REviEw

v

Skin barrier in atopic dermatitis: beyond filaggrin®
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Abstract: Atopic dermatitis is a chronic inflammatory skin disease with a complex pathogenesis, where changes in skin
barrier and imbalance of the immune system are relevant factors. The skin forms a mechanic and immune barrier, regulating
water loss from the internal to the external environment, and protecting the individual from external aggressions, such as
microorganisms, ultraviolet radiation and physical trauma. Main components of the skin barrier are located in the outer layers
of the epidermis (such as filaggrin), the proteins that form the tight junction (TJ) and components of the innate immune system.
Recent data involving skin barrier reveal new information regarding its structure and its role in the mechanic-immunological
defense; atopic dermatitis (AD) is an example of a disease related to dysfunctions associated with this complex.
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INTRODUCTION

Atopic dermatitis (AD) is a highly prevalent dermatosis in
the population, especially in children. It has a chronic, inflammatory
and pruriginous nature and progresses with periods of exacerba-
tion. Its increasing prevalence in recent decad ranges from 10% to
20% in children and reaches 3% in adults. 2 AD can be associated
with other manifestations of atopic disease such as asthma and rhi-
nitis, which occur more frequently in patients with recalcitrant AD.!

For many years, the altered immune response in AD has
been considered the main mechanism for inflammation and chang-
es in skin permeability (inside-ouside theory). However, the out-
side-inside theory was then conceived, and the skin barrier defects
in AD proved to exert a key role in the pathogenesis of AD.*>*

This review aims to focus on dysfunction of proteins of the
skin barrier (filaggrin and claudins 1 and 4) and of components of
the innate immune system (pattern recognition receptors, secretory
elements, predominant cells of the innate immune system and skin
microbiota) in AD patients, which contribute to the constant AD
phenotype of xerosis, inflammation and susceptibility to infections.
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SKIN BARRIER

Protection and defense are the main functions of the skin.
Regulation of the transepidermal water loss (TEWL), defense
against the action of external physico-chemical agents and aggres-
sion of microorganisms are part of the skin barrier. The stratum cor-
neum (SC) is the main component of such barrier, and is based on
the “brick and mortar” structure. Its filmogenic feature is due to the
association of SC with surface lipids.®

Filaggrin and proteins of the tight junctions (T]Js) have been
the most studied components of the skin barrier. Filaggrin, after
hydrolyzed, contributes to the formation of relevant components
for pH maintenance, moisture and skin protection against microbi-
al agents. T] protein with active expression, on the other hand, are
important to control the selective permeability of the epidermis to
build the barrier against the external environment, therefore pro-
moting recognition of the cell “territory”.®

Skin barrier proteins with functional relevance
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Filaggrin

Filaggrin is a protein originated from pro-filaggrin, pro-
duced by keratinocytes. It is the main component of keratohyalin
granules, visualized by light microscopy within the granular layer.
Conversion of pro-filaggrin into filaggrin, both intracellular pro-
teins, occurs through dephosphorylation and proteolysis by serine
proteases, releasing multiple active monomers of filaggrin.” With
the decrease of the water gradient in the outer layers of the epi-
dermis, filaggrin hydrolysis occurs in hygroscopic amino acids.®®
Factors such as age, ultraviolet B radiation, relative humidity and
hypoxia affect this process.'* ™

Hygroscopic amino acids, especially arginine, glutamine and
histidine are detected within the intercellular space.’® They generate
the natural moisturizing factors (NMF), responsible for the mainte-
nance of SC and pH hydration for the production of urocanic acid
(UCA) in its cis and trans forms, as well as 5- pyrrolidone carboxylic
acid (PCA).1> 1213 Furthermore, these two byproducts filaggrin have
inhibitory effects on the Staphylococcus aureus (S. aureus) growth.*

Changes in barrier proteins, such as decreased expression of
filaggrin in the skin, and mutations with loss of function in filaggrin
gene (FLG), such as those found in ichthyosis vulgaris, have been
described in AD.'* ' These mutations lead to increased risk of early
onset of the disease, respiratory atopy, allergies, elevated IgE serum
levels and persistence of AD in adulthood.’ Moreover, there is a
significant relationship between AD with FLG mutation and peanut
allergy mediated by IgE, indicating an increased skin permeability
and consequent enhanced exposure to allergens.”

