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Abstract Despite the acknowledged contributions of a defective epidermal permeability barrier, dryness
of the skin, and the propensity to develop secondary infections to the etiology and pathophysiology of
atopic dermatitis (AD), these epidermal changes have, until recently, been assumed to reflect
downstream consequences that are secondary phenomena of the primary immunologic abnormality—
the historical “inside-outside” view that AD is basically an intrinsic inflammatory disease.

In this review, we focused on the role of the epidermal barrier function in the pathophysiology of AD.
Specifically, we presented data in support of a barrier-initiated pathogenesis of AD, ie, the “outside-inside”
concept. First, we reviewed the evidence on the existence of inherited barrier abnormalities in AD.
Reported studies on the possible association of mutations in the filaggrin gene (FLG) and data on human
tissue kallikreins (KLKs) and AD have been addressed. We then dealt with the question of the causal link
between impaired epidermal barrier and inflammation. Finally, the association between innate immune
defense system and the increased avidity of Staphylococcus aureus for atopic skin was examined.

Despite very convincing evidence to support the barrier-initiated pathogenesis of AD, the view that AD
reflects the downstream consequences of a primary immunologic abnormality cannot be dismissed out of
hand. Almost every line of evidence in support of the role of the epidermal barrier as the “driver” of the
disease activity can be challenged and at least partially contradicted by opposing evidence.

Until more data are available and until all the dust settles around this issue, we should take advantage of
what we already know and use our knowledge for practical purposes. Deployment of specific strategies to
restore the barrier function in AD means the use of moisturizers as first-line therapy.
© 2012 Elsevier Inc. All rights reserved.

Introduction until recently, been assumed to reflect downstream conse-
quences that are secondary phenomena of the primary
Atopic dermatitis (AD) is a common chronic inflamma- immunologic abnormality—the historical “inside-outside”

view that AD is basically an intrinsic inflammatory disease.

tory disease associated with considerable psychosocial ! ; ) —
The rapid and impressive advances in immunology and

morbidity, impairment in quality of life, and a heavy
economic burden, not only on patients and their families immune-targeted therapies have now heightened our aware-
but on society as a whole. ness to immune abnormalities, such as increased serum

Despite the acknowledged contributions of a defective immunoglobulin (Ig)E levels and sensitizations to allergens,
epidermal permeability barrier, dryness of the skin, and the increased T-helper type 2 (Ty2) cytokine expression, and the
propensity to develop secondary infections to the etiology active role of Langerhans cells and antigen-presenting cells,

and pathophysiology of AD, these epidermal changes have, eosinophils, and many others, all leading to the consensus
that immunology is the central and primary event of AD.
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neurin inhibitors, the “biological,” and others) or the
detection of immunologic abnormalities through basic
research, is shrouded in mystery. What is clear, however, is
that both are involved in creating the so-called “inside-
outside” theory, specifically, that AD is first and foremost an
immunological disease and that immunological abnormalities
are the primary, the initializing, and triggering events. For
example, in the 2008 edition of Fitzpatrick’s Dermatology in
General Medicine, AD is discussed under the section of
“Inflammatory disorders based on T-cell reactivity and
dysregulation,”! although a considerable part of the discus-
sion of the etiology in this chapter is devoted to impairment of
epidermal barrier function.

We have recently been feeling the winds of change in our
views on disease pathogenesis. There has been a shift from
immunological/biochemical mechanisms toward a theory
that the epidermal abnormality is not merely a secondary
phenomenon resulting from the infiltration of abnormal
immune and inflammatory cells and their mediators, but
rather a critical, if not the primary, exacerbant of this
inflammatory skin disease.

The current review is intended to provide insights into
the unique and pivotal role of the epidermal barrier function
in the pathophysiology of AD and its practical implications
for therapy.

Inherited barrier abnormalities in atopic dermatitis:
filaggrin deficiency

The term “filaggrin” is derived from “filament-aggregating
protein,” and it describes the protein’s function of binding to
keratin intermediate filaments, causing their aggregation
into macrofibrils in which the intermediate filaments are
aligned in tightly packed parallel arrays. This process
contributes to cellular compaction and permits extensive
crosslinking of keratin intermediate filaments by transglu-
taminases so as to form a highly insoluble keratin matrix.
This matrix acts as a protein scaffold for the attachment of
cornified cell envelope proteins and lipids that together form
the stratum corneum (SC).>

Filaggrin is initially synthesized as profilaggrin, a greater
than 400 kDa, highly phosphorylated, histidine-rich poly-
peptide. Profilaggrin is the main constituent of the electron-
dense keratohyaline granules that are found within the
granular layer of the epidermis. During later stages of
epidermal terminal differentiation, profilaggrin is depho-
sphorylated and proteolysed into multiple filaggrin mono-
mers in a multistep process. The free filaggrin binds to
keratin and acts as an aggregator of this protein, and thus has
an important role in building the epidermal barrier.>

