, filaggrin is proteolytically cleaved into the
hygroscopic amino acids urocanic acid and pyrrolidone carbox-
ylic acid, which are referred to as natural moisturizing factors.
These filaggrin breakdown products slow the growth of S aureus
and reduce its expression of immune evasion proteins.'*' Strictly
speaking, these breakdown products are not “antimicrobial.”
Nevertheless, up to 40% of Northern Europeans with AD carry
a FLG mutation and would therefore have reduced urocanic
acid and pyrrolidone carboxylic acid levels, making them more
susceptible to chronic S aureus colonization. This is an example
in which an alteration in the physical barrier directly affects the
chemical barrier.

In summary, there is a growing list of keratinocyte-derived
antimicrobial proteins, only some of which are classical AMPs.
This apparent redundancy might reflect subtle but important
differences in epidermal expression patterns, antimicrobial spec-
ificity, and mechanism of action. Additionally, these classical and
nonclassical AMPs have a number of nonantimicrobial actions,
thus a more suitable name for them would be “host defense
peptides.”'"?

Patients with AD are more susceptible to cutaneous fungal,
viral, and bacterial pathogens. This observation has lead to the
speculation that patients with AD might have reduced epidermal
expression of host defense peptides. Indeed, patients with AD
have reduced expression of dermcidin in their sweat compared
with control subjects, and this observation was most pronounced
in patients with AD with a history of cutaneous viral and
bacterial infections.'** Several groups have found reduced epi-
dermal levels of LL-37, HBD2, and HBD3 in the lesional
skin of patients with AD as compared to those with psoria-
sis. 2614319 When comparing patients with AD with nonatopic
healthy control subjects, the levels of many of these AMPs are
in fact increased,'>>'**14> which is consistent with the theory
that AMPs are induced by infection, inflammation, and wound-
ing. The differences observed between patients with AD and
those with psoriasis are believed to be due to the inhibitory
effects of Ty2 cytokines on the epidermal expression of a num-
ber of AMPs, including S100 family members, and the robust
enhancement of these proteins by Ty17 cytokines found more
commonly in the skin of psoriatics.ls’l33’146 Additionally, we
have found that Ty2 cytokines inhibit TLR2-induced HBD2
and HBD3 expression in cultured keratinocytes (unpublished
data).

The relatively low AMP levels observed in patients with AD
is hypothesized to increase the risk of both S aureus and viral
infections, such as the widespread herpes simplex infection
called eczema herpeticum or eczema vaccinatum that develops
as the consequence of exposure to the smallpox vaccine. 4714
In support of this theory, skin samples from patients with AD
with eczema herpeticum express less HBD2, HBD3, and LL-
37 than those of patients with AD who have never experienced
this infection.'*®'*® Mice deficient in CRAMP (the murine
equivalent of LL-37) developed significantly more skin pox le-
sions in response to vaccinia inoculation than wild-type
mice,"! highlighting the importance of cathelicidins in com-
bating cutaneous viral infections.'>* Collectively, patients
with AD have diminished epidermal production of host defense
peptides compared with that seen in other inflammatory skin
conditions, and these levels inversely correlate with the risk
of skin infection. This reduced expression is probably due to
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the combinatorial effects of reductions in epidermal PRR ex-
pression, signaling, or both; Ty2 cytokines in the tissue; and
FLG null mutations.

In addition to their antimicrobial activities, AMPs have been
found to play a role in physical barrier repair. This is not too
surprising because these host defense peptides are commonly
expressed in wound settings.'**'>* Overexpression of HBD3 in
skin wounds from Yorkshire pigs shortened wound closure times
in an S aureus—infected diabetic wound model.'>* Similarly,
neutralizing antibodies directed against LL-37 inhibited re-
epithelialization in in vitro skin f:quivalents.155 Mice deficient
in the mouse orthologue of HBD3 (mBD14) have delayed skin
barrier repair after tape stripping, as measured based on transe-
pidermal water loss.”>® The novel AMP REG3a enhances
wound repair at least in part by inducing keratinocyte prolifera-
tion and differentiation.'*> Not surprisingly, a number of PRRs
are induced in response to wounding. For example, the expres-
sion of CD14 and TLR2 are increased in the wound edge after
skin injury.">” This expression is dependent on the enzyme
CYP27B1, which converts 25-hydroxyvitamin D to the active
1,25 dihydroxyvitamin D form. This highlighted an unexpected
role for vitamin D in innate immune responses observed at sites
of wounding, and suggests that therapeutic approaches that in-
crease vitamin D levels might enhance the host innate immune
response and help repair wounds. In support of this notion, pa-
tients with AD given oral vitamin D3 (cholecalciferol, 4000
IU/d for 21 days) expressed more LL-37 in their skin than pa-
tients who did not take vitamin D3."®

In summary, innate immune receptors regulate the chemical
barrier. Defects in epidermal PRR expression, signaling, or both
have been observed in patients with AD. These defects com-
promise the antimicrobial and wound repair capabilities of the
skin.

