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Preface

Filaggrin. Why a book on filaggrin?

As described below, there are indeed many good reasons to be interested
in this particular molecule and its effects on human homeostasis.

In 1977, Beverly Dale identified a “stratum corneum basic protein”
(SCBP) that was rich in histidine and worked as an interfilamentous matrix
substance. The term “filaggrin” (filament aggregating protein) was later
coined when the investigators showed that the SCBP condensed and aligned
keratin intermediate filaments in vitro. Epidermal decrease or absence of the
precursor molecule pro-filaggrin was then linked to ichthyosis vulgaris, and
in 2002, genetic linkage analyses mapped the filaggrin gene (FLG) to the epi-
dermal differentiation complex on chromosome 1g21. Ever since 2006, when
successful genotyping of the FLG was performed for the first time, novel
groundbreaking discoveries fundamentally changed the way we understand
the atopic disorders.

Our overall understanding of skin barrier functions has also benefited
dramatically from filaggrin research being relevant to non-atopic cutaneous
diseases. Genotyping of different populations has even suggested a possible
evolutionary advantage of FLG mutations. While filaggrin is definitely a
very important skin protein, filaggrin is also expressed in other tissues. We
predict that we are merely at the beginning of research focusing on the
broader perspectives of filaggrin. It is therefore of interest not only to derma-
tologists and allergists but also to clinicians from other specialties, toxicolo-
gists, and regulators. Moreover, pharmaceutical companies already show a
strong interest in developing therapeutics to help these patients and prevent
morbidity.

This first edition provides a broad overview of filaggrin research and
should ideally be used as an encyclopedia. We are incredibly thankful to the
authors who have so kindly committed to this project and who have care-
fully reviewed difficult topics and made the information easily accessible
to the readers. Without such commitment, obviously no book could have
been developed. We wish to thank Springer and especially Dr. Sverre Klemp
for facilitating and supporting this project. Diane Lamsback and Suganya
Selvaraj are thanked for their skilled, patient, and careful organization of
the manuscripts and for communicating extensively with us and the authors.
Professor Peter Elias is thanked for sharing his deep insight and knowledge
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Fig. 1 The number of publications per year retrieved in PubMed using the search term
“filaggrin”

on filaggrin and the skin barrier during Jacob Thyssen’s sabbatical in San
Francisco. Finally, we wish to thank Professor Torkil Menné for the idea
of making a book on filaggrin, for being such a strong inspiration to his
colleagues, and for always being enthusiastic.

Hellerup, Denmark Jacob P. Thyssen
San Francisco, CA, USA Howard I. Maibach
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1.1 Background

The skin is a highly specialized, complex, and
efficient barrier that prevents loss of water from
the body and ingress of exogenous compounds
and pathogens into the body. The skin barrier
function is primarily conferred by the outermost
layer of the epidermis, stratum corneum (SC), in
particular by its lipid component. SC is com-
posed of flattened, terminally differentiated kera-
tinocytes (corneocytes), which are embedded in a
lipid matrix that creates the highly ordered lipid
lamellae. Filaggrin is present in different com-
partments of the SC. The precursor of filaggrin,
pro-filaggrin, is present in the stratum granulo-
sum, whereas filaggrin is expressed in the corni-
fied envelope and within the corneocytes.

A major emphasis for filaggrin has histori-
cally been placed on its role in the aggregation of
intermediate keratin filaments within the corneo-
cytes, ensuring mechanical integrity of the SC
and as a main source of hygroscopic components,
comprising the “natural moisturizing factors”
(NMFs) [1]. The breakthrough discovery of the
loss-of-function mutations in the filaggrin gene
(FLG) and their importance for the development
of ichthyosis vulgaris (IV) and atopic dermatitis
(AD) initiated a cascade of studies aiming to elu-
cidate the underlying mechanisms and functional
consequences of decreased filaggrin expression
for the skin barrier and immune aberrations in
AD. Novel molecular biology technologies and
in vitro and animal models of filaggrin deficiency
provided a body of evidence that filaggrin itself,

DOI 10.1007/978-3-642-54379-1_1, © Springer-Verlag Berlin Heidelberg 2014
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but also its precursor pro-filaggrin, and degrada-
tion products interact with relevant structures and
biological processes crucial for the homeostasis
of the SC. In this chapter, recent knowledge on
the main functions of filaggrin will be high-
lighted, addressing the key players in the pro-
cessing and degradation of this unique protein as
well as discussing their relevance to biological
processes crucial for the maintenance of SC
homeostasis.