The cleaved N-terminal S100-like calcium-binding do-
main of profilaggrin enters the nucleus, where it is postulated
as having an additional role in regulating the terminal
keratinocyte differentiation. Subsequently, the filaggrin
peptide within the SC itself is progressively degraded by

posttranslational modification enzymes into a pool of
hydrophilic amino acids, including urocanic acid, pyrrolidine
carboxylic acid, and alanine. This combined pool of amino
acids, their metabolites, and various ions make up what is
known as the natural moisturizing factor (NMF). NMF is
highly hygroscopic and plays a central role in maintaining
hydration of the SC. NMF might also play a critical role in
the maintenance of the pH of the skin by regulating key
biochemical events, including protease activity, barrier
permeability, and cutaneous antimicrobial defense, functions
that are fundamentally linked and coregulated. The impor-
tance of filaggrin-derived breakdown products and the
profound effect on barrier function in their absence is
underscored by the remarkably short half-life of filaggrin,
specifically, only 6 hours before full proteolysis. 3

Histidine comprises one of the most abundant amino acids
released by filaggrin (FLG) proteolysis. It is converted to
trans-urocanic acid (trans-UCA) that helps the pH gradient
of the epidermis. Decreased generation of FLG products
could result in an initial increase in the SC pH, sufficient to
activate multiple serine protease in the SC, all of which
exhibit neutral-to-alkaline pH optima. If such a pH-induced
increase in serine protease activity is prolonged, it could
precipitate the downstream structural and functional alter-
ations described below.

Based on the assumption that the pathogenesis of AD is
primary immunologic, genetic research has focused for many
years on genes associated with immunologic abnormalities.
The discovery of the association of mutations in the filaggrin
gene (FLG) and ichthyosis vulgaris (IV), and the common
association between IV and AD, has sparked off vigorous
research on FLG mutations in AD as well, leading to the
accumulation of a considerable amount of data within a
relatively short period. The conclusions of all the studies
cited in 2 recent meta-analyses*> can be stated as follows:

1. The effect of FLG on eczema risk is higher than that of
any other confirmed candidate gene for atopic diseases
and one of the largest ever shown in the genetics of
complex diseases.

2. The strongest associations for FLG within eczema
are in dermatologist-diagnosed cases and in moder-
ate-to-severe cases.

3. FLG deficiency predisposes to the particular asthma
phenotype occurring in the context of eczema in
contrast to the form of asthma not linked with eczema.
Because FLG is not expressed in bronchial mucosa,
transcutaneous sensitization is one suggested mecha-
nistic possibility for FLG to confer asthma risk.

So far so good; however, the concept that the highly
significant association between abnormalities in the epider-
mal barrier, specifically in filaggrin, and that the risk of
early-onset, severe, persistent AD also points toward a causal
relationship between the 2 (the “outside-inside” hypothesis)
is still a matter of ongoing debate.
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There are several arguments against the existence of a link
between abnormal filaggrin and AD risk. Low filaggrin levels
might also be caused by modulation of epidermal protein
levels by Ty2-type cytokines. Indeed, it had been shown that
skin expression of FLG mutations can be downregulated by
the Ty2 cytokines, interleukin (IL)-4 and 1L-13.°

A significant number of patients with AD (reportedly
14% to 56% of European patients”) do not have any of the
known FLG mutations and, conversely, approximately 40%
of patients with FLG-null alleles never develop AD.?

Although several authors® showed a strong correlation
between clinical severity of the disease and barrier
impairment in AD patients carrying LG mutations, others '°
failed to identify any effect of FLG mutations on skin
conditions as assessed by clinical scoring and measurement
of transepidermal water loss.

Finally, IV patients have the same single- or double-allele
FLG mutations that lead to reduced filaggrin content, but
they do not always have inflammation.

Inherited barrier abnormalities in atopic dermatitis:
protease/antiprotease expression

Human tissue kallikreins (KLKs) are a family of 15
secreted serine proteases (SP) belonging to the chymotryp-
sinlike serine endopeptidase family. Multiple kallikreins are
expressed in the skin epidermis and its associated append-
ages in active KLK and inactive pro-KLK forms.

Proper desquamation (shedding of corneocytes at the skin
surface) is crucial for maintaining a normal structure and
thickness of the skin. It should be in balance with the
constant de novo production of cells at the basal layer.
Epidermal kallikreins KLKS5, KLKS5, KLK7, KLK13, and
KLK14 degrade corneodesmosomes, which maintain adhe-
sion between neighboring keratinocytes, and thus play a key
role in the desquamation process. !

