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4.1 Introduction

Since the milestone publication by Palmer et al.
in 2006 [1], in which it was shown that mutations
in the filaggrin gene (FLG), which codes for filag-
grin “filament aggregating protein,” significantly
increase the risk of atopic dermatitis (AD), filag-
grin and barrier dysfunction have been the epicen-
ter of AD research and other skin diseases with
decreased skin barrier function. Filaggrin is impor-
tant for the aggregation of keratin filaments form-
ing the impenetrable keratin layer in the stratum
corneum of the epidermis and also for the hydra-
tion of the skin through the “natural moisturizing
factors” (NMFs) [2]. The decreased barrier func-
tion caused by the lack of filaggrin expression may
increase the risk of allergic sensitization and thus
offer a molecular background for the so-called
atopic march, in which patients suffering from
early childhood AD have a higher risk of develop-
ing asthma, rhinitis, and food allergies [3]. An
interesting fact is that 44-85.8 % of AD patients
do not carry an FLG mutation, but still all patients
have a decreased skin barrier function [4], and that
among patients carrying an FLG mutation, 40 %
never show any signs of decreased skin barrier
function [5].

These results indicate that regulatory mecha-
nisms other than null mutations in the FLG are
responsible for the decreased skin barrier function
in AD patients. Mutations in other genes involved
in the skin barrier function have been linked to the
development of AD such as SPINKS (LEKTI),
a serine protease inhibitor, which inhibits the
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kallikrein’s breakdown of the corneodesmosomes
[6] and very likely also filaggrin (KLKS) [7]. The
inflammatory reaction taking place in the skin can
modulate the expression of filaggrin on transcrip-
tional, translational, and posttranslational levels,
thus inducing a functional lack of filaggrin in the
absence of an FLG null mutation [8, 9]. In this
chapter, we will focus on the effect of inflamma-
tion on expression of filaggrin and the subsequent
effect on skin barrier functions.

4.2 Production and Regulation

of Filaggrin

Filaggrin has the property of aligning keratin
intermediary filaments into a tight matrix in the
keratinocytes in the upper layer of the epidermis
leading to a collapse of the intracellular structure
and the formation of the spindle-shaped and
tightly packed cells of the stratum corneum.
Filaggrin is thus one of the most important struc-
tural proteins in the establishment of an intact
skin barrier [10-12].

Filaggrin is produced as the pre-protein pro-
filaggrin containing 10-12 filaggrin repeats
flanked by a C- and N-terminal region [13, 14].
The N-terminal region may act as a Ca**-binding
region and play a role for the terminal keratino-
cyte denucleation, whereas the exact role of the
C-terminal region is unknown, although mice
lacking this region are unable to process pro-
filaggrin into filaggrin [15]. The gene for pro-
filaggrin, FLG, is located on chromosome 1q21
in the epidermal differentiation complex that also
contains other genes transcribed in the matura-
tion process of the keratinocyte [14].

The interest in filaggrin was spurred by the
finding that homozygous null mutations in the
FLG lead to varying degrees of ichthyosis vul-
garis [16] and that individuals heterozygous for
the mutation had a higher risk of AD [1]. Until
today, more than 40 different null mutations in
the FLG have been identified, but the frequency
of each mutation differs depending on the spe-
cific ancestral group [17].

The maturation process of pro-filaggrin is a
very complex multistep process, and only an

overview, aimed at describing possible points for
regulation by inflammation, will be given here.

The expression of the FLG could be under
control of the transcription factor AP-1 (fos and/
or jun) as AP-1 responsive elements have been
described in the promoter region of the FLG [18].
Furthermore, octl, oct6, and sknla/i bind in vitro
to two responsive elements in the promotor
region of the FLG [19]. Certain isoforms of p63
inhibit the transcription of FLG [20], and the
FLG promotor region also contains glucocorti-
coid- and retinoic acid-responsive elements that
suppress promotor activity [21].