1.2  Pro-Filaggrin and Pro-

Filaggrin Processing

Pro-filaggrin is expressed as a giant, highly phos-
phorylated polyprotein that is present in the kera-
tohyalin granules localized in the outer nucleated
layers of the epidermis, the stratum granulosum
[1-5]. Carriers of the FLG mutations show com-
plete absence of the keratohyalin granules [2, 3].
Pro-filaggrin contains 10-12 filaggrin repeats
flanked by an S100-type calcium-binding
domain, two domains at the N-terminus and
C-terminal domain [2, 3]. The S100-type domain
contains two distinct calcium-binding sites and is
suggested to play a role in the regulation of
calcium-dependent events during epidermal dif-
ferentiation [1-5]. The N-terminal domain has
been shown to translocate to the nucleus, where it
might have a signaling function during terminal
epidermal differentiation [1]. The function of the
C-terminal domain is unknown; however, its
presence is important for pro-filaggrin stability
and proteolytic processing of pro-filaggrin to
functional filaggrin monomers [1].

During terminal differentiation, pro-filaggrin
is rapidly dephosphorylated and cleaved to yield
functional filaggrin monomers, which bind to and
assemble keratin intermediate filaments [1-5].
Dissociation of filaggrin from keratin filaments
mediated by peptidyl arginine deiminase is an
essential step for further degradation of filaggrin
into free amino acids. Cleavage of deiminated fil-
aggrin monomers is catalyzed by several prote-
ases, including caspase 14 [6], calpain 1, and
bleomycin hydrolase [7]. As shown by in vivo
Raman spectroscopy and biochemical analysis,

the levels of filaggrin degradation products are
significantly reduced in caspase 14-deficient mice
compared with wild-type mice, although pro-fil-
aggrin was fully processed to filaggrin [8]. The
importance of filaggrin cleavage is underscored
by the remarkably short half-life of filaggrin, spe-
cifically, only 6 h before full proteolysis [4, 9].

1.3  Filaggrin and Skin Barrier

Function

Filaggrin monomers aggregate and align keratin
bundles, contributing to the mechanical strength
and integrity of the SC [1]. This has been sup-
ported by recent studies in FLG-KO mice (Flg-/
Flg-) showing immature bundles and an aberrant
network of keratin filaments in upper parts of the
SG and loss of the keratin pattern in the lower SC
[10]. However, as the barrier function largely
depends on the composition and structural orga-
nization of the lipid extracellular matrix of the
SC, the question arose whether and by which
mechanisms filaggrin deficiency affects the bar-
rier function. Initial studies in a filaggrin-deficient
flaky tail (f#/ff) mice model demonstrated abnor-
malities in barrier function in absence of filaggrin
[11, 12]. Penetration of water-soluble tracers was
enhanced through the SC of ft/ft mice as com-
pared to wild-type mice and occurred through the
extracellular lipid matrix. As supported by ultra-
structural analysis, the penetration-enhancing
effect was assigned by a partial failure of lamellar
body secretion. Importantly, the barrier abnor-
mality correlated with reduced inflammatory
thresholds to topical irritants and haptens [12].
Kawasaki et al. [10] recently identified prema-
ture detachment of corneocytes in the FLG-KO
(Flg-/Flg-) mice that was accompanied with
enhanced penetration of liposome-encapsulated
calcein through the SC. Flg-/Flg- mice showed
aberrant lipid composition. Interestingly, free
fatty acid levels were normal; however, the levels
of ceramide and cholesterol were increased,
which is in contrast with reduced lamellar body
secretion found in f#/ft mice. Similar to ft/ft mice
[12], Flg-/Flg- mice showed increased inflamma-
tory response after exposure to a skin irritant and
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allergen [10]. Notably, the same research group
[13] showed in Flg-/Flg- mice that filaggrin defi-
ciency affected specifically the lower layer of the
SC, allowing specific metal ions to permeate
viable layers. Reduced barrier function has also
been demonstrated in two in vitro penetration
assays in filaggrin-deficient skin models [14, 15].