Skin barrier function depends on the formation of mature
lamellar membranes in the SC subsequent to proper
extracellular lipid processing of lipid precursors secreted
by lamellar granules (LGs), or lamellar bodies. Lipid
precursors are released into the stratum granulosum
(SG)/SC interface for processing by various enzymes into
ceramides and free fatty acids. These lipid-processing
enzymes are regulated by KLKs via proteolytic degradation.

Elevated SP activity probably provokes barrier abnormal-
ity by a second, unrelated mechanism that, by signaling of the
plasminogen activator type 2 receptor (PAR2), downregu-
lates lamellar body (LB) secretion, entombing these organ-
elles in nascent corneocytes. Failure of LB secretion accounts
for the global decrease in SC lipids in AD, which correlates
with a decrease in extracellular lamellar bilayers in AD. Thus,
increased SP activity alone can induce abnormalities that
parallel those in AD, providing a mechanistic basis for the
global reduction in extracellular lipids and further decline in
ceramide levels that occur in AD. %13

It has also been shown that inhibition of SP activity by
topical SP inhibitors (SPIs) accelerates barrier recovery after
acute abrogation owing to enhanced LB secretion, another way
in which SP influence skin barrier formation and function. '

The most compelling case for the role of excess SP
activity in the pathogenesis of AD comes from Netherton
syndrome, an autosomal recessive disorder caused by loss-
of-function mutations in SPINK35, the gene encoding the SP
inhibitor, lymphoepithelial Kazal-type trypsin inhibitor
(LEKTTI).'* This syndrome is characterized by severe AD,
mucosal atopy, and anaphylactic reactions to food antigens.
Residual LEKTI expression in Netherton syndrome corre-
lates inversely with excess SP activity within the outer
epidermis, resulting in a severe permeability barrier defect
and dramatic thinning of the SC owing to unrestricted, SP-
dependent degradation of lipid-processing enzymes and
corneodesmosome constituent proteins, respectively. '

Identification of mutations in the SPINKS5 gene as the
cause of Netherton syndrome led to the screening of this
gene for polymorphism in patients with atopic eczema.
Although patients with Netherton syndrome carry mutations
in the SPINK5 gene on both alleles, AD patients, who share
common features with Netherton syndrome, show coding
polymorphisms in SPINKS5, which are expected to affect
the functionality of LEKTI domains.

Although the association between mutations in the SPNK5
gene with AD is much weaker than in the case of FLG
mutations, several groups have been able to confirm an
association between those mutations with AD, %20 whereas
others could not,'%2! but could instead demonstrate an
association between SPINKS5 and raised IgE serum levels. '°

The inconsistent results in the link between mutations in
genes encoding SP and SP inhibitors are because the currently
identified mutations in these genes do not determine subsets
of AD patients and that there are other yet unidentified
mutations. Furthermore, it has been suggested that the level of
protease activity at the SC is an important indicator of milder
forms of barrier disruption unrelated to AD, including
sensitive skin. Consequently, the control populations used
in previously cited studies might have had other conditions
associated with high SP levels, thereby minimizing the
differences between AD patient and control groups.

Finally, there are several other studies demonstrating an
increase in SP?? and a decrease in LEKTI?*-2° in patients
with AD.

Basis for inflammation in atopic dermatitis

FLG deficiency is associated with decreased downstream
production of substrates for proteolytic processing and
further deimination into polycarboxylic acids, such as
pyrrolidine carboxylic acid and trans-urocanic acid (UCA),
the inevitable consequence of which is an increase in the SC’s
pH.2%27 The increased pH results in activation of multiple SP
in the SC, which all exhibit neutral-to-alkaline pH optima.
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One important downstream consequence of increased SP
activity is the generation of IL-1a and IL-1p3 by proteolytic
cleavage of the 31-kDa IL-1 precursor into the 17-kDa mature
bioactive form.?® Thus, the increase in SP activity (induced
by the increase in pH and other mechanisms) could generate
17-kDa active forms of these cytokines, which are considered
the first step in the cytokine cascade leading to inflammation
in AD.?°

As convincing as this hypothesis seems at first glance,
there are still some uncertainties that need to be addressed.
First, the role of the filaggrin-histidine-urocanic acid pathway
in SC acidification has not yet been established. 33! Second,
although IV shows the same defect in FLG, inflammation is
not a hallmark of that disease.