Interleukins (IL) 4 and 13, detected in AD lesions, also lead
to decreased expression of filaggrin in keratinocytes.!® The family
of IL-1 has relevant pro-inflammatory features, such as IL-1a, sug-
gesting that the onset of inflammation may occur due to changes in
the skin barrier. Morevoer, there are reports of decrease of NMF in
the SC of individuals with AD and mutations in the FLG gene, with
increase of IL-1 family cytokines in non-inflammed skin.”

Therefore, patients with AD and deficiency in FLG expres-
sion have decreased SC hydration, increased TEWL, and higher pH
than non-atopic individuals, with an augmented risk of developing
allergies, asthma and rhinitis.*® Changes in the skin barrier due to
filaggrin deficiency may also lead to inflammation, and reduced
protein expression in keratinocytes (Chart 1).

Tight junctions

TJ are formed by a complex of transmembrane and intra-
cellular proteins found in simple and stratified mammalian epithe-
lia. In normal skin, they are detected in the granular layer, and its
expression rapidly increases after injury. They are essential for cell
differentiation and keratinization of epidermal cells.® In skin diseas-
es with altered keratinization, such as psoriasis and ichthyosis vul-
garis, they are present even in the deeper layers of the epidermis.”!

TJ play an important role in epidermal selective permeabil-
ity, controlling intercellular flow of substances such as hormones,
cytokines and electrolytes, functioning as “gates”. This permeability
depends directly on the size and ionic specificity of the molecule. In
addition to the intercellular permeability function, these structures
also act as markers of the cell “territory”.?
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The intracellular portion of TJ binds to cytoskeletal plasma
proteins, while the extracellular portion forms a “loop” in the inter-
cellular space, connecting with the adjacent cell loop. T] are formed by
occludin, claudin, zonula occludens 1 (ZO1) and 2 (ZO2), junctional
adhesion molecule-1 (JAM1) and the multi-PDZ-1 protein (MUPP1).%

In 2002, Tsukita and Furuse showed that claudin 1 deficien-
cy in mice led to high TEWL and liver abnormalities, culminating
with death.?? These animals showed no structural abnormalitie,
but significant loss of function of the skin barrier. A similar clinical
condition of claudin 1 deficiency was described in human neonates
(ichthyosis-sclerosis-cholangitis syndrome).*

TJ proteins also play an important role in the invasion of
some viruses (e.g.: herpes simplex) and bacteria. Some of these or-
ganisms use claudin 1 as receptors; others modulate the structure of
TJ, inserting effectors, activating signals or even directly connecting
to them, resulting in their partial break.” * Its expression rapidly
increases via activation of toll-like receptor 2 (TLR2).”

The lesional skin of atopic patients contains significant de-
creased claudin 1 expression, but no claudin 4 reduction, when com-
pared to the skin of non-atopic individuals (Figure 1).%%° Reduced
claudin 1 appears to be related to increased risk of infection by herpes
virus type 1 (HSV1) in individuals with AD.” There is also an inverse
relation between the expression of claudin 1 and the presence of the
immune response markers Th2, suggesting that this protein affects
the immune response to potential environmental allergens (Chart 2).

Innate immune system

The innate immune system represents the initial and
non-specific response of the human body to external aggressions.
This response does not derive or result from target-oriented im-
mune memory, but has an essential role in protecting the individual
against potential pathogens. An intact skin barrier is needed, with
proper maintenance of its cycle, pH and microbiota. Other com-
ponenents of such defense system includes secretory elements, cell
receptors, such as pattern recognition receptors (PRR), immune cells
and the skin microbiota (Figure 2).