In contrast with animal and in vitro models of
filaggrin deficiency, in vivo data on skin permea-
bility in humans are less consistent, although
alterations in the structure of various SC compo-
nents have been reported in several studies.
Angelova-Fischer et al. [16] reported impairment
in SC integrity and cohesion in AD patients who
were FLG mutation carriers, which is consistent
with disorganized keratin filaments, impaired
lamellar body loading, and abnormal architecture
of the lamellar bilayer found in the patients with
ichthyosis vulgaris [17]. In the study of Jakasa
et al. [18], non-lesional skin of AD patients
showed higher permeability for PEG molecule of
370 Da in comparison to healthy skin; however,
this was irrespective of their FLG genotype. No
significant differences in the skin barrier between
filaggrin AD and non-filaggrin AD were con-
firmed also in several studies measuring transepi-
dermal water loss (TEWL) [16, 19-21], and so
far only one study [22] reported lower TEWL in
AD patients who were FLG mutation carriers as
compared to FLG wild-type AD patients.

As breakdown products of filaggrin contribute
to the acidic pH of the SC [17, 19, 23], which in
turn regulates activity of various enzymes involved
in the synthesis of SC lipids [24], several studies
focused on the SC lipids in relation to FLG muta-
tions [16, 19, 20]. However, recent studies, which
have subdivided AD patients according to their
FLG genotype, found no significant impact of
FLG mutations on the composition or organization
of SC lipids in non-lesional skin [16, 19, 20].
Though, in a study of Janssens et al. [20], the com-
position and organization of SC lipids was associ-
ated with the levels of filaggrin breakdown
products although there was no association with
the FLG genotype. A possible explanation for the
absence of the effect of FLG mutations on the SC
lipids can be explained by other factors than FLG
mutations which can influence the filaggrin

expression such as FLG copy numbers [25] and
inflammation [26, 27]. To get more insight into the
interplay between inflammation, filaggrin expres-
sion, and skin barrier function, further investiga-
tions in well-defined subgroups of patients and
controls are needed.

While most studies focus on the SC and its
intercellular lipid layers as a principal barrier of
the skin, recent studies emphasize the role of
tight junctions (TJs), which play a role in sealing
epidermal cell-to-cell integrity. Recent studies
have also shown that deficiency of filaggrin influ-
ences TJ proteins, suggesting that there is an
interplay of SC and TJ barriers [17, 28].

1.4  Filaggrin Degradation

Products

Filaggrin is a predominant source of free amino
acids and their derivatives, contributing more
than 50 % to total content of NMF and a complex
mixture of hygroscopic compounds that contain
filaggrin degradation products as well as chloride
and sodium ions, lactate, and urea [5, 9, 29]. NMF
primarily exists within the corneocytes and serves
as a humectant, contributing to a proper hydra-
tion level in the skin. By regulating the water
content in the SC, NMF has an important func-
tion in regulating the activity of enzymes crucial
for maintaining epidermal barrier homeostasis.
Furthermore, components of the NMFs contrib-
ute to the plasticity of the skin through interaction
with keratin and keratin filaments [1, 30].

The most abundant amino acid in filaggrin is
histidine, which is further enzymatically deami-
nated by histidase into frans-urocanic acid (z-
UCA). T-UCA is a major absorber of UV
radiation (UV-R) in the SC. Upon exposure to
UV, +-UCA is isomerized into a cis-urocanic acid
(cis-UCA), which has been shown to be (photo)
immunosuppressive [31-34]. Caspase 147~ mice,
which are deficient in UCA, had increased sus-
ceptibility to UV [8, 35]. An interesting hypoth-
esis has recently been put forward by Thyssen
et al. [36] that the deficiency of UCA due to FLG
mutations may lead to increased penetration of
UV-B across the epidermis, resulting in higher
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levels of 25-OH vitamin D. In addition to its pro-
tective role against UV-R, UCA has also been
suggested to largely contribute to the “acid man-
tle” of the skin, although this view has been chal-
lenged based on studies with histidase- and
filaggrin-deficient mice showing that UCA is not
essential for the acidification of the SC pH [37,
38]. However, individuals with FLG mutations
showed elevated skin surface pH in a dose-
dependent fashion, and furthermore, pH values
were inversely correlated with the NMF levels
[17, 19, 23]. Elevated pH might lead to altered
activity of proteases and enzymes within the SC
that are involved in biosynthesis of lipids, des-
quamation, and cleavage of the precursors of
IL-1 cytokines into their active form [24]. NMF
levels were inversely correlated with IL-1 cyto-
kine concentrations in the uninvolved skin of
patients with moderate-to-severe AD [23]. These
findings were supported by upregulated expres-
sion of IL-1b and IL-RA in filaggrin-deficient
mice (flaky tail mice; f#/ft), suggesting that
reduced filaggrin levels might cause a preexisting
or enhanced proinflammatory status in the skin,
although causal relationship between pH and
IL-1 cytokines still has to be elucidated [23]. The
“acid mantle” of the SC is important for antimi-
crobial defense, and there is evidence that filag-
grin breakdown products at physiological
concentrations exert an inhibitory effect on the
growth of Staphylococcus aureus [39]. Thus, fil-
aggrin deficiency may at least partly explain fre-
quent colonization with S. aureus in AD patients,
although the exact mechanisms still have to be
elucidated.

