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Abstract

This three-part review presents
what is currently known about the
involvement and interdependency of
the epidermal barrier and immune
response in the etiopathogenesis of
atopic dermatitis. Part 1 of this
review depicted the role of filaggrin in
atopic dermatitis while this article,
Part 2, evaluates the role of serine
proteases and specific lipids in the
structural and functional integrity of
the stratum corneum and its multiple
barrier functions in atopic dermatitis.
Upregulation of serine protease
activity causes adverse structural
changes of the stratum corneum due
to degradation of certain stratum
corneum proteins that are integral to
epidermal structure and functions,

interference with the formation of the
stratum corneum intercellular lipid
membrane, which normally regulates
epidermal water flux and gradient,
and induction of a TH2 pattern of
inflammation, which is the hallmark
profile of atopic skin. Alteration in
lipid ratios and changes in lipid-
directed enzymes may play a role in
the impairment of barrier functions
that are associated with atopic
dermatitis. In Part 3, immune
dysregulation, including upregulation
of a TH2 inflammation pattern,
augmented allergic sensitization,
sustained wound healing
inflammation, and impaired innate
immunity are discussed. The roles of
the stratum corneum permeability
barrier, the immune defense barrier,

and antimicrobial barrier in AD
pathogenesis are explained in detail.
With this explanation, the
interdependence of the multitude of
polymorphisms and dysregulations
seen in AD skin will become clear.
The condensing of these impaired
and/or dysregulated functions and
how they interact should provide
further knowledge about the
pathogenic mechanisms that cause
atopic dermatitis, how they are
clinically relevant, and how they may
assist in developing more specific
therapies directed at the
pathogenesis of atopic dermatitis.

Introduction

Patients with atopic dermatitis
(AD) exhibit impairment of certain
stratum corneum (SC) barrier
functions and dysregulated immune
response. This review depicts our
understanding of the complex
interdependent role of both the
physical integrity of the SC, its barrier
functions, and the immune defense in
the pathogenesis in AD. Further
understanding of these complex
polymorphisms and dysfunctions of
the structure and function of the SC
barrier and the immune system in AD
will hopefully allow for a more
targeted approach for prevention and
treatment.

Stratum GCorneum Barrier Function
and Atopic Dermatitis

In Part 1 of this three-part review,
we discussed the role of filaggrin and
its breakdown products in the health
and function of the SC permeability
barrier and its role in the
pathogenesis of AD. It was concluded
that while filaggrin may play a
significant role in the pathogenesis of
AD, the structural and functional
defects of the filaggrin alone are
insufficient to induce or account for
all of the abnormalities noted in AD.!
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Figure 1. The effects of increased serine protease activity on the stratum corneum'**,
*Beta-glucocerebrosidase and acidic sphingomyelinase activity decreased

Dsg 1=desmoglein 1; Dsg3=desmoglein 3; IL=Interleukin; KLK7=kallikrien-related peptidase 7;
LEKTI=lymphoepithelial Kazal-type trypsin inhibitor; PAR-2=protease activator type 2 receptor;
perc abs=percutaneous absorption; SC=stratum corneum; SP=serine protease; SPINK 5=serine
peptidase inhibitor Kazal-type 5; TEWL=transepidermal water loss

Dysregulation of several other known
abnormalities of the SC barrier also
appears to play a major integral role
in disruption of the epidermal barrier
resulting in mechanisms that are
operative in the pathophysiology of
AD. These other abnormalities of the
SC barrier include increased serine
protease activity' and decreased
ceramide fractions and total SC lipid
levels.??

Serine Proteases and the SC Barrier
in Atopic Dermatitis

Serine proteases (SPs) or serine
endopeptidases are enzymes that
structurally contain the amino acid
serine in the active site of the
enzyme, and functionally cut peptide
bonds in proteins. The function of
SPs is often to convert an inactive
peptide with a longer chain into an
active peptide form that can then
induce specific physiological
activities. SPs are an important part
of normal skin function, and
alterations in SP enzyme activities
can lead to abnormalities in the SC.*?

In AD, SP activity is increased.'
The increase in SP activity in AD may
be attributable to changes in skin pH
or genetic polymorphisms in the SP
enzyme or one of its inhibitors. The
pH of skin has a significant impact on
SP activity because SP enzymes
function optimally in the neutral to
alkaline range.*® Therefore, as the pH
of AD skin increases, SP activity
increases as well.