PRRs and the skin microbiome (microbial barrier)
Understanding the interactions between the diverse commu-
nity of resident microbes and the host immune response is the
charge of the National Institutes of Health—sponsored Human
Microbiome Project, established in 2007. Through use of
culture-independent methods, such as DNA pyrosequencing
of the conserved 16s rRNA gene, which allows for phyloge-
netic analysis, a number of key observations have been made.
The first observation is that the skin microbiome dwarfs the
human genome in size, reflecting the trillions of bacteria,
fungi, viruses, and small arthropods colonizing the skin
surface. The second observation is that the diversity of the
microbial flora in healthy human subjects varies based on
anatomic site and stage of sexual maturation.”>”">° The third
observation is that microbes are not passive inhabitants but
actively interact with epithelial cells and other host cells and
affect the character of the host immune response both
directly and indirectly.160 In a seminal article Kong et al'®! ob-
served low bacterial diversity with enrichment of S aureus
from an active AD lesion, which normalized during disease
remission. After treatment, the diversity of the skin micro-
biome in patients with AD closely approximated that observed
in the skin of healthy subjects. Interestingly, levels of the cuta-
neous commensal bacterium S epidermidis were also increased
during AD flares, suggesting that this might be a compensatory
mechanism to control the pathogenic microbe S aureus. In
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support of this hypothesis, S epidermidis produces 2 AMPs
called phenol-soluble modulin y and 5.162:163 These peptides
have pore-forming actions similar to those attributed to classi-
cal mammalian AMPs and are selective for several skin path-
ogens, including S aureus, group A Streptococcus, and
Escherichia coli but with no effect on S epidermidis.'®*'** Ad-
ditionally, LTA released from S epidermis inhibits skin inflam-
mation during skin injury through a TLR2-dependent
mechanism.* Lastly, a small molecule (<10 kDa) secreted
by S epidermidis enhances HBD expression by human kerati-
nocytes through TLR2 signaling.38 These findings indicate
that skin-resident microflora can inhibit the survival of skin
pathogens while promoting the preservation of the normal
skin flora. This skin homeostasis maintained by commensal
bacteria is in part mediated by epithelial PRR and IL-1R sig-
naling.'® It has been hypothesized that the AD skin micro-
biome can be altered by exogenous (eg, topical cleaners,
topical steroids, or topical/systemic antibiotics) or endogenous
(eg, FLG or LEKTI mutations) factors and that this might alter
the host responses to allergens or microbes or injury.

PRRs and the immunologic barrier

Keratinocytes produce a broad range of mediators both
constitutively and in response to the environment.'®*'® Many
of these help maintain a formidable physical barrier, establish
an effective chemical barrier, help balance the harmony between
commensal and pathogenic skin flora, and both recruit and acti-
vate immune cells to shape local and systemic immune re-
sponses. We can no longer consider the epidermis a passive
responder to the signals coming from infiltrating hematopoietic
cells, but must now consider its importance in determining
when, how, and in what manner to initiate an adaptive immune
response. AD is considered a Ty2-skewed disease, but until
recently, the primordial events that led to this T helper polariza-
tion pattern were unclear. The complementary and sometimes
synergistic actions of the keratinocyte-derived pro-Ty2 cyto-
kines, including thymic stromal lymphopoietin (TSLP), IL-25,
and IL-33, drive the immune response to surface antigens toward
a Ty2 profile. For example, TSLP acts as an activator of CD11c™
DCs, promoting their capacity to induce Ty2 memory cells and
enhancing their production of Ty2-promoting chemokines.'®
TSLP is highly expressed in acute and chronic AD epidermis,
whereas its expression level is not detectable in nonlesional
skin of patients with AD or healthy control subjects.169 Genetic
variants in TSLP associate with the presence of AD and even
more significantly in patients with AD who have a history of
eczema herpeticum.”o A number of murine models have demon-
strated the importance of epidermally derived TSLP in AD path-
ogenesis and have been reviewed elsewhere.'”' In addition to
TSLP, IL-25 and the IL-33 receptor (ST2) are also overexpressed
in AD skin."”>'” Infusion of IL-25 (or IL-17E) results in the
production of the Ty2 cytokines IL-4, IL-5, and IL-13; eosino-
philia; and increased serum IgE levels in mice.'”* There is
equally strong evidence that IL-33 plays a critical role in activat-
ing Ty2 cells.'®17