Another important product of filaggrin degra-
dation is pyrrolidone-5-carboxylic acid (PCA),
which is derived from glutamine and glutamic
acid. PCA is a highly hygroscopic compound and
the most abundant single constituent of NMF
(contributing for more than 10 %) [1, 9, 29].

In vivo studies based on Raman confocal
microscopy showed that the carriers of FLG null
mutations have reduced NMF levels as compared
to noncarriers [21, 40]. This was confirmed also
by biochemical analysis of PCA and UCA in the
SC samples collected by adhesive tape in children
with and without FLG mutations [26]. In a large

cohort of AD patients, O’Regan et al. showed that
the number of FLG mutations was sufficiently
strong to discriminate three endophenotypes
within AD [21]. In addition to FLG loss-of-
function mutations, Brown et al. [25] showed
recently that also intragenic copy number varia-
tions (CNVs) in the FLG are related to the UCA
levels. The frequencies of CNV have been identi-
fied in Irish children as a risk factor for AD in a
dose-dependent fashion. In addition to genetic
variations, reduced filaggrin expression can be
acquired likely due to the Ty2 cytokine milieu in
AD [27]. Filaggrin expression was lower in
patients with AD regardless of the FLG genotype,
and furthermore, Ty2 cytokines downregulated
FLG expression in differentiated keratinocytes
[27]. This is consistent with the reduced levels of
NMFs found in AD patients who are wild-type
for FLG mutations as compared to wild-type
healthy individuals [20, 26, 41, 42]. Severity of
the disease was shown to significantly influence
NMF levels in the SC, although the filaggrin gen-
otype remains a major determinant of NMFs in
the SC [26, 41, 42]. Interestingly, it has been
shown recently that the levels of NMF in the SC
are associated with altered composition and struc-
ture of SC lipids [20, 42], although a relationship
between lipid changes and the filaggrin genotype
could not be demonstrated. This points to the
importance of acquired deficiency of filaggrin on
the skin barrier.

Conclusion

In summary, several lines of evidence show
that filaggrin, its precursor pro-filaggrin, and
degradation products interfere with key pro-
cesses and structures in the SC. Some of these
effects are due to the filaggrin molecule itself
(e.g., deficiency of filaggrin affects alignment
of keratin bundles). In addition, deficiency of
filaggrin leads to a variety of downstream
effects that can be ascribed to reduced levels of
its degradation products. Filaggrin breakdown
products regulate skin hydration and, further-
more, contribute to the acidic pH of the skin,
which in turn is crucial for the activity of vari-
ous SC proteases involved in desquamation
and lipid synthesis. A clearer understanding of
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the mechanisms by which filaggrin deficiency
leads to skin barrier failure can help in identi-
fying environmental risk factors for AD and
improve therapeutic possibilities in combating
this common inflammatory disease.
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In filaggrin-depleted epidermis, the amount of the
protein filaggrin is more or less reduced, which
leads to multiple morphological changes mainly in
the stratum granulosum (SG) and stratum corneum
(SC) and consequently to abnormalities in epider-
mal permeability barrier function [1]. The correla-
tion between filaggrin deficiency and barrier
abnormality can primarily be investigated in ich-
thyosis vulgaris (IV), the most prevalent disorder of
cornification in humans, which is characterized by
the postnatal onset of a generalized fine scaling
phenotype, and associated with palmoplantar
hyperlinearity, keratosis pilaris, and atopic dermati-
tis (AD) [2-6], because this skin disease is caused
by loss-of-function mutations in the filaggrin gene
(FLG) [7]. Mutations result in a truncated pro-filag-
grin protein, which is not further processed into
functional filaggrin monomers [8]. In IV, which is
inherited in a semidominant way, phenotype sever-
ity appears to be subject to a dose effect, wherein
heterozygous patients show a milder phenotype
with reduced filaggrin, whereas homozygous or
compound heterozygous FLG mutation carriers
typically lack filaggrin and exhibit a more severe
scaling phenotype with a greater predisposition for
early development and more severe AD [7-11]. As
approximately 25 % of individuals with AD also
display FLG mutations [12, 13], the contribution of
filaggrin deficiency to an abnormal barrier function
was also assessed in AD [14]; however, a bias due
to Th2-dominant inflammation, which secondarily
compromises barrier function by multiple mecha-
nisms [15], including an acquired reduction in fil-
aggrin, cannot be excluded [16-18]. Furthermore,
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for investigating the morphology of filaggrin-
depleted epidermis, two mouse models, the filag-
grin null mouse, in which flg is knocked out [19],
and the flaky tail mouse, which bears a distal
frameshift mutation in the profilaggrin gene lack-
ing processed murine flg [20], however, the latter
mouse in addition carries the Tmem79/Matt gene
causing spontaneous dermatitis and atopy [21].