There are two specific genetic
polymorphisms that result in
increased SP activity in AD patients:
gain of function mutations in the SP
gene KLK7 and loss of function
mutations of the SP inhibitor gene
SPINK 5. KLLK7 is a gene that
encodes the SP enzyme, kallikrein-
related peptidase. Gain of function
polymorphisms of the KLK7 gene
render an SP enzyme, which is
resistant to inhibition, hence
increasing the activity of SPs in AD.
Loss of function polymorphisms of
the SPINK5 gene render its protein
product LEKT1 (Iymphoepithelial
Kazal-type trypsin inhibitor)

ineffective at inhibiting SP activity in
AD. Therefore, mutations in the SP
inhibitor LEKTI results in unopposed
and increased SP enzymatic activity
in AD.**

No matter the cause, increased SP
activity induces adverse effects on
some SC barrier functions because it
leads to destruction of some proteins
that are crucial to SC integrity,
interferes with the construction of
the intercellular lipid membrane, and
increases TH2 inflammation.
Increased SP activity decreases SC
integrity by accelerating the
degradation of corneodesmosomes
via the degradation of desmoglein-1.
The decreased SC integrity is
evidenced by a measureable increase
in TEWL and percutaneous
absorption.’ Increased SP activities
interfere with the construction of the
intercellular lipid membrane by
decreasing the total SC lipid content.
SC lipid content is decreased
secondary to the increased signaling
of the protease activator type 2
receptor (PAR-2) and the
degradation of two essential lipid
processing enzymes beta-
glucocerebrosidase and acidic
sphingomyelinase. These lipid-
processing enzymes downregulate
the lamellar body secretion and the
processing of the building blocks of
the intercellular lipid membrane,
respectively.'**”® Finally, increased SP
activity increases TH2 inflammation
by generating the cytokines IL-1
alpha and beta from their preforms,
which stimulate the secretion of 1L-4.
The increase in TH2 inflammation
and the secretion of IL-4 affects the
SC barrier by decreasing ceramide
synthesis, loricrin synthesis (a
cornified envelope protein), filaggrin
synthesis, and desmoglein-3
expression.! Figure 1 summarizes the
relationship between SP activity and
the SC barrier compromise in AD.
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Lipids and Stratum Corneum
Function in Atopic Dermatitis

Lipids are an important component
of the SC barrier. Many types of lipids
must be produced, processed, and
assembled to form the intercellular
lipid membrane (the “mortar”) of the
SC. The functions of the intercellular
lipid membrane are to maintain SC
cohesion/integrity, modulate
epidermal water flux (inhibit the
outward flux while allowing the
inward flux of vital substances), and
act as a barrier to infection.’

Glycosylceramides, sphingomyelin,
and phospholipids are precursor
lipids that are stored in lamellar
bodies in the granular layer of the SC.
Glycosylceramides, sphingomyelin,
and phospholipids are converted by
specific hydrolytic enzymes to
ceramides 1-7, ceramides 2 and 5,
and free fatty acids, respectively.’
Collectively, these hydrophobic lipids
make up the intercellular lipid
membrane along with cholesterol,
cholesterol sulfate, cholesterol esters,
and nonpolar lipids.>*!° Ceramides are
the main component of the lipid
bilayer of the SC and they comprise
approximately 50 percent of SC lipid
content by weight. Cholesterol and its
derivatives and free fatty acids
account for 25 percent and 10 to 20
percent of SC lipid content by weight,
respectively."

In AD, there is reduced total lipid
and ceramide content, alterations in
subfractions of ceramides, an overall
change in lipid composition in the
intercellular lipid membrane, and
possible altered activity of lipid-
modulating enzymes involved in the
production and processing of
physiological SC lipids that are
integral to SC structure and function,
especially the permeability
barrier.251%'*1* The major deficient
lipid subclass in AD compared to
healthy controls is ceramides.?!%#1> A