Once pro-filaggrin is transcribed, it is heavily
phosphorylated to prevent premature degradation
to filaggrin [22]; however, when the keratino-
cytes reach the granular layer, filaggrin is dephos-
phorylated as one of the initial steps in the
formation of the keratin matrix. The next step
involves proteolytic cleavage of the pro-filaggrin
molecule, primarily in the C- and N-terminal
flanking regions, followed by cleavage of the
linker region between the filaggrin repeats. The
proteases involved in this process include
matriptase [23] and prostasin [24]. In prostasin
knockout mice, two- and three-domain filaggrin
intermediates accumulate in the stratum cor-
neum, but no filaggrin monomers, whereas pro-
filaggrin accumulates in the stratum corneum in
matriptase knockout mice [23-25]. LEKTI (Iym-
phoepithelial Kazal-type-related inhibitor) is a
serine protease inhibitor encoded by the SPINKS
gene. Mutations in this gene in humans are
responsible for “Netherton’s syndrome,” in which
the skin is very dry with abnormal maturation of
the keratinocytes and a defect in skin barrier [26].
Under normal circumstances LEKTT inhibits the
proteases that cleaves pro-filaggrin into filaggrin
monomers, and in SPINKS5 knockout mice, there
is premature pro-filaggrin cleavage, but whether
this is due to lack of inhibition of matriptase and
prostasin is unknown [27, 28]. In mice lacking
12R-lipooxygenase, which catalyze dioxygen-
ation of fatty acids, there is an aberrant pro-
filaggrin cleavage, although the background for
this is unclear [29].

The filaggrin monomers are broken down to
hygroscopic amino acids that constitute the
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NMFs by caspase 14 [2]. Knockout mice lacking
caspase 14 have dry skin and an increased sus-
ceptibility to ultraviolet (UV) B light. They do
cleave filaggrin, but still there is an abnormal
maturation of the skin and a decreased produc-
tion of NMFs [30].

From this short overview of the maturation of
pro-filaggrin into filaggrin, it is clear that there are
several steps apart from null mutations in which
the expression of filaggrin can be regulated.

Inflammation in the Skin
and the Effect of Cytokines

4.3

The inflammatory reactions in the skin seen in
inflammatory skin diseases are due to a complex
interaction between the cells of the immune sys-
tem, adaptive and innate; the keratinocytes; the
endothelial cells; and the connective tissue. An
offensive agent, such as bacteria, antigens, or
local tissue damage, induces a cascade of events
that attract the cells of the immune system such
as polymorphnuclear leukocytes and lympho-
cytes. These cells are activated and differentiated
in a manner specific for each inflammatory skin
disease [31]. In AD, the dominating lymphocytes
are of the Th, subtype; in psoriasis, they are Th,.
and in contact dermatitis, the lymphocytes are
CDS8+ rather than CD4+, although treatment may
alter this dramatically [32]. The dermal dendritic
cells also have a specific profile of surface recep-
tors and cytokine production profile depending
on the inflammatory skin disease [33]. The pro-
duction and expression of cytokines in inflamma-
tory skin diseases often take place in a specific
spatial and timely sequence for each disease [34].

All the cells in the skin produce inflammatory
mediators that attract inflammatory cells, and
among these mediators are the cytokines that are
small, biologically potent glycoproteins that regu-
late growth, migration, and differentiation of
cells. The cytokines may be subgrouped in differ-
ent, often overlapping, ways depending on func-
tion or molecular structure. The interleukins (ILs)
are the cytokines initially described as produced
by lymphocytes, monocytes, or macrophages, and
the chemokines are a subgroup of these, with a

highly conserved motif of cysteine residues in the
N-terminal. For example, IL-8, which was origi-
nally termed so because it was produced by mac-
rophages, was also found to have the structure of
a CXC-chemokine; therefore, in accordance with
the chemokine nomenclature subcommittee, it
was renamed CXCLS [35].

Other mediators of inflammation, besides the
cytokines, are vasoactive amines such as hista-
mine, 5-hydroxytryptamine, and serotonin; the
reactive oxygen intermediates and nitrogen
oxide; and the arachidonic acid products such as
leukotrienes, prostaglandins, and thromboxanes.