During keratinocyte differentiation, pro-filaggrin,
which is the main component of F-type keratohyalin
granules defining the SG, is dephosphorylated and
cleaved by proteases (matriptase) into C-terminal
filaggrin monomers, which are aggregating keratin
filaments in the cytoplasm of early corneocytes,
resulting in a flattening of the cells [22]. In parallel,
beginning in the SG, the comified envelope (CE) is
formed at the inner plasma membrane of the kerati-
nocytes as involucrin, filaggrin monomers, loricrin,
trichohyalin, elafin, small proline-rich proteins, pla-
kins, and additional structural proteins become
cross-linked by calcium-dependent glutaminases
[23-25]. The outcome of this is a rigid structure sur-
rounding the corneocytes that provides mechanical
resistance against keratolytics, organic solvents, and
microorganisms [23]. Attached to the external site of
the CE is the corneocyte lipid envelope, which is an
omega-hydroxyceramide-rich monolayer serving as
an initial scaffold for the lipids secreted by lamellar
bodies (LBs) and assisting the organization of the
extracellular lamellar bilayers [26, 27]. The hydro-
phobic extracellular matrix, together with the cohe-
sive properties of specialized intercellular junctions
in SC and SG (i.e., corneodesmosomes [CDs] and
tight junctions [TJs]), provides the epidermis with a
formidable barrier to the outward loss of water and
electrolytes, while also blocking transcutaneous
entry of exogenous xenobiotics [16, 28, 29].

2.1 Sparse Inflammatory
Infiltrates, Decreased
Stratum Corneum Hydration,
and Increased Skin Surface
pH in FLG-Depleted

Epidermis

Filaggrin proteolysis regulates SC hydration [30]
and likely also contributes to the acidification of
normal SC [31, 32]. Accordingly, SC hydration

declines by about 30 % in FLG double-allele
mutant individuals in comparison to wild-type
controls, but reductions in hydration levels do
not achieve statistical significance in single-allele
mutant subjects [1, 33]. By steepening the gra-
dient of water loss across the SC, decreased SC
hydration alone likely also places further stress
on the permeability barrier in IV. Decreased SC
hydration correlated with the development of a
sparse inflammatory infiltrate in double-allele
mutant subjects, which is enriched in mast cells
[1]. This confirms prior studies showing that
prolonged exposure of normal skin to reduced
environmental humidity stimulates mast cell
infiltration [34]. Furthermore, filaggrin-depleted
epidermis displays an increase in skin surface
pH as a consequence of a reduction in filaggrin
metabolites such as polycarboxylic acids, includ-
ing trans-urocanic acid and pyrrolidone carbox-
ylic acid, which impart most of the hygroscopic
properties that underlie SC hydration (see Chap.
1) [1, 20, 35-37]. In IV patients, an inverse rela-
tionship between filaggrin dose and skin surface
pH is verifiable, with double-allele mutant sub-
jects displaying the greatest elevations in skin
surface pH [1]. However, in a recent study, skin
pH was not significantly different in IV patients
versus normal controls, but this is most likely due
to power limitations [33].

2.2  Distinctive Corneocyte
Abnormalities and Altered
Epidermal Homeostasis

in FLG-Depleted Epidermis

In the pre-genotype era, a reduced or absent SG,
which can be detected by histology, immuno-
histochemistry (IHC), and electron microscopy,
has already been requested as a main diagnos-
tic criteria for IV [38—41]; however, today fur-
ther graduation is feasible as reductions in
filaggrin are allele-dose-dependent [1]. Loss of
filaggrin causes an absence to near-absence of
F-type keratohyalin granules in patients with
double-allele mutations, with residual granules
and filaggrin expression in single-allele muta-
tion carriers (Fig. 2.1a). However, in rare cases,
even individuals with two mutated alleles can
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Fig. 2.1 Allele-dose-dependent reductions in filaggrin
and epidermal hyperplasia in filaggrin-depleted epidermis.
(a) Whereas in wild types (wt/wt) filaggrin staining in the
SG is normal, in heterozygote individuals it is reduced,
and in double-allele mutant IV subjects it is missing. (b)
No differences in loricrin (LOR) expression between wt/wt,