PATTERN RECOGNITION RECEPTORS (PRR)

The arsenal of PRR comprises members of the toll-like re-
ceptors (TLR), nucleotide-binding oligomerization domain-contain-
ing protein (NOD-like receptors or NLR), retinoic acid-inducible
gene, C-type lectin receptors (CLR) and PGLYRPs (peptidoglycan
recognition proteins).*-32

CHART 1: Key topics on filaggrin

ATOPIC DERMATITIS AND FILAGGRIN:
* Filaggrin gene (FLG) mutation
* Decreased filaggrin expression:
* higher risk of early onset of the disease
* persistence of atopic dermatitis in adulthood
* increased risk of allergies by percutaneous sensitiza-
tion
* association with high serum levels of IgE and other
manifestations of atopy
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TLR family

TLRs are well-known transmembrane proteins that play
as innate receptors. In humans, TLR1-10 have been described and
they have the ability to recognize pathogen-associated molecular
patterns (PAMPs). TLR1, 2, 4-6,10 are in charge of such recognition
on the cell surface, whereas TLR3, 7-9 are found in the endosomes.®
They also recognize endogenous ligands in response to tissue dam-
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Adapted from Batista, etal. 2015.%

age, contributing to the maintenance of skin barrier. * TLRs are
usually expressed both by innate immune cells, such as DC, NK
and macrophages, as well as adaptive immune cells, including T
and B cells. Activation of TLR triggers the release of proinflamma-
tory cytokines, therefore modulating the immune response against
pathogens. %
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CHART 2: Key topics on tight junctions

ATOPIC DERMATITIS AND TIGHT JUNCTIONS:
* Decreased expression on the skin without injury
* Favors infection by herpes-virus type 1 and other
viral skin infections
* Increased paracellular permeability
* Increased risk of allergy to large molecules

* Proteins with active expression:
* Increase with activation via Toll-like receptor 2
* Decrease with increased Th2 citokynes
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FIGURE 2: Main components of innate immune system in epidermis
and their role in atopic dermatitis (AD). Defects in Toll-like receptor
2 contribute to increased colonization and infection by S. aureus.
Decreased AD expression of AMP (catelicidin-LL37 and p-defensin)
also favors skin infections. Reduced plasmacytoid dendritic cells in
skin injured areas by AD, facilitating certain viral skin infections.
Reduced NK cells in AD. S. epidermidis increase the expression of
human f-defensin by human keratinocytes through TLR2 signal-
ing pathway. IDEC are increased in AD skin lesion. NOD1 changes
are associated with elevated IgE levels in AD individuals. Chang-
es in expression of NLRP1 gene were associated to AD severity
& Staphylococcus aureus (S. aureus), ® Staphylococcus epidermidis (S.
epidermidis), © other bacteria, © staphylococcal enterotox-
in, @virus, 0 Toll-like receptors (TLR), ¥ nucleotide-binding oligomer-
ization domain-containing protein (NOD) & NOD-like receptor protein
(NLRP) + B-defensinal, + HBD-2,3 e LL37, # inflammatory den-
dritic epidermal cells (IDEC), # plasmacytoid DC (pDC).

TLR2 is the receptor that recognizes a broad spectrum
of PAMPs, including lipopeptides from Gram-positive bacteria,
among others.® There are reports on genetic variants of TLRs that
are associated with AD; however, there is emphasis on TLR2, which
is capable of recognizing products of the cell wall of S. aureus.
AD individuals are more colonized and infected by S. aureus than
non-atopic groups, suggesting that mutations of TLR2 may facilitate
such susceptibility.3

NLR family

The NLR (NOD like receptors) family has three distinct
subfamilies: the NODs (nucleotide-binding oligomerization do-
main-containing protein), NLRPs (NOD-like receptor protein) and
IPAF (ice protease-activating factor).’
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NOD receptors are intracellular receptors that respond to
a diversity of microbial products.® NOD1 (also known as CARD4
- caspase activation and recruitment domain 4), selectively respond
to Gram-negative bacteria, and NOD2 recognizes a fragment com-
mon to all bacteria. NOD1 changes are associated with elevated IgE
levels in AD individuals, and are important indicative factors of ato-
py susceptibility.* NOD2 mutations that might result in inappropri-
ate immunomodulation, are not only associated with autoimmune
diseases but also with AD.*