4.4 Inflammatory Cytokines
and Filaggrin Expression
4.4.1 Interleukin-4

and Interleukin-13

Patients suffering from AD have a decreased skin
barrier function, but this is not confined to the
group of patients carrying the FLG mutation. To
address this question, the filaggrin expression on
both mRNA and protein levels in the skin of 30
healthy patients was compared to the expression
of lesional as well as non-lesional skin in 39
patients suffering from AD. In addition, a sub-
group of patients was screened for the FLG null
mutations 2282del4 and R501X, and 2 of 25 of
the healthy controls had mutations, whereas 3 of
17 of the AD patients carried the 2282del4 muta-
tion. None of the patients carried the R501X
mutation. The results showed that filaggrin
expression was significantly decreased in lesional
as well as non-lesional skin of the AD patients
not carrying the FLG mutation compared to the
groups of healthy patients with or without FLG
null mutation. The filaggrin expression in the
skin of lesional AD in patients with FLG null
mutation was significantly lower than that of AD
patients without mutations. In the same study, it
was shown that the typical Th, cytokines IL-4
and IL-13, which are abundant in AD skin, could
decrease the expression of filaggrin in primary
keratinocyte cultures in which differentiation had
been induced by increased calcium concentrations
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[8, 36]. From these studies it was clear that
inflammation of the skin could induce a “func-
tional filaggrin defect” in the skin and, thereby, a
decreased skin barrier function.

Not only do IL-4 and IL-13 decrease filaggrin
expression; they also decrease the expression of
caspase 14 [9], which breaks down filaggrin to
NMFs and contributes to the integrity of the skin
barrier [2].

4.4.2 Interleukin-22 (IL-22)

IL-22 is a cytokine that was first described to be
produced by Thy; cells, but later as a cytokine
produced by a distinct subgroup of skin-homing
T lymphocytes expressing the skin-homing che-
mokine receptor profile CCR4, CCR6, and
CCR10, which do not express IL-17 [37]. This
subgroup of lymphocytes, known as Th,, lym-
phocytes, are found in inflammatory skin disor-
ders where they induce transcription of genes
related to the innate and adaptive immune path-
ways in keratinocytes [38]. Dermal dendritic
cells and Langerhans cells from the skin induce
IL-22 production in T lymphocytes stressing the
concept of the skin specificity of these cells [39].
Furthermore, exotoxins from Staphylococcus
aureus that colonize the skin, especially in AD,
induce IL-22 expression in CD4+ T lymphocytes
[40]. In HaCaT cells (an immortalized keratino-
cytic cell line) cultured with high calcium con-
centrations to induce filaggrin expression, IL-22
downregulates pro-filaggrin and filaggrin expres-
sion on both mRNA and protein level [41].

4.4.3 Interleukin-17A (IL-17A)

and Interleukin-17E (IL-17E)

Interleukin-17 is produced by Th,; lymphocytes
after stimulation with IL-23. IL-17 was primarily
associated with inflammatory diseases in the cen-
tral nervous system and in the joints, because it
was found to be the mediator of the IL-23-
dependent models of collagen-induced arthritis
and experimental autoimmune encephalitis.
Later, important roles for IL-17 were described in

autoimmune diseases, such as rheumatoid
arthritis, inflammatory bowel disease, multiple
sclerosis, and in psoriasis. Interleukin-17 belongs
to a family of at least five members — IL-17A-E.
IL-17A is often described as a Th;-like cytokine,
and it is the IL-17 member associated with pso-
riasis [42, 43]. IL-17E, also known as IL-25, is
the opposite and is often described as a Th,-
associated cytokine. IL-17E binds to the IL-
17B-receptor, whereas IL-17A binds to the
IL-17A receptor [44]. IL-17A has been shown to
be able to downregulate not only pro-filaggrin
and filaggrin expression in HaCaT cells cultured
in high calcium concentrations but also proteins
associated with cell adhesion between the kerati-
nocytes, thereby affecting the skin barrier on at
least two different levels [45]. The role of filag-
grin downregulation in psoriasis in which IL-17A
levels are high is not clear.

IL-17E (IL-25), on the other hand, is found in
very high concentrations in Thy-mediated dis-
eases such as asthma and AD. II-17E is important
in the response to helminthic infections in murine
models [46], but also for the initiation and pro-
longation of the Th, response. In asthma patients,
Th, cells, mast cells, and lung epithelial cells pro-
duce IL-17E [47], whereas in the skin of AD
patients, dermal dendritic cells produce IL-25
[48]. Surprisingly, this production is downregu-
lated by TSLP. The pro-filaggrin expression in
primary keratinocytes cultured to 80 % conflu-
ency is reduced when co-cultured with IL-17E
[48], a finding that could be reproduced in kerati-
nocytes cultured with 1.3 mM calcium [36].
These results indicate that IL-17E is a key media-
tor in AD, as it has the ability both to induce the
production of Th, cytokines such as IL-4 and
IL-13 and to downregulate filaggrin, thereby
decreasing the skin barrier function.