exhibit remaining keratohyalin granules [10].
On electron microscopy, residual F-type kera-
tohyalin granules appear crumbly [41, 42]. In
addition, keratinocytes of the SG of filaggrin-
depleted epidermis display a distinctive cytoskel-
etal abnormality (i.e., perinuclear halos resulting
from retraction of keratin intermediate filaments)
(Fig. 2.2) [1], but throughout the remaining cor-
neocyte, cytosol keratin intermediate filament
organization appears normal. This suggests that
low amounts of filaggrin are sufficient for normal
keratin aggregation or that other filaggrin-like
proteins can replace the keratin binding function
of filaggrin. Most likely because of a compen-
satory repair mechanism, reduction or loss of
filaggrin correlates with epidermal hyperplasia.
An increased number of SC cell layers, which his-
tologically becomes apparent in an orthohyper-
keratotic or basket-weave-like SC (see Fig. 2.1a)
[43], and a higher number of suprabasal, Ki-67-
positive cells are seen in double-allele mutant IV
(see Fig. 2.1d); however, the proliferation rate

filaggrin gene (FLG) heterozygotes, and double-allele
mutant IV. (¢) No differences in keratin 10 (K70) expres-
sion between all three groups. (d) While overall Ki-67
staining is not increased, Ki-67-positive cells extend into
suprabasal layers in both single- and double-allele mutant
IV subjects. Immunohistochemistry. Mag =400x

is much lower compared to lamellar ichthyosis
or psoriasis. With the exception of reduced fil-
aggrin, other differentiation markers, such as
loricrin and keratin 10, do not differ in filaggrin-
deficient versus control epidermis (see Fig. 2.1b,
¢). In summary, FLG mutations result in a char-
acteristic cytoskeletal abnormality, as well as
altered epidermal homeostasis.

2.3  Defective Corneocyte
Integrity in Filaggrin-

Depleted Stratum Corneum

Ultrastructurally, the corneocyte cytosol, the
structure of the CE, and the morphology of
the corneocyte lipid envelope appear normal in
filaggrin-depleted epidermis, although filaggrinis
acomponent of the CE. Yet, CE dimensions, mea-
suredincoded, randomized electron micrographs,
are moderately decreased in both single- and
double-allele filaggrin-deficient versus wild-type
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Fig.2.2 Cytoskeletal abnormalities in filaggrin-depleted
epidermis. As compared to control subjects (wt/wt) (a),
intermediate filament retractions and reductions in F-type
keratohyalin are visible in keratinocytes of filaggrin-deficient

corneocytes [1]. Thinning of CEs in IV corneo-
cytes correlates with a moderate, gene dose-
dependent impairment in corneocyte integrity,
which is more subtle than the abnormality previ-
ously described for TGM1-deficient, autosomal
recessive lamellar ichthyosis [44]. Specifically,
in contrast to control corneocytes, which are not
disrupted (Fig. 2.3a), a subgroup of corneocytes
from IV subjects displays ragged, fragile out-
lines after detergent and heat (2 % SDS, 80 °C)

epidermis (b—d). Arrows and asterisks depict perinuclear
keratin intermediate filament retraction. N nucleus. (a, b)
Toluidine blue staining. Mag bar=20 pm. (¢, d) Osmium
tetroxide post-fixation. Mag bars=0.2 pm

treatment (see Fig. 2.3b, c¢). Higher percent-
ages of fragile corneocytes are most obvious in
individuals with double-allele mutations (see
Fig. 2.3c) [1]. Moreover, the time to corneocyte
disruption upon ultrasound treatment is signifi-
cantly decreased in double-allele mutant IV as
compared to wild type; however, differences are
not significant between single-allele mutant IV
and controls [1]. Thus, despite normal-appear-
ing corneocytes, filaggrin-deficient corneocytes
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Fig. 2.3 Impaired corneocyte integrity in filaggrin-
depleted epidermis. Whereas after detergent and heat
treatment (2 % SDS, 80 °C) corneocytes show a normal
rigid outline (CEr) in wild-type (wt/wt) individuals (a),

display gene dose-dependent alterations in
CE structure that result in reduced corneocyte
integrity.