NRLPs respond to a large variety of ligands, such as DAMPs
(damage-associated molecular patterns), ATP and urate crystals,
and exogenous agents, such as asbestos and silica. These receptors
form a multiprotein complex, named inflammasome, which leads
to the production of IL-1f and IL-18 by activation of caspase 1.7 4
There are four main subclasses of inflammasomes: NRLP3, NLRP1,
IPAF (also known as NLRC4-NLR Family, CARD Domain Contain-
ing 4) and AIM2 (absent in melanoma 2).%

Changes in expression of NLRP1 gene were associated to
AD severity.*? Impaired NLRP3 expression may partially explain
how skin colonization and infection with S. aureus can contribute to
chronic skin inflammation in AD.* Increased epidermal expression
of IL-1P cytokine has been observed in AD patients presenting FLG
mutations.” It was demonstrated enhanced levels of IL-18 both in
sera and culture supernatants under staphylococcal enterotoxin A
stimuli in AD patients.*

CLR family

C-Type Lectin Receptors (CLRs) contain C-type lectin-do-
mains, therefore recognizing sugars present in microorganisms.
KACL (keratinocyte-associated C-type lectin), expressed by human
keratinocytes, is highlighted in this group. It triggers cytolytic ac-
tivity of Natural killer (NK) cells and cytokine secretion; despite
changes in the expression and function of this receptor have not
been described in AD, atopic patients exhibit defective cytotoxicity
of NK cells.*

Antimicrobial peptides (AMP)

AMPs play an important role in the skin innate immu-
nity acting as endogenous antibiotics. Cathelicidin (LL37) and
B-defensin family are the main AMPs, but other keratinocyte prod-
ucts are also recognized for their anti-microbial functions, such as
ribonuclease (RNase), 5100 family, dermcidin and regenerating is-
let-derived (REG3a).*

While human f-defensin 1 (HDB1) is expressed by normal
human keratinocytes, dermal inflammation induces expression of
HBD2, HBD3 and LL37. AD skin lesions have is significantly lower
levels of AMPs than psoriatic lesions. Reduced expression and se-
cretion of AMPs may contribute to increased susceptibility to skin
infections by viruses, bacteria and fungi in AD patients (Chart 3).*

Dendritic cells (DC)

DC belong to the family of antigen-presenting cells, and are
known as sentinels of the immune system, recognizing and present-
ing antigens, leading to T cell activation.*”-* They lack other markers
of leukocyte lineages (CD3, 14, 16, 19, 20, and 56), and express high
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CHART 3: Key topics on the innate immune system (part 1)

Atopic dermatits and innate immune system
* Changes in pathogen recognition receptors
* Defects in Toll-like receptor 2 contribute to increased
colonization and infection by S. aureus

* Anti-mycobians peptides (AMPs)
* Main AMPs: catelicidin (LL37) and B-defensin
* Decreased AD expression. Favors skin infections

levels of MHC class II (HLA-DR) molecules.* A DC lineage-specific
marker has not yet been identified, and the subsets of DC in humans
and mice are therefore currently defined by lineage ~MHC II* cells,
in combination with various cell surface markers.*

There are two major human DC subsets: CD11c* myeloid
DC (mDC) and CD123* plasmacytoid DC (pDC); mDC are efficient
in the uptake, processing, and presentation of foreign antigens, and
under Toll-like receptor (TLR) stimulation, induce secretion of tu-
mor necrosis factor o (TNF-a) and proinflammatory cytokines, such
as IL-12. Conversely, pDC are less effective in these processes and
mainly known for their function in antiviral immunity.*® The pDC
are a critical source for the antiviral type I IFNs (IFNoa and IFNB),
and a reduction of these cells in AD skin, facilitate viral skin infec-
tions such as eczema herpeticum.® 5!

In AD, a single population of inflammatory DC is well de-
scribed, which belongs to mDC group. They were initially named
inflammatory dendritic epidermal cells (IDEC) based on flow cy-
tometry analysis of cells from epidermal suspensions **. IDEC
were defined by the following: HLA-DR*LIN-CD11c*CD1a* and
co-express CD206, CD36, FceRlI, IgE, CD1b/c, CD11b, among oth-
ers.® Yet, IDECs can be modulated by calcineurin inhibitors and
topical corticosteroids.’"