4.4.4 Tumor Necrosis Factor-a
(TNF-«t)

Tumor necrosis factor-o« (TNF-a) is a central
mediator of inflammation. It inhibits viral repli-
cation and tumorigenesis, and in the context of
skin diseases, it is a very central mediator of the
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Table 4.1 Regulatory stimuli on filaggrin expression

Cytokine/stimuli Effect on filaggrin
IL-4+1L-13 Downregulation (direct
effect and mediated through
downregulation of caspase 14
1L-22 Downregulation
IL-17A Downregulation
IL-25 (IL-17E) Downregulation

TNF-a
1L-31

Downregulation

Downregulation
(in part mediated through
IL-20 and IL-24)

Topical corticosteroid Upregulation
Retinoic acid Downregulation
Coal tar Upregulation

inflammation in psoriasis, as proven by the high
efficacy of TNF-a inhibitors in the treatment of
psoriasis [49]. TNF-a is also expressed in AD,
but since TNF-a inhibitors have almost no effect
in the treatment of this disease, its role is very
unclear [50]. In psoriasis a skin barrier defect
also exists, although its role in the pathogenesis
of psoriasis is not as clear as in AD. TNF-a acts
on the filaggrin synthesis by downregulating the
expression in primary keratinocytes cultured in
0.06 % calcium [51].

4.4.5 Interleukin 31 (IL-31)

IL-31 was originally described as a cytokine pro-
duced by Th, lymphocytes, but other cells such as
mast cells, dendritic cells, and monocytes may
also produce the cytokine [52, 53]. It is increased
in the skin and serum of AD patients, but also in
a murine model of AD, the NC/Nga mouse, in
which it induces pruritus through binding to
IL-31 receptors in the dorsal ganglia. Blocking of
IL-31 with monoclonal antibodies in this model
decreases the itching behavior of the mice [54].
In a 3D model of the skin based on HaCaT cells,
in which a doxycycline-inducible IL-31 receptor
was inserted, IL-31 could repress the expression
of pro-filaggrin. This effect was in part mediated

Produced by
T cells

Reference
Howell et al. [8]
Pellerin et al. [36]
Hvid et al. [9]

Th,, cells, S. aureus Gutowska-Owsiak et al. [41]

stimulated T cells
Th,; cells
Dermal dendritic cells

Gutowska-Owsiak et al. [45]
Hvid et al. [48]

Pellerin et al. [36]

Kim et al. [51]

Cornelissen et al. [55]

T cells

Th, cells, dermal
dendritic cells, mast
cells, monocytes

Jensen et al. [56]
Asselineau et al. [57]
Kautsky et al. [58]

Van den Bogaard et al. [59]

through an IL-31-dependent induction of IL-20
and IL-24 production in the HaCaT cells, and
these cytokines in turn downregulated pro-
filaggrin [55] (Table 4.1).

4.5 The Effect of Anti-
inflammatory Treatment
on Filaggrin Expression
in the Skin

4.5.1 Topical Steroids and

Calcineurin Inhibitors

The most widely used therapy for inflammatory
skin diseases of mild to moderate severity is topi-
cal corticosteroids, and in the case of AD also the
topical calcineurin inhibitors tacrolimus and
pimecrolimus. Topical corticosteroids exert their
action partly through binding to steroid receptors
in the cytosol of the cell, which then translocate
into the nucleus, where it inhibits the transcrip-
tion of inflammatory genes (transrepression) and
induces expression of anti-inflammatory genes
(transactivation), but also affects the synthesis of
structural proteins [60]. Calcineurin inhibitors
inhibit calcium-dependent dephosphorylation of
the transcription factor nuclear factor of activated
T cells (NFATS) that is required for the transcription
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of inflammatory cytokines such as IL-2 [61]. A
study of genes expressed in the skin of AD
patients treated with either betamethasone
valerate or pimecrolimus showed that both
reduced inflammation, betamethasone valerate
more than pimecrolimus; both restored filaggrin
and loricrin expression to normal levels; but that
betamethasone valerate reduced expression of
lipid synthesis rate-limiting enzymes and involu-
crin, which may be part of the explanation for the
lack of effect of corticosteroids on the restoration
of the skin barrier function [56].