24 Impaired Epidermal
Permeability Barrier
Function Due to Increased
Paracellular Permeability
in Filaggrin-Depleted

Epidermis

Basal permeability barrier function is impaired in
filaggrin-depleted epidermis compared to normal
skin, as there is an increased transepidermal
water loss (TEWL) and a decreased SC hydra-
tion; however, differences are only significant in
double-allele mutant IV compared to nonmuta-
tion carriers, but not in single-allele mutant IV

higher percentages of ragged, fragile corneocytes (CEf)
are verifiable in single-allele (b) and double-allele mutant
individuals (c). Phase microscopy. Mag =100x

[1, 33, 45]. Moreover, barrier recovery after acute
barrier disruption by tape stripping is signifi-
cantly delayed in both single- and double-allele
mutant subjects [1]. This shows that filaggrin
deficiency alone without coexistent AD suffices
to alter permeability barrier function.

In all of the inherited disorders of corneocyte
proteins to date, increased permeability occurs
via a paracellular rather than transcellular path-
way, due to abnormalities in either corneocyte
scaffold function or cytoskeletal disruption of
LB secretion [46]. Equally, filaggrin-depleted
epidermis shows an extracellular permeability
impairment, which can be demonstrated by the
perfusion pathway of lanthanum nitrate, a water-
soluble, electron-dense tracer. Lanthanum tracer
normally is excluded from both the corneocyte
cytosol and the SC extracellular matrix in non-
mutation carriers (Fig. 2.4a). In contrast, despite
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Fig.2.4 Paracellular barrier
defect in filaggrin-depleted
epidermis. While lanthanum
nitrate tracer is excluded
from both the corneocyte
cytosol and the extracellular
matrix of the SC in control
subjects (wt/wt) (a), tracer
breaches SG-SC interface in
both single- (not shown) and
double-allele mutant IV
patients and crosses SC by a
paracellular route (b). (c)
Stop of tracer perfusion at
the SG-SC interface in
organotypic skin cultures
transfected with a scrambled
(scr)RNA. (d, e) Filaggrin-
deficient cultures (two
different siRNAs) display
lanthanum movement into
and across the SC via the
paracellular pathway.
Curved arrows indicate
(outward) direction of tracer
movement. Small arrows
mark colloidal lanthanum
nitrate in the extracellular
space. Osmium tetroxide
post-fixation. Mag
bars=0.5 pm

the abnormalities in CE structure and integrity
described above, tracer breaches SG-SC inter-
face and permeates into and through the SC in
both single- and double-allele mutant IV sub-
jects, with passage entirely restricted to extracel-
lular domains (see Fig. 2.4b) [1]. Furthermore,
in filaggrin-deficient organotypic skin cultures,

generated from keratinocytes transfected with
two different small interfering ribonucleic acids
(siRNAs) [47], as well as in organotypic human
cultures, prepared with keratinocytes from sin-
gle- and double-allele mutant IV, lanthanum
tracer again displays movement into and across
the SC solely via the extracellular pathway (see
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Fig. 2.4d, e), whereas in scrambled ribonucleic
acid and nonmutation human control cultures,
tracer is excluded from the SC (see Fig. 2.4¢) [1],
confirming that filaggrin deficiency alone suf-
fices to provoke a barrier abnormality.

Flaky tail mice display an increased bidirec-
tional paracellular permeability of water-soluble
xenobiotics due to impaired secretion of LBs and
altered SC extracellular membranes and decreased
thresholds to the development of an AD-like der-
matosis following exposure to haptens or aller-
gens [48, 49], which could explain the enhanced
risk of atopic diathesis in IV [50, 51].

Abnormal Extracellular
Lamellar Bilayer Architecture
Due to Impaired Loading

of Secretory Cargo Within
Lamellar Bodies

and Nonuniform
Extracellular Dispersion

of Secreted Contents in
FLG-Depleted Stratum
Corneum

2.5

Detailed analysis on electron microscopy using
reduced osmium and ruthenium tetroxide post-
fixation reveals impairment of the supramolecu-
lar organization of lamellar bilayers as causal for
the altered paracellular permeability in IV [1].
Whereas in normal SC mature processed lamel-
lar bilayers replace newly secreted membrane
structures one cell layer above the SG-SC inter-
face (Fig. 2.5a), in filaggrin-depleted SC lamellar
bilayer organization is disrupted by foci of non-
lamellar, amorphous material in the mid-to-upper
SC (see Fig. 2.5b); however, the overall quantities
of lamellar bilayers are reduced nonsignificantly
in control subjects versus IV patients. Moreover,
in double-allele mutant IV subjects and the major-
ity of heterozygous IV patients, there is delayed
maturation of extracellular lamellar bilayers as
incompletely processed immature lamellar mate-
rial persists several cell layers above the SG-SC
interface (see Fig. 2.5¢c, d) [1]. Although the den-
sity of LBs appears almost normal in filaggrin-
depleted epidermis, many organelles display