Another cause for inflammation is sustained antigen
ingress through a defective barrier, leading to a Th2-dominant
infiltrate and activation of SP by mite antigen with further
damage to the barrier. 3?33

Antimicrobial barrier dysfunction

Similar to permeability barrier dysfunction, the antimi-
crobial barrier is compromised in AD, leading to bacterial
colonization, which can act as antigens and/or super-antigens
that augment/trigger antibody production.??** The best
characterized of all the infectious causes found to affect
patients with AD is Staphylococcus aureus. Approximately
90% of patients with AD are colonized with S aureus,
whereas only 5% to 30% are colonized in a control or
nonatopic population. In addition to higher colonization rates,
up to 50% to 60% of the S aureus found on patients with AD
are toxin producing. Once present on the skin, S aureus can
mediate multiple inflammatory cascades. For example,
staphylococcal toxins can activate T cells in a superantigen-
driven fashion and induce IgE-specific responses. In fact, the
levels of these specific IgE levels have been shown to
correspond with disease severity. Additionally, bacterial
superantigens can induce a state of glucocorticoid resis-
tance,2%-* and most studies have demonstrated that anti-
staphylococcal treatments reduce disease severity, although a
recent updated Cochrane review failed to find any evidence
for a beneficial role of anti-staphylococcal treatments in
people with AD.3> In conclusion, it is clear that S aureus is
able to induce both nonspecific and specific inflammation in
subjects with AD, including that associated with an
immediate hypersensitivity reaction. These effects might,
however, help initiate and potentiate the disease and might
even modify responsiveness to frequently prescribed thera-
peutic agents (eg, steroids). 2”34

It has long been suggested that AD patients may have a
constitutional defect of the skin that increases the avidity of S
aureus for atopic skin. It was recently suggested that this
increase in S aureus could result from failure of the innate
immune defense system of atopic skin to restrict the growth
of the organisms. Naturally occurring antimicrobial peptides

(AMPs), a critical component of this innate immune system,
have been shown to provide mammalian skin with resistance
to bacterial infection.3¢ AMPs are produced and secreted by
the mammalian epithelium, and they constitute a primary
antimicrobial defense mechanism. Among the naturally
occurring AMPs secreted by the human epidermis, human
p-defensin-2 (HBD-2) and IL-37, a cathelicidin that is
packed in the LB, are major AMP with broad-spectrum
antimicrobial activities.37-38

The AMPs are normally produced by keratinocytes in
response to inflammatory stimuli, such as psoriasis or injury.
Ong et al° were the first to recognize that subjects with AD
had reduced HBD-2 epidermal immunoreactivity compared
with levels of subjects with psoriasis. Their finding was later
confirmed by several other studies, ?® but expression of AMP
at baseline was not different between the lesion-free skin of
atopic individuals and the normal skin of nonatopic
individuals. 404!

These and other experiments brought the researchers to
the conclusion that AMPs are deficient in the skin of AD
patients, and that they play a role in the propensity of patients
toward skin infection and colonization of S aureus, which
can act as a superantigen and thus initiate the disease.

The reduced expression of AMP is probably not a result of
a primary defect of the epidermis, but rather a result of the
inhibitory effects of the T2 cytokines (IL-4 and IL-13)3° and
the immunomodulatory cytokine IL-10 on keratinocytes. *?

Because AMPs are normally produced by keratinocytes in
response to inflammatory stimuli and are expressed only at
low levels under basal conditions, the importance of
epithelial integrity in the protection against pathogen assault
cannot be overemphasized.?® An intact SC deploys lipids
with substantial antimicrobial activity, corneocyte “bricks”
with their chemically resistant cornified cell envelopes, as
well as complex interdigitations with neighboring corneo-
cytes, forming a formidable physical barrier to pathogen
ingress. In addition, the low water content and highly acidic
surface pH (~5.0) of a nonoccluded (nonintertriginous) SC
creates a hostile milieu for common pathogens, such as S
aureus. At the same time, the acidic surface pH of a normal
SC provides ideal growth conditions for normal cutaneous
microflora, including both corynebacteriae and Micrococ-
ceae, such as Staphylococcus epidermidis. *°

Conclusions

Distinguishing the primary causes of allergic disorders
from secondary host responses is challenging because of the
multiplicity of factors that correlate with allergies. Two
views continue to compete with each other, the “inside-
outside” and the “outside-inside.”

In this review, we have focused on the role of the
epidermal barrier function in the pathophysiology of AD.
Specifically, we presented data in support of a barrier-
initiated pathogenesis of AD, ie, the “outside-inside” concept.
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In all fairness, despite very convincing evidence to support
the barrier-initiated pathogenesis of AD, the view that AD
reflects the downstream consequences of a primary immu-
nologic abnormality cannot be dismissed out of hand. Almost
every line of evidence in support of the role of the epidermal
barrier as the “driver” of the disease activity can be challenged
and at least partially contradicted by opposing evidence.

At the end of the day, however, although we cannot prove
unequivocally that disruption of the epidermal barrier is the
primary cause of AD, it is clear that this possibility must be
taken into account. Further research in that direction is
clearly warranted and highly recommended.

Until more data are available and until all the dust settles
around this issue, we should take advantage of what we
already know and use our knowledge for practical purposes.
Deployment of specific strategies to restore the barrier
function in AD means the use of moisturizers as first-line
therapy. We strongly suspect that it will not be long until
specific cytokines involved in barrier repair will enter the
therapeutic scene as well.
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