Innate immune activation is a major pathway responsible for
the production of these pro-Ty?2 cytokines. For example, the sim-
ple act of disrupting the skin barrier by means of tape stripping
leads to epidermal TSLP and IL-33 production.' 18.176.177
Whether IL-25 production is similarly induced by barrier
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disruption or tissue injury has not been addressed in the literature.
Keratinocytes stimulated with the TLR2/6-dependent ligand,
S aureus—derived diacylated lipopeptide or flagellin, the TLRS-
specific ligand, induce the expression of TSLP.*>"'”® The TLR3
agonist polyinosinic-polycytidylic acid also induces TSLP pro-
duction, and this effect is augmented by Ty2 cytokines (IL-4
and IL-13) but reduced by Tyl (IFN-y), regulatory T (TGF-B),
or Tyl7 (IL-17A) cytokines.179 The epidermal expression of
TLSP is induced by allergen-derived proteases, as well as endog-
enous proteases, such as kallikrein 5, which is overexpressed in
patients with AD. This TSLP production is mediated by
protease-activated receptor 2."5'8 IL-33 and its receptor, ST2,
are enhanced in murine epidermis after epicutaneous exposure
to staphylococcal enterotoxin B and allergens (ovalbumin).'”
Lastly, reductions in the SC barrier protein filaggrin are associated
with increased epidermal production of TSLP and IL-33.'7%!%>
DCs are probably the major source of IL-25 in the skin, whereas
keratinocytes express low levels of /125 mRNA."® To our knowl-
edge, there is no study examining the induction and regulation of
IL-25 in skin. Collectively, these findings demonstrate that the ac-
tivation of the epidermal innate immune system by pathogens, al-
lergens, injurious stimuli, or barrier disruption can initiate a
cascade that would favor a Ty2 response, as seen in patients
with AD.

Interestingly, recent findings suggest that these pro-TyH2 cy-
tokines might feedback on the innate immune system, affecting
the expression, function, or both of the PRRs. For example, ac-
tivation of the IL-33 receptor inhibits TLR4 signaling in mac-
rophages by sequestrating the adaptor proteins MyD88 and
Mal."®* ST2 is also a negative regulator of TLR2 signaling.'®
The production of HBD2 and filaggrin by human keratinocytes
is inhibited by IL-33'%¢ and 1L-25,'®? respectively. However,
treatment with these pro-Ty2 cytokines did not significantly af-
fect epidermal TJ, suggesting that they do not globally affect
keratinocyte biology but specifically affect differentiation or
AMP production. In summary, these pro-Ty2 cytokines are
considered “alarmins” released in response to skin injury and
infection which is at least in part mediated by PRR
pathways. Dysregulated PRR signaling might also interfere
with the production of these keratinocyte-derived pro-Ty2
cytokines.

CONCLUSION

Epithelial innate immune responses are not simply “inflam-
matory” with the sole purpose of pathogen clearance. Recent
evidence indicates that this immediate response system might
also enhance cutaneous physical, chemical, microbial, and
immunologic barriers. In patients with AD, each of these
elements is compromised, but what is primary and what is
secondary remains unclear. More work needs to be done to fully
understand how innate immune signaling pathways mediate
some of these effects and how the innate immune system is
altered by the character of local T-cell inflammation. Although
the leading hypotheses to explain AD pathogenesis incorporate
a role for both barrier and adaptive immune defects, it is
becoming increasingly clear that defects in epidermal PRR
function might deserve a seat at this table. As we clarify the
relative hierarchy of these abnormalities we will likely see the
development of new therapeutic strategies for this common
inflammatory disorder.
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What do we know?

® There are 4 epidermal elements that help maintain skin
homeostasis. They are physical, chemical, microbial, and
immunologic barriers, and most of these have been shown
to be defective in patients with AD.

Epidermal PRR modulate the skin barrier and maintain
the balance between inflammation and host defenses.

A number of acquired or genetic defects in PRR have
been observed in patients with AD and some of these
strongly associate with specific disease subphenotypes
and susceptibility to microbial colonization/infection.

What is still unknown?

o The mechanisms by which PRRs regulate TJ barrier in-
tegrity the diversity of the microbiome and immunologic
barriers are still unknown.

e How innate immune responses to microbes differ in pa-
tients with AD compared with healthy control subjects.

o A better understanding of the mechanisms responsible for
the reduced expression and function of PRRs is needed
and will pave the way for new treatment approaches for
patients with AD.
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