decrease in SC ceramides has been
shown in uninvolved plantar skin of
patients with AD versus controls and
in lesional and nonlesional forearm
skin in AD patients.*'*"® Among the
ceramide subfractions, the greatest
decrease in AD subjects has been
noted with ceramide 1 (Cer-1) in
both lesional and nonlesional skin;
however, Cer-2 through Cer-6 were
also markedly reduced in both
lesional and nonlesional skin.*'**'* [n
subjects with AD, a reduction in Cer-1
and in total ceramide content was
also found in the SC of clinically
xerotic skin that was otherwise
devoid of clinical signs of eczematous
dermatitis.*'® Correlation of SC
ceramide content with SC
permeability barrier function in
subjects with AD demonstrated a
marked decrease in the amounts of
Cer-1 and Cer-3, with an increase in
TEWL correlating significantly with
the reduction in Cer-3."*'" Studies
completed with different inhibitors of
ceramide synthesis demonstrate the
necessity of ceramides for normal
(physiological) SC barrier function.
Ultimately, the changes in SC lipid
fractions observed in AD, as
described above, lead to alteration of
the relative ratio of SC lipids. The
resultant effect in patients with AD is
a fundamental disturbance in the
balance of SC lipid composition in
both lesional and nonlesional skin and
disturbance in the SC barrier.”® The
clinical correlation of these
observations is that even when the
skin of a patient with atopic
dermatitis looks normal clinically,
there are innate SC abnormalities
that are always present that impair
SC barrier functions, especially the
permeability barrier, predisposing to
greater baseline TEWL and a lower
threshold for initiation of cutaneous
inflammation.>*1®

To explain the SC ceramide

abnormalities noted in AD, it has
been hypothesized that abnormalities
in the lipid-processing enzymes,
alterations in skin pH resulting in
increased SP activity, and/or a stress-
induced increase in glucocorticoids
may all play a pathophysiological role.

In normal skin, SC ceramide
production and degradation involves
four major lipid enzymes that operate
in balance to produce an end result of
proper ceramide types and quantities
for normal SC integrity and function.
These four enzymes are beta-
glucocerebrosidase,
sphingomyelinase, ceramidase, and
serine palmitoyl transferase.?? Studies
designed to quantify individual
enzyme activity levels have been
conflicting. Hachem et al* has
demonstrated decreased activity of
beta-glucocerebrosidase and acidic
sphingomyelinase in alkaline pH
environments as well as the potential
degradation of beta-
glucocerebrosidase and acidic
sphingomyelinase activity as a result
of an alkaline pH-induced sustained
serine protease (SP) activity in
hairless mice models.* Given the fact
that AD patients have alkaline skin,
increased SP activity, and decreased
ceramide content, a degradation of
lipid enzymes has been assumed. In
addition, prosaposin, a sphingolipid
activator protein, which promotes the
enzymatic hydrolysis of sphingolipids
such as glucosylceramides and
sphingomyelin into ceramides and
other “building blocks” of the
intercellular lipid membrane, has
been shown to be decreased in the
epidermis of AD subjects.*" Cui et al®
evaluated expression of prosaposin in
normal versus AD skin and found that
the amount of prosaposin was 66
percent lower in AD skin than in
normal control skin.® It is thought
that deficiencies in prosaposin may
be associated specifically with
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Figure 2. The effects of decreased ceramides/total lipid content on the stratum

corneum’'=>1

*Increased SMD activity elevates sphingomyelin hydrolysis thus circumventing
ceramide production. SMD may promote the release of free fatty acids and

sphingosylphosphorylcholine

**Decreased prosaposin leads to decreased beta-glucocerebrosidase and
sphingomyelinase enzyme activity resulting in decreased ceramide production
***Increased Sp activity decreases glucocerebrosidase and acidic sphingomyelinase
enzyme activity secondary to Sp-mediated degradation of these enzymes

****Secondary to decreased sphingosine

FFA=free fatty acids; IL=interleukin; SC=stratum corneum; SMD=sphingomyelin deacylase enzyme
(glucosylceramide/sphingomyelin deacylase); PAR-2=protease activator type 2 receptor; perc
abs=percutaneous absorption; TEWL=transepidermal water loss

diminished activation of beta-
glucoscerebrosidase and acid
sphingomyelinase and decreased
ceramide production in AD.** Yet,
despite the above evidence
supporting abnormal lipid processing
enzyme activity in AD, Jin et al*
report that the activity levels of beta-
glucocerebrosidase and
sphingomyelinase were essentially
normal in the skin of AD patients.
This suggests that these enzymatic
activities may not play a significant
role in the lipid alterations seen in
AD.” Further experimentation is
required to solidify the roles of beta-
glucocerebrosidase and acidic
sphingomyelinase in AD.