Natural killer cells (NK)

NK cells are capable of destroying cells infected by microor-
ganisms and tumor cells, without previous activation by reconizing
the lack of MHC-I espression on the surface of such cells. They re-
lease perforins and protease granzime, promoting target cell lysis,
and produce a large variety of cytokines, such as TNF-a, [FN-y, GM-
CSF, IL-5 and IL-8.5"% In AD, there is a reduced number of both and
in situ and circulating NK.*! In the affected AD tissue, NK cells are
in close contact with dendritic cells, indicating that NK cells in direct
contact with activated monocytes are ideal targets for apoptosis; this
would lead to reduced Th1 cytokine production, and enhanced Th2
immune response, favoring microbial infection.’® Cytokines derived
from the keratinocyte, such as TSLP (thymic stromal lymphopoie-
tin), activate NK cells and induce Th2-prone response.®

Regulatory T lymphocytes (Treg)

In patients with AD, circulating regulatory T cells (Treg)
(CD4*CD25'FoxP3* phenotype) are detected in greater numbers
and with unchanged immunosuppressive activity. These Tregs
seem to lose their immunosuppressive activity after stimulation
with superantigens, suggesting an increase of effector T cell activa-
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tion in such individuals.”! Furthermore, the innate immune system
produces cytokines inducers of T cells differentiation into Th2, Th17
and Th22.%0.61

Other cells of the innate immune system

The innate lymphoid cells (ILCs) group comprises NK cells
and ILCs non-NK cells (ILC1, ILC2 and ILC3). They are morpho-
logically very similar to lymphocytes, but lack expression of con-
ventional markers (non-T and non-B cells). They depend on the
common y chain of IL-2 receptor for their development, and on
ID2 transcription factor.® ILC2 has been found in gastrointestinal,
skin and lung tissue in humans. Epithelial cytokines IL-25, IL-3 and
TSLP, as well as leukotriene D4, activate ILC2 under specific condi-
tions. Studies in animal models of asthma and AD suggest a role of
ILC2 in inflammation (Chart 4).%

CHART 4: Key topics on the innate immune system (part 2)

Atopic dermatitis and innate immune system (2):
¢ Dendritic cells (DCs)
* Reduced plasmacytoid dendritic cells in skin injured
areas by AD, facilitating certain viral skin infections
* IDECs can be modulated by calcineurin inhibitors
and topical corticosteroids

* Natural killer cells (NK)
* Reduced NK cells in AD
* TSLP (thymic stromal lymphopoietin) activates NK
cells and induces Th2 cytokines secretion

* Regulatory T cells (Tregs)
* Increased circulating Treg
* Tregs lose their immunosuppressive activity with
superantigens of S. aureus

* Non-NK innate lymphoid cells (ILC)
* Inflammation-promoting role of ILC-2 in animal
models of asthma and AD

Skin Microbiome

There is a wide group of microorganisms that colonize the
skin; rather than passive inhabitants, they actively interact with
host cells and influence the innate immune response.® There is poor
bacterial diversity in active lesions of AD, with predominance of S.
aureus; once the patient reaches control, the bacterial milieu is then
at least partially recovered. Interestingly, the number of commensal
bacteria (Staphylococcus epidermidis) increases during exacerbations
of AD, suggesting a compensatory mechanism to control S. au-
reus.* S. epidermidis produces two AMP (phenol-soluble modulins
y and 9), which are selective for skin pathogens, such as S. aureus,
group A Streptococcus, and Escherichia coli, but do not combat S. epi-
dermidis.®® Furthermore, LTA released by S. epidermidis inhibits skin
inflammation during tissue damage, through a TLR2-dependent
mechanism.® Finally, small molecules secreted by S. epidermidis in-
crease the expression of human f-defensin by human keratinocytes



Skin barrier in atopic dermatitis: beyond filaggrin

through TLR2 signaling pathway. These findings evidence a poten-
tial inhibition of the skin microflora on survival of cutaneous patho-
gens, while promoting recovery of the normal skin microbiota.*?

The skin microbiota in patients with AD is altered by en-
dogenous factors, such as FLG mutation, or exogenous stimuli, such
as soaps, topical corticosteroids and antibiotics, leading to a modi-
fied/non-effective response of the host to allergens, pathogens and
tissue damage.®
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