4.,5.2 Retinoic Acid

Retinoic acid is used in inflammatory skin dis-
eases and has an anti-proliferative effect on the
keratinocytes and also an anti-inflammatory
effect; both effects are exerted through the RAR
(retinoid acid receptors) and the RXR (retinoid X
receptors). Filaggrin production is downregu-
lated by retinoic acid as seen in keratinocytes cul-
tured in multilayer on a collagen matrix at the
air-liquid surface [57] and in oral keratinocytes in
a lifted culture system [58]. The effect may be
due to the presence of a retinoic acid-responsive
element in the promoter region of the pro-FLG
[21].

Chronic hand eczema may be treated with the
retinoid alitretinoin (9-cis-retinoid) with good
effect [62]. A side effect of the treatment is dry
skin, and in this light, AD treated with alitreti-
noin (9-cis-retinoid) surprisingly shows good
effect [63]. Larger studies, however, are needed.

4.5.3 Coal Tar

Coal tar is a treatment used for the treatment of
skin diseases for more than two millennia.
A recent publication has shown that the aryl
hydrocarbon receptor (AHR) is involved not only
in normalization of the Th,-dominated response
by interfering with the STAT6-mediated response
but also through an induction of filaggrin produc-
tion along with other markers of epidermal dif-
ferentiation in primary keratinocyte cell cultures

and in an organotypic skin model of human kera-
tinocytes both with and without filaggrin muta-
tions, a finding that could be reproduced in skin
biopsies from AD patients [59]. Thus, the AHR
seems to be a very interesting and promising can-
didate for new filaggrin-targeted therapies for
AD, as it both inhibits the inflammatory reaction
and increases the differentiation of keratinocytes.

4.6 Discussion and Conclusion

The finding of the correlation between FLG null
mutations, and AD and ichthyosis vulgaris
spurred the interest in skin barrier defects, espe-
cially in AD but in also other eczematous dis-
eases. The fact that AD patients have a skin
barrier defect has long been recognized and has
led to the discussion of the “inside-outside”
hypothesis versus the “outside-inside” hypothe-
sis. The “inside-outside” hypothesis favors the
notion that the inflammatory reaction, initiated
by allergens, infections, or autoimmune reac-
tions, in the skin leads to skin barrier breakdown,
whereas the “outside-inside” hypothesis favors
the notion of the skin barrier defect as the initial
event followed by an inflammatory/allergic reac-
tion on the basis of noxious stimuli entering the
body through the open barrier [64]. In this review,
inflammatory stimuli leading to reduced filaggrin
expression have been reviewed, and this could be
read as a support of the “inside-outside” hypoth-
esis. However, other studies have shown that a
lack of filaggrin itself can enhance production of
inflammatory stimuli such as IL-1 [65] and TSLP
[66] (thymic stromal lymphopoietin). Thus, the
two subelements of AD pathogenesis, inflamma-
tion and skin barrier defect, seem to be closely
interconnected.

The downregulation of filaggrin expression by
inflammation may also be of great importance in
other inflammatory skin diseases such as contact
dermatitis, in which inflammation leads to a
decreased skin barrier, and this in turn increases
the inflammatory reaction in a perpetual vicious
circle, in which the risk of acquiring new allergies
through the broken skin barrier is increased, as is
the case in patients homozygous for the FLG
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mutations R501X and 2282del4 who have an odds
Ration of 5.71 for sensitization to other allergens
than nickel compared to healthy individuals [67].

Until now, the main focus on research in filag-
grin and inflammation has been on the effect of
various inflammatory mediators on the produc-
tion of filaggrin in keratinocytes. However,
inflammation also affects the posttranslational
processing of both filaggrin and pro-filaggrin, as
exemplified by the downregulation of caspase 14
by inflammatory cytokines [2, 9]. However, the
effect of inflammation on posttranslational pro-
cesses as well as transcriptional regulation is not
well examined and should constitute a major
focus area for research in skin barrier function in
the next decade.

It is clear from the research so far that treat-
ment of skin inflammation restores the skin bar-
rier function with regard to filaggrin. The
experiments performed so far indicate, for a large
part, that this is due to the decreased production
of inflammatory mediators by the inflammatory
cells in the skin. However, the promoter region of
pro-filaggrin contains retinoid as well as gluco-
corticoid responsive elements [21], and the effect
of these immunosuppressants themselves on fil-
aggrin production still remains to be clarified.

In conclusion, inflammation of all types,
including Th;- Th,-, Th,;-, and Thy,-dominated
responses, induces skin barrier defects, and the
current results suggest that this may, partly, be
due to a downregulation of filaggrin.
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