Higuchi et al* discovered an
enzyme involved in sphingomyelin
hydrolysis, sphingomyelin deacylase
(SMD), which may contribute to the

decreased SC ceramide content seen
in AD.2 Sphingomyelin in healthy skin
can be metabolized in different ways.
Two known pathways of
sphingomyelin metabolism include
acid and alkaline sphingomyelinase
metabolism of sphingomyelin into
different ceramide species or SMD
hydrolysis of sphingomyelin at the
acyl site to yield
sphingosylphosphorylcholine and free
fatty acids. Increased SMD activity
has the potential to circumvent
ceramide production, which results in
decreased skin ceramide levels in the
SC. Higuchi et al** confirmed this
suspicion by demonstrating an
abnormally increased expression of a
SMD enzyme, in both lesional and
nonlesional AD skin.>* An eight-fold
increase of SMD activity in lesional
skin and a five-fold increase in SMD

activity in nonlesional skin, have been
documented.?** The discovery of
abnormal expression and increased
activity of SMD in AD suggests that a
decrease in SC ceramide content and
barrier impairment may be partially
related to altered and accelerated
sphingomyelin metabolism."**

In addition to the potential for SPs
to affect lipid processing enzymes as
described, the increased activity of
SPs may also affect ceramide
synthesis in two other ways. Increased
SP activity increases PAR-2 signaling,
which downregulates lamellar body
secretion which deposits ceramide
precursors into the intercellular space
the SC and entombs these organelles
within corneocytes. Failure of lamellar
body secretion contributes to the
overall decrease in SC lipids in AD.2
Secondly, SP activity increases the
generation of interleukin-lalpha (IL-
lalpha) and IL-1beta whose proforms
are stored in the cytosol of
corneocytes. The generation of the
active forms of these cytokines
induces an inflammatory cascade in
AD, which exhibits a TH2 cytokine
and inflammatory cellular pattern. The
TH2 inflammatory response is
associated with increased secretion of
IL-4, which leads to reduction in the
synthesis of decreased ceramides,
loricrin, filaggrin, and desmoglein-3.?
In a nutshell, the THZ inflammatory
pattern characteristic of AD correlates
with impairment of both the integrity
and several functions of the SC
barrier.

Increased and sustained
psychological stress is very common
in patients with AD. Stress is a well-
known trigger for AD and can
contribute adversely to exacerbation
and response to therapy. There are
data supporting the hypothesis that
psychological stress in AD can lead to
physical manifestations.” In AD, it has
been shown that psychological stress
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can decrease barrier function by
increasing systemic levels of
glucocorticoids, which has an
inhibitory effect on the synthesis of
three key epidermal lipids namely,
ceramides, cholesterol, and free fatty
acids, and stress has been shown to
enhance skin sensitivity and SC
permeability barrier function.? Figure
2 summarizes the enzymatic
alterations and physicochemical
properties of the skin in AD, which
lead to variations in ceramides and
total lipid content in the SC.

Gonclusion

The “epidermal barrier” describes a
collection of diverse functions, the
majority of which occur within the SC,
and include modulation of
permeability and water balance,
antimicrobial defense, immunological
response, antioxidant reserve, and
inherent photoprotection. In AD,
innate impairments of the structural
and functional integrity of the SC,
such as decreased filaggrin, increased
SP activity, and altered lipid ratios,
predispose the patient to exacerbation
of xerotic and eczematous skin
changes. However, any of the
mentioned epidermal dysfunctions
alone are not solely responsible for
the cascade of epidermal changes or
the clinical manifestations of AD.
Many of these structural and
functional SC barrier abnormalities
have been shown to exist both during
and in between AD flares. However
the net effects of a combination of
these epidermal impairments are a
reduced ability of the SC in atopic
skin to self repair when challenged by
exogenous insults, leading to
prolonged signaling of inflammatory
cascades. These cascades are initially
set into motion for reparative changes,
but instead lead to further impairment
of skin functions and exacerbation of
AD as they continue unchecked and

amplify abnormalities with the skin
that eventually become visible
(xerosis, eczematous dermatitis,
hyperkeratosis). In Part 3, the role of
the inflammatory responses in the
pathogenesis of AD will be discussed
along with the relationship between
structural and functional epidermal
barrier dysfunctions and the
inflammatory responses in AD.
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