microvesicular or amorphous internal contents
(Fig. 2.6¢c, d), suggesting a defective loading of
LBs. In parallel, foci of non-lamellar, vesicular
contents replace normal lamellar bilayers at the
SG-SC interface (see Fig. 2.6a, b). Furthermore,
filaggrin-depleted epidermis exhibits abnormali-
ties in the extracellular dispersion of secreted LB
contents, assessed as distribution of acid lipase,
an ultrastructural marker of LB contents/secretion
[1, 52]. Compared to normal epidermis, where
acid lipase is concentrated initially within LBs,
and then secreted in toto, followed by an uniform
dispersion within the SC interstices (Fig. 2.7a),
acid lipase is distributed nonuniformly within the
extracellular spaces in IV subjects (see Fig. 2.7b);
however, in the latter, both total contents and secre-
tion of enzyme activity appear near-normal. Yet,
quantitative measurements only show a reduction
in LB secretion in FLG double-allele mutants, but
not in single-allele IV [1]. The abovementioned
increase in skin surface pH in IV could reduce
the activity of ceramide-generating hydrolases
(in particular, beta-glucocerebrosidase and acid
sphingomyelinase require acidic pH optima) [53, 54],
accounting for the observed delay in maturation
of extracellular lamellar bilayers in FLG-depleted
skin. In summary, the abnormalities in extracel-
lular lamellar bilayer structure in IV likely reflect
impaired loading of secretory cargo within LBs,
followed by faulty, post-secretory dispersion of
organelle contents.

2.6 Defective Corneocyte
Cohesion Based

on Decreased
Corneodesmosome

Density and Length and
Abnormalities in Tight
Junction Protein Expression

in FLG-Depleted Epidermis

Impairment of the epidermal permeability barrier
is not only caused by abnormal extracellular
lamellar bilayer architecture but also a result of
altered cohesive properties of the intercellular
junctions in the SC and SG. SC cohesion, which
is commonly measured by the amount of protein
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Fig.2.5 Abnormal extracellular lamellar bilayer organiza-
tion and delayed maturation in filaggrin-depleted epidermis.
(a) Normal lamellar bilayers (arrows), corneodesmosomes
(CDs) (double-arrows), and CD-derived lacunae (asterisks)
in wild-type controls (wt/wt). (b) Normal numbers of bilayers
(arrows), but disruption of membrane arrays by non-lamellar

removed per strip by sequential tape stripping, is
decreased in IV patients in an FLG mutation
dose-dependent way [1]. Ultrastructurally, this
goes together with reduced density of CDs and a
significantly diminished CD length in filaggrin-
depleted SC compared to nonmutation carriers;
however, the structure of individual CDs appears
normal [1]. In addition, there is evidence for an
impaired TJ formation shown by abnormal
expression and localization of TJ proteins in
filaggrin-depleted epidermis. While in immuno-
fluorescence stainings of normal epidermis a

domains (asterisks) in double-allele mutant IV subjects.
(c, d) Delayed transformation of secreted lamellar body
contents into bilayers above the SG-SC interface (asterisks).
Note that CD structure (double-arrows) appears normal.
Ruthenium tetroxide post-fixation. Mag bars=0.25 pm
(a—¢); 0.2 pm (d)

clear staining at the cell-cell borders of the upper-
most living cell layers is observed for both occlu-
din and ZO-1 (Fig. 2.8a, b), staining is reduced
with a more cytoplasmic pattern in FLG single-
allele mutant (see Fig. 2.8c, d) and almost com-
pletely lost in double-allele mutant skin (see
Fig. 2.8e, f) [1]. The abovementioned increased
skin pH in filaggrin-depleted SC could also
impact SC function by altering TJ function and
by favoring CD proteolysis, which could further
compromise barrier function [55].
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Fig. 2.6 Defective lamellar body (LB) contents in LB  (asterisks). (¢, d) Non-lamellar (vesicular) contents (aster-
secretory system in filaggrin-depleted epidermis. (a, b)  isks) in single LBs, 